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Preface to ”Molecular and Clinical Advances in

Understanding Early Embryo Development”

This reprint considers a wide variety of topics concerning molecular and clinical advances in

understanding early mammalian embryo development. The authors of various chapters of this

reprint examine oocyte biology, preimplantation embryo development, blastocyst implantation in

the uterus, and second cellular lineage differentiation. In addition, epigenetic contributions to

reproduction, which may occur throughout pregnancy and in resultant offspring, are also considered.

Environmentally induced epigenetic changes in germ cells can render mammalian offspring less

healthy, and these changes can be difficult to reverse. Included in these changes are those caused

by assisted reproductive technologies (ARTs). It remains to be determined whether the healthiest

preimplantation embryos develop in vitro in conditions that mimic the physiological environment in

vivo or whether simpler conditions can also foster this development in vitro. In this regard, a number

of advances as well as challenges in ART are considered by the authors of the chapters included in

this reprint.
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1. Introduction

The articles in this Special Issue address a wide variety of topics concerning molecular
and clinical advances in understanding early embryo development. For convenience, the
papers presented in this editorial address topics from the examination of oocyte biology to
the emergence of second cellular lineages in association with and following mammalian
embryo implantation in the uterus. In addition, epigenetic contributions to reproduction,
which may occur throughout pregnancy and in resultant offspring, are also considered.

2. Early Development

2.1. Oocytes

Four papers in this Special Issue consider molecular, clinical and even evolutionary
advances in understanding oocyte development. A possible metabolic function of the
Na+-dependent amino acid transport system B0,+ in porcine oocytes is the provision of
amino acids for protein synthesis and leucine to initiate mTOR1 signaling [1]. This also
appears to be the case in Xenopus oocytes, where B0,+ disappears prior to egg deposition
in fresh water. This transporter appears not to be present in the oocytes of mammalian
species exhibiting invasive embryo implantation in the uterus. Instead, B0,+ first appears in
rat, mouse, and likely human embryos at the blastocyst stage (see description of function
below). Contrastingly, B0,+ is highly expressed in sea urchin oocytes to take up amino acids
from sea water, but only after they are fertilized [1]. These differences in the timing of B0,+

expression are an important mechanism of evolution known as heterochrony [1].
In mouse oocytes, there appear to be other needs for amino acid transport [2], which

may also be the case for human oocytes [1]. For example, proline transport into mouse
oocytes by the Na+-independent transporters, PAT1 and PAT2, decreases mitochondrial
activity and the production of reactive oxygen species (ROS), and thus improves subsequent
early embryo development after in vitro fertilization [2]. In humans, and likely other
species, fertility may be altered by mutations in mitochondrial DNA in association with
ovarian aging, possibly due to ROS production [3]. Interestingly, the replacement of
damaged mitochondria by healthier counterparts in human oocytes may soon improve
assisted reproductive technologies (ART) [4].

2.2. Preimplantation Development

Remarkably, our knowledge of the importance of amino acid transport, signaling, and
metabolism to preimplantation development continues to develop. For example, in a paper
of this Special Issue, Treleaven et al. report how proline transport into preimplantation
mouse embryos fosters their development but in a stage-specific manner [5]. In other words,
proline improves the preimplantation development of mouse zygotes, and the B0 amino
acid transporter appears to be mainly responsible for this uptake on day 4 but not on other
days of development [5]. Moreover, proline fosters development in a growth-factor-like
manner, in part because proline can substitute for the apparent paracrine signaling among
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these embryos grown at a high density [1,6]. One or more proline transporter also seems to
function as a transceptor to activate mTOR1, Akt, and ERK signaling in preimplantation
embryos [1].

Similarly, glycine fosters the preimplantation development of mouse embryos in a
hypertonic oviductal fluid-like medium, but it also antagonizes the positive effects of
proline, possibly by inhibiting proline transport [1]. Of the amino acids, proline seems to
be most beneficial for preimplantation development in vitro. Therefore, the most effective
way to culture healthy mouse and possibly human embryos is to supply only proline in
these media [5,6]. Although complex, conditions in vivo can also be highly suitable for
fostering the development of the healthiest preimplantation embryos under physiologically
normal conditions [1,7]. Hence, it still needs to be determined whether the latter conditions
can be mimicked in vitro in ways that do not cause unwanted effects on offspring at birth
or later in adult life [1].

As discussed by Chen et al. in this Special Issue [8], the detrimental effects of in vitro
culture are significant for porcine embryos where only about 40% of fertilized porcine
oocytes develop into blastocysts. While such cultures are considerably more successful in
mouse and human embryos, children conceived through ART have much greater risks of
developing metabolic syndrome and associated conditions, such as higher body fat, greater
fasting blood glucose, hypertension, and cardiovascular disease, in comparison to children
conceived under physiological conditions in vivo [7]. Supporting the notion that mimicking
in vivo conditions can improve development in vitro, in this Special Issue, Saadeldin et al.
report that extracellular vesicles from the endometrium can increase the frequency of
attachment of porcine blastocysts [9]. Conversely, a model to mimic type 2 diabetes by
culturing early rabbit embryos in a medium containing high levels of glucose and insulin
showed extensive and unwanted initiation of a number of gene expressions in the resultant
inner cell mass (ICM) and trophectoderm (TE) of blastocysts [10]. Hence, attempts to mimic
physiological conditions in vitro can be complex, considering the possible variability of
these conditions in prospective mothers.

2.3. Implantation

Signaling and metabolic changes are also involved in initiating implantation and
maintaining pregnancy in vivo. The uptake of leucine via amino acid transport system
B0,+ initiates mTOR1 signaling in the TE of mouse and likely blastocysts of all mammalian
species exhibiting invasive implantation [1]. This signaling leads to development of the
trophoblast motility needed by blastocysts to invade the uterine epithelium. For unknown
reasons, system B0,+ then becomes relatively inactive in blastocysts in utero probably due
to the action of extracellular histones. However, it likely must be reactivated at the time
of uterine penetration in order to help deprive T-cells of another B0,+ preferred substrate,
tryptophan, thus preventing the rejection of blastocysts in implantation chambers [1]. At the
same time, ICM cells are maintained in a pluripotent state, partly due to the trimethylation
of lysine 4 in histone H3 to form H3K4me3 [1]. However, these ICM cells will soon begin to
differentiate into a number of tissues including, eventually, those in the post-implantation
embryo and fetus.

2.4. Second Lineage Differentiation

Following differentiation of the ICM and TE from the morula, and in association
with implantation, the TE begins to form extraembryonic tissues, such as the placenta,
while the ICM gives rise to the primitive endoderm (hypoblast) and epiblast (EPI). Thus,
second lineage differentiation begins, followed by endoderm, mesoderm, and ectoderm
development from EPI cells. The yolk sac develops from hypoblast cells, whereas tissues of
the embryo and fetus arise from the endoderm, mesoderm, and ectoderm.

Several papers in this Special Issue concern these second lineage differentiations.
Firstly, Duan et al. show that the silencing of a long terminal repeat element of an endoge-
nous retrovirus, known as MacERV6-LTR1a, postpones the differentiation of TE, EPI, and
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hypoblast cells in cynomolgus monkey embryos at day seven [11], although the mechanism
for this delay is still being explored. In the mouse, NANOG expression is needed for
hypoblast formation, but Springer et al. demonstrate that this is not the case for bovine
embryos [12]. Hence, species differences clearly exist in the mechanisms of these second
lineage differentiations. The delineation of these differences is essential in species such as
mouse and pig that are sometimes used as models for human embryo development.

In addition to signaling molecules, epigenetic mechanisms likely play roles in reg-
ulating the emergence of these cell lineages in early mammalian embryo development,
and the detailed mechanisms of these epigenetic modifications also vary among species.
For example, the formation of the H3K4me3 needed to maintain ICM cell pluripotency
in mice exclusively depends on threonine metabolism in mice, but in humans, H3K4
methylation likely relies on serine metabolism [1]. Further complicating this regulation
are differences in chromatin structure in different cell lineages. As reported by Quan et al.
in this Special Issue, domains have been identified as CpG-rich (forests) and CpG-poor
(prairies) in chromatin [13]. In both early human and early mouse embryos, the ectoderm
cell lineages show the weakest domain segregation, whereas the endoderm cell lineages
display the strongest domain segregation in germ layers [13]. The significance of these
chromatin domain segregations for epigenetic contributions to cell development is yet to
be investigated.

3. Epigenetics in Human Reproduction

The importance of epigenetics to human reproduction cannot be over emphasized.
For example, in this Special Issue, Wen et al. report that the loss of H19/IGF2 epigenetic
imprinting in the decidual microenvironment of early human pregnancy is associated with
recurrent spontaneous abortions [14]. More broadly regarding epigenetics and pregnancy
outcome, diet-induced obesity in mice is associated with numerous methylation changes
in DNA in genes associated with type 2 diabetes mellitus [15]. Additionally, offspring
of such mice are also likely to be obese [16], probably due to the transmission of these
epigenetic changes to offspring by their mothers. Importantly, a study in this Special Issue—
to investigate whether a pre-pregnancy lifestyle intervention in obese women reduces
the risk of obesity and cardiometabolic disease of their offspring—showed no effect of an
intervention [16]. Moreover, these authors summarize numerous studies on humans and
other animals that demonstrate little or no effect of such interventions on the health of
offspring (Table 3 of [16]). Hence, the epigenetic changes associated with obesity and related
conditions seem resistant to modification before transmission of the pertinent epigenetically
modified genes to offspring via maternal germ cells.

4. Conclusions

• Amino acid transport and signaling in oocytes influence their mitochondrial metabolism,
ROS production, and health; therefore, the replacement of damaged mitochondria in
oocytes may soon improve ART in humans.

• During the preimplantation period, amino acid transport and signaling also foster
more normal embryo development.

• It remains to be determined whether the healthiest preimplantation embryos develop
in vitro in conditions that mimic the physiological environment in vivo or whether
simpler conditions can also foster this development in vitro.

• Amino acid transport, metabolism, and signaling are also needed in blastocysts to
maintain their pluripotent ICM cells and to foster the trophoblast invasion of the
uterine epithelium during implantation in the uterus.

• The details of signaling needed to promote second cellular lineage differentiation
in peri-implantation embryos varies among mammalian species used as models for
human embryo development.

• Environmentally induced epigenetic changes in germ cells can render mammalian
offspring less healthy, and these changes can be difficult to reverse.
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Abstract: In this review we discuss the beneficial effects of amino acid transport and metabolism
on pre- and peri-implantation embryo development, and we consider how disturbances in these
processes lead to undesirable health outcomes in adults. Proline, glutamine, glycine, and methionine
transport each foster cleavage-stage development, whereas leucine uptake by blastocysts via transport
system B0,+ promotes the development of trophoblast motility and the penetration of the uterine
epithelium in mammalian species exhibiting invasive implantation. (Amino acid transport systems
and transporters, such as B0,+, are often oddly named. The reader is urged to focus on the transporters’
functions, not their names.) B0,+ also accumulates leucine and other amino acids in oocytes of
species with noninvasive implantation, thus helping them to produce proteins to support later
development. This difference in the timing of the expression of system B0,+ is termed heterochrony—
a process employed in evolution. Disturbances in leucine uptake via system B0,+ in blastocysts
appear to alter the subsequent development of embryos, fetuses, and placentae, with undesirable
consequences for offspring. These consequences may include greater adiposity, cardiovascular
dysfunction, hypertension, neural abnormalities, and altered bone growth in adults. Similarly,
alterations in amino acid transport and metabolism in pluripotent cells in the blastocyst inner cell mass
likely lead to epigenetic DNA and histone modifications that produce unwanted transgenerational
health outcomes. Such outcomes might be avoided if we learn more about the mechanisms of
these effects.

Keywords: amino acid transport; amino acid metabolism; embryo development; epigenetic modifi-
cations; offspring

1. Introduction

The variety of known functions of amino acid transport and metabolism supporting
oocyte and early embryo development are quite remarkable. Amino acids and their
metabolites resemble classical signaling molecules, such as hormones and growth factors,
as well as the substances needed to regulate histone and DNA epigenetic modifications [1,2].
In addition, some amino acids serve as osmolytes to balance hyperosmotic conditions
encountered in the reproductive tract beginning after ovulation [3,4]. Strikingly, many of
these amino acid transporters, receptors, and possibly even transceptors normally function
primarily in the central nervous system (CNS) of adults.

For example, a CNS glycine neurotransmitter transporter and a glycine-gated chloride
channel may work together in vivo to support the cleavage stage development of mouse
embryos and probably embryos of other species [3,5]. The full nature of this cooperation
remains to be explored. Similarly, other amino acids promote preimplantation development
in “a growth factor-like manner,” although the mechanisms underlying these phenomena
are still being elucidated [2].

In blastocysts, redundant mechanisms exist to insure a continued development in
species with invasive implantation [6–9]. Normally, amino acid transport system B0,+
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must take up leucine to trigger mTOR1 signaling in the trophectoderm during a critical
window of time [6], but other mechanisms step in should this one fail [6–9]. This signaling
ensures the development of the trophoblast motility needed to invade the uterine epithe-
lium. System B0,+ is also expressed in the oocytes, but not the blastocysts, of mammalian
species with noninvasive implantation, and even in ovipara oocytes, probably to supply
nutrients to these cells [10,11] but also possibly to serve signaling functions. (See below.)
These differences in the timing of expression of the B0,+ transporter—that is, beginning or
exclusively in the oocytes of some species, and during blastocyst formation in others—is
termed heterochrony, a process employed in evolution [10].

In the inner cell masses (ICMs) of mammalian blastocysts, and probably the stem cells
of other multicellular species including plants, amino acid transport and metabolism sup-
port and regulate the maintenance of pluripotency [12]. For example, threonine transport
and metabolism in the embryonic stem (ES) of mice and their progenitor (ICM) cells selec-
tively foster the trimethylation of lysine residue 4 in histone H3 (i.e., H3K4me3 formation).
H3K4me3 specifically supports ES and ICM cell proliferation and pluripotency in mice,
humans, and probably other species [1]. These and other fascinating amino acid actions
on oocytes and pre- and peri-implantation embryos are considered in more detail in the
following sections and summarized in Table 1.

Table 1. Effect of amino acid transporters/transport systems on early embryo development.

Transporter/System Preferred Amino Acids Effect [References] Mechanism

Cleavage-stage embryos
Proline-preferring Proline Blastocyst formation [2,13] mTOR1, Akt, ERK signaling

System N Glutamine Blastocyst formation [2,4] Growth factor-like; Osmolyte

System Gly Glycine Blastocyst formation
[3,4,14,15]

Osmolyte in hypertonic
oviductal fluid

System B0,+ Branched chain/Benzenoid Oocyte nutrition in ungulates
(e.g., pig) [11] Amino acid uptake

System L Bulky side chain Blastocyst formation [16] Methionine uptake
System b0,+ Arginine Embryo nutrition [17] Amino acid uptake/exchange
System b+ Arginine Embryo nutrition [18] Arginine uptake

Blastocysts

System B0,+ Branched chain/Benzenoid

Development of trophoblast
motility; Suppression of

invading blastocyst rejection
[6–8]

Leucine uptake initiates
mTOR1 signaling; Tryptophan

removal suppresses T-cells

System b0,+ Arginine Development of trophoblast
motility [6–8]

mTOR1, nitric oxide,
polyamine signaling

System b+ Arginine Development of trophoblast
motility [6–8]

mTOR1, nitric oxide,
polyamine signaling

ASCT1/2 Threonine 1 ICM cell pluripotency [19–23] Transceptor; 2 Formation of
H3K4me3

Lysine-preferring Lysine 1 ICM cell proliferation [24,25] Glutamate formation
1 Selectivity to be determined. 2 Transporter signaling.

2. Amino Acid Transport and Signaling: Proline-Preferring Systems and Systems N,

Gly, and B0,+

2.1. Proline-Preferring Systems

In recent studies, Morris and associates showed not only that proline (Pro) fosters
preimplantation embryo development, but also that this amino acid improves the subse-
quent development, when present during in vitro fertilization (IVF), of mouse oocytes [2,13].
When present during IVF, Pro increased the blastocyst formation and the number of cells
in ICMs, probably owing to a reduction of both mitochondrial activity and the production
of reactive oxygen species. However, the presence of Pro during IVF did not raise the
number of trophectoderm cells to the level achieved in vivo [13], and that should be a
goal for conditions in vitro. These authors provide evidence that Pro uptake by oocytes
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likely occurs via the Pro-preferring amino acid transport system PROT, a Na+-dependent
transporter, and two Na+-independent transporters (PAT1 and PAT2). Nevertheless, the
ability of excesses of other, often beneficial amino acids to block Pro effects reminds us
that a balance of conditions may produce the most desirable outcomes of in vitro culture.
The ability of high concentrations of betaine, glycine, and histidine to partially inhibit Pro
transport, either competitively or noncompetitively, may account, in part, for their ability
to block the positive effects of Pro during IVF [13].

Even more fascinating are the direct effects of Pro on embryos during preimplanta-
tion development. Especially when early embryos are cultured under the hyperosmotic
conditions of the oviductal fluid [3], Pro fosters blastocyst formation when they are grown
at low density (LD), but such is also the case even when the embryos develop at high
density (HD) [2]. A stimulation of embryo development occurs after the 2-cell stage. At
HD, paracrine signaling among embryos is likely pronounced, whereas this signaling is
minimized at LD. Somewhat surprisingly, the HD culture of embryos partially counteracts
the negative effects of hyperosmotic media [2], thus providing redundant mechanisms to
foster development in such conditions in oviductal fluid in vivo. (See also the consideration
of glycine transport below.)

Partially owing to this redundancy to resist hyperosmotic stress, Pro seems to act
on preimplantation embryos in a growth-factor-like manner [2]. Moreover, Pro activates
mTOR1, Akt, and ERK signaling likely through the action of its transporter(s) as transcep-
tor(s), intracellular signaling owing to Pro or its metabolites, or a combination of these
mechanisms. Excesses of glycine, betaine, and leucine seem to counteract the benefits of Pro
on development in part by slowing Pro transport. Independently, excess glycine reduces
the number of cells per blastocyst at least in an isosmotic medium (i.e., 270 mOsm/kg) [2],
so glycine need not act only by inhibiting the action(s) of Pro. Hence, the beneficial effects of
various amino acids on preimplantation embryo development likely occur independently
of each other in some instances and through interactions with one another in other cases.
The elucidation of all of these mechanisms will help us develop clinically useful culture
media that minimize the health risks to offspring and future generations. (See below.)

2.2. System N

System N preferentially transports glutamine (Gln). However, the evidence of system
N’s expression in cleavage-stage embryos is circumstantial. We proposed an increase in
system N activity at the 4- to 8-cell stage of development owing to an increase in the
level of Gln in embryos at that time [19]. Consistent with this interpretation, Gln fosters
preimplantation development beginning after the 2-cell stage [2]. The importance of
Gln to preimplantation development has been known for decades [26–28], although the
mechanism(s) of its action are only now coming to light. While Gln likely functions as an
intracellular osmolyte in early embryos under hyperosmotic conditions [4], all we know
about other actions of Gln to support preimplantation development is that it does not act
through mTOR1 signaling [2]. Beyond the scope of the current discussion, system N is
upregulated in the inner cell mass of mouse blastocysts during diapause and is needed
there to maintain a diapausing state [29,30]. (See also Section 4.2 below.)

Owing to the growth factor-like nature by which Gln acts on preimplantation embryos,
it does not function only as an osmolyte to resist hyperosmolar environments [2,4]. As
for Pro, Gln fosters blastocyst formation in hyperosmotic media when early embryos are
cultured at LD, although, to a lesser extent, such is also the case even when the embryos
develop at HD in vitro [2]. Both paracrine activity and intracellular osmolytes likely
contribute to this resistance to hyperosmolarity. Future studies should reveal the elusive
mechanisms by which Gln promotes preimplantation embryo development. Despite its
possible toxicity, Gln, or a dipeptide form of it, likely needs to be included in the media used
to culture early embryos in order to promote the development of the healthiest possible
conceptuses and adults [31,32].
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2.3. System Gly

We first reported that glycine (Gly) protects cleavage-stage embryos from the detri-
mental effects of the hyperosmotic oviductal fluid-like medium owing to its uptake as
an osmolyte against its total chemical potential and concentration gradients via system
Gly [14,15]. Since then, this selective transport of Gly has been studied extensively in early
embryos to demonstrate its function as an osmolyte [3,4]. Nevertheless, Gly clearly has
other actions, as described in the section on Pro transport above. Some of these effects of
Gly occur owing to the expression of a glycine-gated chloride channel in preimplantation
conceptuses [5], whereas other mechanisms of Gly action are likely yet to be determined
(e.g., interactions between the chloride channel and system Gly, as in the brain). In vivo,
these effects of Gly occur in the context of developmental changes in the oviductal fluid.

While somewhat controversial, it seems likely that the oviductal fluid becomes more
hyperosmotic as development proceeds from the one-cell to the two-cell stages [3]. Using
each of two separate reports, this change can be calculated to range from 18 to 59 mM [33,34],
with a total osmolality of mouse oviductal fluid sometimes exceeding 350 mOsmol/kg [3].
Moreover, the increases in Na+ and Cl− concentrations in the oviductal fluid [34] could
contribute somewhat [14] to a greater Gly accumulation by early embryos as the osmo-
larity increases [4]. Thus, the physiological conditions in oviductal fluid of about one
mM glycine [35] and the hyperosmolality of the fluid interact to foster early embryo
development.

Redundant mechanisms exist, however, to resist the otherwise detrimental effects
of the hypertonic oviductal fluid, since insulin-like growth factors [36] as well as other
embryos nearby [2] foster preimplantation embryo development in hyperosmotic media.
Nearby embryos promote development apparently via paracrine signaling [2], that may
include the production of extracellular vesicles by the conceptuses [37]. All these mech-
anisms are likely present in vivo to promote the development of healthy embryos and
subsequently adults. An open question remains as to whether early embryos, developing
in a hypothetically more physiological hyperosmotic medium containing Gly, are healthier
than those developing in a hypotonic medium. That is, do embryos and adults that result
from IVF and other assisted reproduction efforts get healthier the more we mimic in vitro
the normal physiological conditions in vivo?

2.4. System B0,+

Amino acid transport system B0,+ was unusual when first characterized in mouse
blastocysts because it accepted both cationic and zwitterionic amino acids as good sub-
strates [38]. Subsequently, however, this Na+-dependent system was found to strongly
prefer branched chain amino acids, such as leucine (Leu), and benzenoid substrates like
tryptophan (Trp) [8]. The system is pivotal in promoting the implantation and further de-
velopment of mouse, rat, and human blastocysts, and probably blastocysts of other species
exhibiting invasive implantation [6–9,19]. System B0,+ fosters this type of implantation in
at least two ways [8].

First, system B0,+ takes up Leu during a critical time period required to cause mTOR1
signaling in blastocysts [6]. This signaling leads to the development of the trophoblast
motility needed to penetrate the uterine epithelium. Meanwhile, the system becomes
relatively inactive in blastocysts in utero, but it becomes active again when blastocysts are
removed from the uterus [8].

The physiological reasons for these changes in system B0,+ activity are likely two-fold.
A suppression of system B0,+ activity may occur in blastocysts owing to the inhibition of the
system by extracellular histones in uterine secretions [9,19,39]. It remains to be determined
whether these histones are free in uterine secretions or sequestered in extracellular vesicles
produced by uterine epithelial or other cells, e.g., [37,40]. Regardless of their origin, such
actions of the histones must somehow be neutralized at the time of implantation [9,19,39].
Following a reversal of this possible histone action and, thus, the reactivation of system
B0,+ in blastocysts in implantation chambers, the system would help to remove Trp from
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the surrounding fluid. Trp removal from the chambers likely prevents the immunological
rejection of blastocysts by suppressing T-cell proliferation during the initial trophoblast
penetration of the uterine epithelium [41,42].

Clinically, imbalances of system B0,+-preferred substrates may lead to unwanted de-
velopmental consequences. For example, the consumption of an excess of the system B0,+‘s
substrate, isoleucine (Ile), during the pre- and peri-implantation periods of development
led mice to deliver pups that were 9% larger than controls on day 19 of pregnancy, but
the pups born on day 20 were 9% smaller than controls [43]. Other effects of excess Ile
consumption during early development were significantly different fetal and placental
growth rates between days 15 and 18 of pregnancy.

Ile supplementation may have inhibited Leu and Trp uptake by blastocysts about 15 h
prior to and during their implantation, respectively [39]. Alternatively, since Ile deficiency
is an effective activator of trophoblast endocytosis and lysosome production [44], excess Ile
consumption during preimplantation embryo development could conceivably reduce the
trophectoderm endocytic uptake of uterine fluid proteins and their digestion in lysosome.
A decreased lysosomal protein digestion could limit the supply of threonine and lysine
to ICM cells [1,19,24]. (See Section 4 below.) Dietary supplementation with the branched
chain amino acids, Ile, Leu, and valine, has become part of the solution to some health
problems [43]. Hence, the use of such supplements should be cautious in species such as
humans, that employ invasive implantation.

More broadly regarding mTOR1 signaling and the development of trophoblast motility,
a maternal low protein diet (LPD) during preimplantation development to the blastocyst
stage led to a 25% reduction in the Leu concentration in mouse uterine fluid [45]. In a model,
the latter authors proposed that the decreased uterine fluid Leu concentration results in less
mTOR1 signaling, greater compensatory trophoblast pinocytosis and lysosome biogenesis,
and increased histotrophic nutrition beginning at the blastocyst stage [46,47]. Consequently,
offspring grow faster, have greater adiposity, and develop cardiovascular dysfunction,
hypertension, neural abnormalities, and altered bone growth. This model may apply to all
mammalian species, including humans, with invasive trophoblast implantation [46,47].

But what might be the function(s) of system B0,+‘s expression in species with non-
invasive or no placentation? System B0,+ is expressed in unfertilized pig oocytes but not
blastocysts [11]. Since mTOR1 helps regulate the development of oocytes, cleavage-stage
embryos, and blastocysts (e.g., [48]), it is conceivable that system B0,+ acts in porcine
oocytes via the leucine activation of mTOR1, as well as serving to nourish these cells [10].
Similarly, system B0,+ likely helps Xenopus oocytes grow prior to their deposition in fresh
water. After deposition, the expression of the system is turned off likely to help retain
the amino acids in the oocytes [10]. On the other hand, the activation of system B0,+‘s
expression upon fertilization of sea urchin eggs should help them accumulate nutrients
from sea water [10], especially owing to the system’s low Km values for the accumulation
of some amino acids [8]. Such changes in the timing of system B0,+’s transporter gene
expression during the early development of mouse, pig, Xenopus, and sea urchin oocytes
and embryos is termed heterochrony, and heterochrony is an important process employed
in the evolution of new species [10].

3. Amino Acid Transport and Signaling Sometimes Includes Metabolism: Systems L,

b0,+, and b+ or y+

3.1. System L

System L is present in preimplantation mouse embryos at all stages of their devel-
opment [17,19,36]. While this system transports branched chain and benzenoid amino
acids well, it also likely takes up methionine (Met) [20]. Consequently, the removal of Met
from KSOM culture medium causes fewer zygotes to develop into blastocysts [16]. Of
the embryos that do develop to the morula and blastocyst stages, their content of histone
H3K4me3 was significantly decreased, likely because they did not have enough Met to
support one carbon (1C) metabolism and H3K4 methylation [1,16,19,35]. As we shall
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see, H3K4me3 is needed to maintain pluripotent and proliferating cells in morulae and
blastocysts (Section 4.1 below).

3.2. System b0,+

We also discovered an unanticipated, Na+-independent transporter of both cationic
and zwitterionic amino acids in mouse blastocysts [49]. While initially it seemed that
both types of substrates were equally accepted for transport, arginine (Arg) was soon
found to be the highly preferred substrate [17,19,36]. Importantly, this transporter helped
to reveal redundant mechanisms to support the development of trophoblast motility in
blastocysts [6–8].

Not only Leu, but also Arg, by itself, supports the development of trophoblast motility
in blastocysts in vitro through the activation of mTOR1 signaling [6]. Arg is also a precursor
to both nitric oxide (NO) and polyamines, and all these substances foster cell motility [7]. In
fact, polyamines partially overcome the rapamycin inhibition of mTOR1 and the block to the
development of trophoblast motility in mouse blastocysts [8]. Moreover, uterine secretions
foster the development of trophoblast motility in mouse blastocysts in vitro, but only when
the secretions are obtained at a specific time several hours prior to the time of blastocyst
implantation [6]. Since amino acids are likely present continuously in these secretions, we
speculate that macromolecular constituents, possibly contained in extracellular vesicles of
uterine fluid (e.g., [37]) are responsible for promoting trophoblast motility. This redundancy
likely explains why one or the other of system B0,+ or system b0,+ knockout results in only
small, nonlethal effects [9,50]. For other nutritional purposes, several alternative systems
for the transport of cationic and zwitterionic amino acids are present in early conceptuses
(e.g., system L above for zwitterionic amino acid transport) [17,19,36].

3.3. System b+ or y+

In the case of Arg nutrition, at least two cationic amino acid transporters (CATs),
CAT1 and CAT2, are expressed throughout the preimplantation development of mouse
embryos [19]. In early porcine embryos, one of these transporters (CAT1) is upregulated
during the development in vitro vs. the development in vivo [51]. While the latter trans-
port has been attributed to that catalyzed by the well-known amino acid transport system
y+ first identified in adult tissue [18,52–54], a careful characterization of cationic amino
acid transport in fertilized mouse eggs, cleavage-stage conceptuses, and blastocysts distin-
guished this transport from that of system y+ and termed it b+ [18]. For example, the Ki
(and Km) values for Arg and lysine (Lys) transport via system y+ are nearly identical, but
these values differ by an order of magnitude or more for transport by one-cell embryos
and blastocysts (Table 2).

Table 2. The Ki/Km values for Arginine and Lysine transport by cationic amino acid transporters
(CATs) are nearly identical in adult tissues or during heterologous expression in Xenopus oocytes,
but the values are one or two orders of magnitude different for CATs expressed in preimplantation
mouse embryos (**, p < 0.01).

CAT Expression in: Ki (Km) Values (Mean +/− SEM, mM) 1

Arginine Lysine
Fibroblasts (y+) 0.041 ± 0.002 n.s. 0.040 ± 0.004

Hepatoma cells (y+) 0.20 ± 0.04 n.s. 0.14 ± 0.01
Xenopus oocytes (CAT2) 0.19 ± 0.03 n.s. 0.20 ± 0.03
One-cell embryos (b+

1) 0.13 ± 0.04 ** 1.25 ± 0.18
Blastocysts (b+

2) 0.084 ± 0.021 ** 8.10 ± 1.00
1 Data from [18,52–54], ** (p < 0.01), n.s. (not significant)

Perhaps the Arg uptake by early embryos is so important that CATs, normally taking
up Arg and Lys equally efficiently in adults, are adapted in early embryos to insure Arg is
accumulated regardless of the activities of other Arg transporters, such as b0,+. Moreover,
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CATs’ preference for Arg over Lys transport in blastocysts is even more pronounced than
in one-cell embryos (i.e., the Km for Lys uptake is nearly 10-fold higher in blastocysts than
in one-cell embryos, while the Km for Arg remains unchanged, Table 2, p < 0.01) [18]. The
latter development change in CAT transport activity could help to insure a preferential Arg
uptake in blastocysts even when the high-affinity Arg-preferring system b0,+ transporter
is knocked out [50]. Such Arg transport would likely foster the development of the
trophoblast motility needed to penetrate the uterine epithelium [6–8].

Because of the importance of Arg to reproduction and embryo development [6–8,19,35],
it has been used as a prenatal dietary supplement in numerous studies. A systematic re-
view and meta-analysis of 47 animal studies including 12 human investigations revealed
beneficial effects of dietary Arg supplementation on fetal/birth weight, but only in com-
plicated pregnancies [55]. In another recent review [56], it was emphasized that dietary
Arg supplementation for the first seven days of pregnancy in the rat increased litter sizes
by 30% while maintaining normal birth weights [57]. Although this Arg effect might help
avoid early embryo losses in a variety of species, including humans, one can also argue
that the effect might not be beneficial. For example, the average liter size in isonitrogenous
control animals in the cited study was 11.4 ± 0.4 pups, which is not significantly different
from the normal litter size of 11.0 in Sprague Dawley rats [58]. Thus, it might also be
concluded that Arg supplementation saves less healthy embryos otherwise destined to fail
in early pregnancy. Unfortunately, offspring growth and other parameters, such as blood
pressure and blood glucose levels, were apparently not followed into adulthood in this
study [57], so it is not known whether 30% of the experimental pups were less healthy than
control pups.

It has also been speculated that the other cationic amino acid, Lys, might be deficient in
low-protein diets [24]. Both an increase and a decrease in maternal dietary lysine produced
smaller fetuses/birth weights in rats, e.g., [59,60]. Since Lys is not taken up efficiently by
systems in early mouse embryos (e.g., Table 2), other possible mechanism(s) for the effects
of Lys-deficient diets on early embryo development are discussed in Section 4.2, below.

4. Regulation through Amino Acid Signaling and Metabolism but Apparently Not
Involving/Requiring Amino Acid Transporters in the Apical Membrane of
the Trophectoderm

4.1. Threonine and Serine in the Inner Cell Mass

Morphologically distinct cell types first appear in preimplantation mammalian blas-
tocysts a few days after fertilization [1,19]. The trophectoderm surrounds the inner cell
mass (ICM) and will initiate implantation one to a number of days later depending on
the species. The ICM gives rise to all other mammalian tissues, and these cells are used
to produce embryonic stem (ES) cells. Consequently, ES cells are used as models for the
ICM [1,19].

Murine (mES) and probably bovine embryonic stem cells require Thr to stay pluripo-
tent and proliferate [21,61]. Threonine dehydrogenase (TDH) regulates the conversion of
Thr to Gly and acetyl CoA in these ES cells. To control Thr consumption, posttranscriptional
and posttranslational effectors as well as gene transcription maintain TDH activity [62].
Glycine produced from Thr in these ES cells is crucial to sustain the specific epigenetic
modifications needed to preserve their pluripotency [63,64].

While mES cells maintain an optimal intracellular Thr concentration through Thr
uptake from the culture medium and metabolism via TDH, the blastocyst trophectoderm
must supply Thr to the ICM. A direct contact between trophoblast and ICM cells might
supply amino acids to these pluripotent cells, while ICM cells bordering the blastocoelic
fluid inside the trophectoderm could take up amino acids from this fluid [65]. Moreover, the
apical membrane of the trophectoderm expresses at least 12 amino acid transport system
activities that could help provide amino acids to the ICM [19,36]. However, Thr is not
received with a low Km value by any of these systems [19,36]. Consequently, blastocysts
must use a different process to supply Thr to their ICM cells.
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In this regard, Thr accumulates in mouse blastocysts as they develop, while most
other amino acids do not [1,7,19,66]. Even without the presence of amino acids in vitro, the
Thr content of blastocysts increases as the development proceeds. Since Thr is an essential
amino acid in animals, the trophectoderm probably generates Thr by hydrolyzing protein
in vitro as well as in utero [19]. Trophoblast cells can readily carry out this process via
pinocytosis and the subsequent digestion of the protein they take up [67].

Based on studies with mES cells, ICM cells then likely use two Na+-dependent and
at least one Na+-independent transport systems to take up Thr. These transporters were
identified, respectively, as the obligate exchange ASC amino acid transporters, ASCT1 and
ASCT2, and a system L exchange amino acid transporter [20]. One or more of these Thr
transporters may function for signaling as a transceptor (i.e., a transporter that initiates
signaling) [22], as well as by supplying the intracellular Thr metabolized for the specific
epigenetic modifications needed to maintain mES cell proliferation and pluripotency.

By promoting cMyc expression, Thr transport initiates mTOR1 signaling in mES cells.
This signaling does not proceed, however, upon the disruption of the lipid rafts within
which Thr transporter(s) reside [22]. Thr transport may need undamaged rafts, or transport
might cause caveolae in rafts to initiate signaling as a transceptor. Thr transport is inhibited
by its analogue, 3-hydroxynorvaline (3-HNV), which likely slows mES cell proliferation in
this way [20], in addition to slowing Thr metabolism by blocking TDH activity [21]. (See
below.) Likely in these same ways, 3-HNV blocks the formation of cavitated blastocysts by
pre-compacted morulae [21].

Because Thr transporter(s) seem to function as transceptor(s) [22], we predicted cor-
rectly that 3-HNV would block TDH-deficient hES cell proliferation [23]. While it is con-
ceivable that 3-HNV could inhibit the proliferation of hES cells by replacing Thr residues
in proteins [68], 3-HNV does not slow the proliferation of other human and mouse cell
lines [21], so cell growth is not blocked through 3-HNV incorporation into proteins. An
excess Thr rescue of 3-HNV-inhibited hES proliferation supports the hypothesis that the
ES cells of all mammalian species require Thr transport itself for signaling, in addition to
the signaling provided in most species by Thr catabolism for epigenetic histone modifica-
tions [23].

4.1.1. The Glycine Cleavage System (GCS) Is Also Needed to Maintain ES Cells

The GCS is needed to further process Gly generated by most mammalian ES and ICM
cells owing to mitochondrial TDH activity (Figure 1). However, human ICM and ES cells
produce inactive TDH, and they do not need it to generate Gly [69]. Instead, hES and
probably their progenitor cells in the ICM greatly upregulate the expression of enzymes for
serine (Ser) synthesis from glycolytic intermediates (Figure 1), whereas such upregulation
does not occur in mES or mouse-induced pluripotent stem cells [64]. Gly is then likely
generated from Ser by serine hydroxymethyltransferase (SHMT).

The further processing of Gly requires the glycine cleavage system (GCS) to main-
tain the pluripotency and proliferation of mES, hES, and likely other mammalian ES
cells [64,70]. In this regard, the upregulation of GCS expression fosters the formation of
induced murine and human pluripotent stem (iPS) cells. The GCS also prevents ES cell
senescence by preventing methylglyoxal production (Figure 1) [64,70]. Instead, Gly is used
in 1-carbon (1C) metabolism that fosters ES cell pluripotency and proliferation via specific
epigenetic histone modifications [1,71–73]. This mitochondrial specialization is supported
by glycolysis-generated ATP in ES cells [74]. Somewhat surprisingly, uncoupling protein 2
(UCP2) prevents pyruvate oxidation in mitochondria and, thus, shunts it to lactate, the
final step in glycolysis [75,76].
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Figure 1. Mouse and probably most other mammalian ES cells require threonine (Thr) for the production of the 1C units
needed to methylate histone H3K4. H3K4me3 formation is needed to maintain ES cell proliferation and pluripotency. Since
other sources of 1C units cannot substitute Thr, we propose that a subpopulation of perinuclear mitochondria take up Thr,
use it to form formate, and then selectively direct the formate to produce the S-adenosylmethionine (SAM) used in the
nucleus to methylate H3K4. Since hES cells produce an inactive form of threonine dehydrogenase (TDH), they upregulate
the expression of serine (Ser) synthesis enzymes probably to produce 1C units for H3K4me3 formation. GCS, glycine
cleavage system; SHMT, Serine hydroxymethyltransferase. (The figure is a modification of those in reference [1]).

4.1.2. mES Cells Require Thr Catabolism for Specific Histone Modifications

Mouse ES cells stop proliferating when Thr is removed from the culture medium [21].
In the absence of Thr, the methylation of histone H3 to form H3K4me3 decreases dra-
matically, and this decrease is selective, since the methylation of DNA and other histone
sites continues normally [63]. Somehow, mES cells take up Thr and direct it selectively to
provide 1C units for H3K4 methylation. But how might such selection occur?

Thr catabolism in mES cells is performed by perinuclear mitochondria [77–79]. Thr
may be selectively accumulated by a portion of these organelles specialized to do so
(Figure 1). These specialized mitochondria might then produce formate from Thr and
transport the formate to the cytosol, where it is converted to S-adenosyl methionine (SAM)
methyl groups needed for nuclear H3K4 methylation [80,81]. The formate must somehow
be directed specifically to H3K4 methylation sites, because the 1C units must originate
from Thr (Figure 1) [63].

Another possibility is the selective direction of Thr by its plasma membrane trans-
porter(s) to the portion of the mitochondria helping to form H3K4me3 in mES cells [1,20].
Nevertheless, the mitochondria would need to remain specialized for this purpose. Sim-
ilarly, and despite being TDH-deficient, some hES cell mitochondria likely specialize in
H3K4me3 formation via the GCS. H3K4me3 is required for hES as well as mES cells to
proliferate and remain pluripotent [1,71–73].

4.1.3. Why Doesn’t TDH Knockout Block Mouse Blastocyst Development?

Surprisingly, TDH knockout embryos appear to develop normally, and knockout
adults are not sterile [82]. While both signaling via Thr membrane transport [22] and the
subsequent Thr metabolism to form H3K4me3 [1,71–73] support mES cell pluripotency
and proliferation, neither is sufficient alone to maintain such mES cell stemness [83].
Compensatory mechanisms to circumvent TDH knockout are, however, easy to envision,
and may occur in mES progenitor cells in mouse blastocysts. For example, when Thr is
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deleted from the mES cell culture medium, the addition of excess Gly (plus pyruvate) to the
medium maintains the H3K4me3 formation, which normally requires Thr [63]. Similarly,
an increased supply of Gly occurs naturally inside TDH-deficient human iPS and hES cells
when they upregulate serine synthesis to generate Gly and become/remain pluripotent
(Figure 1) [64]. We propose that TDH knockout mES and their progenitor cells in blastocysts
may adapt to mimic TDH-deficient hES cells (Figure 1).

A further understanding of this possible adaptation and regulation is likely essen-
tial for us to fully comprehend early embryo development in all mammalian species,
since all species except humans express TDH, and even humans likely need specialized
mitochondria in their ES and ICM cells. ES progenitor cells in the ICM give rise to all
mammalian tissues and organs, so the clinical implications of environmentally altered
epigenetic modifications seem to begin with such possible alterations in these cells. Much
epigenetic reprogramming occurs during pre- and peri-implantation embryo development,
e.g., [84]. Moreover, since Met is central to these epigenetic modifications (Figure 1) and
to 1C metabolism in general, it might seem surprising, at first, to learn that a maternal
low-protein diet (LPD) causes the Met concentration to increase in mouse uterine fluid on
day 4 of pregnancy [45]. However, 1C metabolism might be sluggish owing to a LPD and
to dependence on amino acids for 1C metabolism. Such slower 1C metabolism could result
in a lower demand for Met in living cells including early embryos.

4.1.4. Clinical Implications of Altered Epigenetic Histone and DNA Modifications

Maternal LPD consumption during early embryo development leads to several
changes in trophectoderm behavior, including greater motility during the implantation
in the uterus and an increased uptake of extracellular protein via endocytosis [46]. The
hydrolysis of more protein releases more amino acids, including Thr, which might be deliv-
ered to ICM cells and could be taken up by at least three transporters [1,19,20]. A greater
Thr transport into ICM cells may alter both signaling via its transceptor and H3K4me3
formation owing to changes in 1C metabolism. Also due to increased protein hydrolysis,
trophoblast motility may increase owing to more Arg and Leu signaling and metabolism
in these cells [6].

More efficient placentas also develop in association with a maternal LPD during early
embryo development, possibly owing to a more robust trophoblast penetration of the
uterine epithelium [46]. Similarly, modified epigenetic histone alterations in the primitive
endoderm owing to a maternal LPD leads to the delivery of more nutrients to the embryo by
the yolk sac placenta [46]. In addition, changes in dietary protein consumption during early
embryo development cause ICM cell lineages to alter their epigenetic DNA modifications.
These post-implantation as well as preimplantation alterations in the nutrients supplied to
early embryos may affect the epigenetic modification of their DNA and histones, probably
including H3K4.

4.1.5. Future Generations Likely Experience Effects from DNA and Histones Modified
during the Development of Their Ancestors

A maternal LPD, only during an F0 pregnancy, causes F1 rat offspring to produce an
F2 generation with increased blood pressure and abnormal endothelial cells, likely due
to transgenerational epigenetic histone and DNA changes [85]. Similarly, older maternal
age or hampered placental function lead the F0 generation to transmit metabolic and
cardiorenal changes to F2 rats, probably owing to epigenetic alterations [86,87]. In addition
to the intracellular effects of these DNA and histone modifications, the histones might act
extracellularly after their secretion into the uterine fluid by F0 and F1 females [9].

Furthermore, the genetic impairment of 1C folate metabolism in F0 mice suppresses
epigenetic methylation, resulting in the altered development of wild-type mice over the
following five generations [88]. In the latter case, DNA and histone modifications in F1
female germlines result in congenital malformations, while growth defects are caused
by changes in the uterine environment. This uterine environment likely contains altered
histones, because F1 wild-type females exhibited hypomethylation in their uterine cells.
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Histones in uterine fluid may affect blastocyst development and implantation by altering
system B0,+ activity [9,39]. (See above.) The proposed histone hypomethylation may have
contributed to both growth defects and congenital malformations because histones may
have extracellular as well as intracellular effects.

Extracellular histones also provide one possible mechanism by which a paternal LPD
adversely affects the health of their offspring [89]. Histones, modified owing to a LPD,
might be present in the seminal fluid and dead sperm cells [90–92]. As for maternal
epigenetic effects on future generations, paternal exposure to unhealthy environments
adversely affects early embryo development through epigenetic transgenerational modifi-
cations [93,94].

4.2. Conversion of Lys to Glutamate in ICM Cells

While ES cells serve as models for ICM cells, the ES cell environment is not regulated
in a physiologically normal way. In contrast, the immediate surroundings of ICM cells are
controlled through interactions with the trophectoderm, e.g., [65]. Hence, data concerning
the regulation of this environment need to be combined with findings of ES cell metabolism
for a further understanding of the ICM cell function.

As for Thr, Lys is not a preferred substrate of any known transport system in the
trophectoderm (e.g., Table 2) [19,36]. However, it may be needed in the ICM for glutamate
(Glu) production [24]. We suggest that trophoblast cells take up protein by pinocytosis and
hydrolyze the protein to generate Lys as well as Thr for the ICM [24]. The transport of Lys
across the plasma membrane of ES and their progenitor cells in the ICM has not, to our
knowledge, been characterized.

Nevertheless, hES cells remove Lys from their culture medium and release Glu to
the medium [24], so the cells must express a transporter(s) to take up Lys. While Glu
could conceivably be produced from Gln by extracellular glutaminase, we suggest that it
is produced metabolically from Lys in hES cells and then released to the medium. This
metabolism of Lys is possible because more Lys is consumed by hES cells than the amount
of Glu they produce [24]. But what is the evidence that Lys is metabolized to Glu in hES
cells, how does this metabolism matter to ICM cell pluripotency and proliferation, and
what may be the clinical consequences of Lys deficiency owing to, say, LPDs?

4.2.1. How Is Lys Converted to Glu in hES Cells?

Somewhat surprisingly, we found a relatively high expression of RNA encoding
alpha-aminoadipic semialdehyde synthase (AASS) in hES cells [24]. AASS regulates the
Glu synthesis from Lys in mouse and human brain, so such is likely the case for hES
cells [95–99]. The resultant Glu is needed for normal brain and ES cell functioning through
Glu signaling. Although the Glu-Gln cycle also produces Glu in the brain, it is insufficient
for brain health [95–99]. Similarly, system N for Gln uptake is upregulated in mouse ICM
cells to help maintain a diapausing blastocyst state [29,30], but diapause is characterized
by a relatively slow cell division in blastocysts. Gln transport into ICM cells must decrease
dramatically for the proliferation of ICM cells to continue [29,30], and glutaminase activity
is likely relatively low in ES and their progenitor cells [24]. Thus, the conversion of Gln to
Glu in ICM cells seems not to be a priority and is unlikely to contribute to the pool of Glu
needed to support their pluripotency and proliferation. (See below.)

Hence, the pool of Glu produced from Lys seems to be used uniquely for signaling
after the release from nerve and ICM cells [24,95–99]. Perhaps the Glu is extruded from
mitochondria in the nerve and ICM cells and then preferentially released from the cells
for autocrine and paracrine signaling. Contrariwise, instead of the proposed unique
production of Glu from Lys, the trophoblast could conceivably supply Glu to ICM cells in
a more direct manner. However, the Glu content of mouse blastocysts decreases as they
develop [19,66], so there does not seem to be a concerted effort to supply free Glu directly
to ICM cells as the development proceeds. So why is Glu needed outside of ES and ICM
cells, and why might its presence outside ICM cells be carefully regulated?
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4.2.2. Function of Metabolically Produced Glu in ICM Cells

Mouse ES and, likely, ICM cells express mGlu5 metabotropic glutamate receptors, and
they require the activation of these receptors to sustain self-renewal [100]. The mES cells
produce Glu in vitro, and ICM cells likely do so in vivo, and such endogenous production
of Glu fosters cell proliferation and the maintenance of pluripotency. The Glu activation of
mGlu5 metabotropic glutamate receptors works to maintain a greater c-Myc expression in
mES cells through the interaction with signaling by the leukemia inhibitory factor [101].

In this regard, we found hES cells to express mRNA encoding at least two such
Glu receptors—metabotropic glutamate receptor 3 as well as 5 [24]. This mRNA is likely
translated to produce glutamate receptor proteins in hES and ICM cells. We propose that
endogenous Glu production from Lys in human as well as mouse ICM cells, and the release
of this pool of Glu from the cells, help to maintain their pluripotency and proliferation.

4.2.3. What Are the Possible Clinical Consequences of Lys Deficiencies Owing to LPDs?

When Lys is removed from the culture medium, hES and human iPS cells nearly stop
proliferating [25]. Similarly, maternal LPDs may deprive ICM cells of Lys, because the
concentration of Lys in mouse blastocysts is likely decreased by maternal LPD consump-
tion [45]. Somewhat surprisingly, a maternal LPD increases the concentration of Met in the
uterine fluid on day 4 of pregnancy in the mouse [45]. Such an increase in the Met concen-
tration in vivo could lead to decreased blastocyst levels of the cationic amino acids-Arg
and Lys—as also observed in mouse blastocysts in vitro in the presence of a physiological
concentration of Met [102]. This decrease in the cationic amino acid concentrations in
blastocysts occurs owing to the uptake of Met in exchange for (and exodus of) the cationic
amino acids via system b0,+ [24].

The ability of Lys deprivation to nearly stop hES cell proliferation likely does not
result only from the nutritionally essential nature of Lys. Human ES cells, grown without
each of several other essential amino acids, continue to divide at almost normal rates [25].
Rather, without Lys, hES cells may not produce the specialized pool of Glu they need to
bind metabotropic Glu receptors and, thus, remain pluripotent. (See above.)

Specialized pools of amino acids and their metabolites seem to be an especially im-
portant phenomenon in early embryos. For example, Thr is used selectively for H3K4me3
formation in mES and probably ICM cells in blastocysts (Figure 1). Other 1C sources
cannot normally substitute Thr. Similarly, system B0,+ specifically directs Leu to sites of
mTOR1 signaling in the blastocyst trophectoderm in order to foster the development of
its motility [6]. Other transporters of Leu cannot substitute this B0,+ Leu transport, likely
owing to the specialized intracellular Leu pool that B0,+ creates.

In contrast, mES cell proliferation does not appear to be as reliant on Glu produc-
tion from Lys as hES cell proliferation [25]. The removal of Lys from the mES cell cul-
ture medium does not slow their proliferation [21], at least when the medium contains
Glu [100,101]. However, for mammalian ES progenitor cells in the ICM, we suggest that
Lys deprivation, owing to maternal LPDs, adversely alters the ICM production of tissues
and organs in newborns and adults [24]. Unwanted effects of maternal LPD consumption
during pre- and peri-implantation embryo development include metabolic syndrome and
related disorders in adulthood [1,9,19,46,47].

5. Summary

Pro, Gln, and Gly each support preimplantation development apparently as growth
factors, and their Na+-dependent transport against total chemical potential gradients allows
them to serve as osmolytes to resist the otherwise detrimental effects of the hyperosmolar
oviductal fluid. We still need to learn whether we can produce hyperosmotic conditions
in vitro that allow oocyte fertilization and the development of the healthiest possible
early embryos for transfer to the reproductive tract. Similarly, Leu and Arg transport into
blastocysts via systems B0,+ and b0,+ both likely foster the invasion of the uterine epithelium.
If the process is disturbed, however, owing to, say, a maternal LPD, the resultant embryos

16



Cells 2021, 10, 3154

seem to give rise to adults with increased risk of having metabolic syndrome and related
disorders. Finally, mouse and human ICM cells have different requirements for Thr and
probably Lys uptake and metabolism [21,25]. Despite these differences, ICM cells of both
species need the pertinent metabolic products, H3K4me3 and Glu, to remain pluripotent
and proliferate. Disturbances in H3K4me3 and Glu production in ICM cells likely lead to
transgenerational metabolic disorders.

6. Conclusions

6.1. Evolutionary Considerations

Amino acid transport system B0,+ not only supports the development of trophoblast
motility in mammalian species with invasive blastocyst implantation, but it also seems to
help nourish oocytes of species that do not penetrate the uterine epithelium after blastocyst
attachment. Similarly, it may promote amino acid accumulation in Xenopus oocytes, prior
to their deposition in fresh water, and in sea urchin eggs following fertilization. These
changes in the timing of B0,+ expression are termed heterochrony—a well-known process
employed in evolution [10].

Likewise, Thr transport and metabolism support stem cell maintenance in both ani-
mals and plants, so this reliance on Thr may be an ancient mechanism to conserve stem cell
proliferation in multicellular organisms [12]. Similarly, Glu production from Lys seems to
support the maintenance of pluripotency in ICM cells of mammalian blastocysts [24], while,
in plants, this Glu production regulates their environmental responses and growth [103]. In
the case of animal evolution, it seems likely that the Glu production from Lys was used first
for signaling in ICM cells and, only later, for normal brain functioning after the evolution
of this organ.

6.2. Several Ways to Foster the Development of Cleavage-Stage Embryos in the Hyperosmotic
Oviductal Fluid

Cleavage-stage embryos likely develop in the hyperosmotic oviductal fluid [3]. While
the osmolarities of oviductal and uterine secretions change as development proceeds, these
secretions remain hyperosmotic at virtually all stages of preimplantation development [3,8].
Consequently, several mechanisms have evolved to help resist the potentially detrimental
effects of these hyperosmotic conditions. The mechanisms include amino acid transport
into the embryos as osmolytes, signaling by growth factors, such as insulin-like growth
factors 1 and 2, and autocrine and paracrine effectors released by nearby embryos and
cells of the reproductive tract [2–4,14,15,36]. Nevertheless, these changing hyperosmotic
conditions in situ are likely beneficial to the reproductive process, although their possible
advantages during embryo development are still to be determined. The elucidation of
these benefits seems essential, however, in order to produce the heathiest possible life-long
outcomes of assisted reproductive technology.

6.3. Redundant Mechanisms to Insure the Development of Trophoblast Motility and Implantation

Leu uptake by trophoblasts via system B0,+ fosters the mTOR1 signaling needed for the
development of cell motility and the invasion of the uterine epithelium [6]. Nevertheless,
alternate mechanisms, such as Arg transport by system b0,+, also serve this purpose [6,8].
Moreover, uterine secretions promote the development of trophoblast motility during
a crucial interval several hours prior to implantation, and apparently not because the
secretions contain amino acids. (See Section 2.4 above.) Consequently, neither system B0,+

nor system b0,+ knockout alone is detrimental to early embryo development or the fertility
of the knockout mice [9,50]. Blastocyst implantation in the uterus is crucial to mammalian
species’ survival, so it is not surprising that multiple mechanisms seem to fully support this
process. Nevertheless, disturbances in the normal system B0,+ functioning, such as maternal
consumption of a LPD, apparently lead to greater adiposity, cardiovascular dysfunction,
hypertension, neural abnormalities, and altered bone growth in adults [46,47]. In this
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regard, a culture of mouse blastocysts for only a few hours without amino acids decreases
mTOR1 signaling, which is only partially restored by amino acid addition [104].

6.4. Multiple Mechanisms to Maintain Pluripotent ICM Cells

Thr transporters in eukaryotic stem cells may function as transceptors to help maintain
their proliferation [1,12]. Similarly, in most animals, TDH-regulated Thr metabolism, to
form Gly and subsequently H3K4me3, likely maintains their pluripotent ES progenitor
cells in the ICM [1,12]. In TDH-deficient hES progenitor cells, Gly and H3K4me3 are likely
formed from Ser synthesized in the cells [64]. The proper maintenance of this H3K4me3
production through 1C metabolism is essential for the optimal development and production
of healthy offspring. Gln metabolism can also contribute to ES cell maintenance through
α-ketoglutarate production and epigenetic mechanisms [105], while Pro fosters ES cell
differentiation [106].

In addition, the conversion of Lys to Glu may be needed to maintain pluripotent stem
cells in the mammalian ICM [24]. The removal of Lys from the culture medium blocks hES
(but not mES) cell proliferation almost completely [25], whereas the removal of Thr stops
mES (but not hES) cell proliferation [21]. Hence, ES cells of these two species appear to have
different needs for Lys and Thr uptake and metabolism. Nevertheless, the consumption of
both Thr and Lys, and the production of Glu, by the bovine ICM [107], support the notion
that most mammalian ICM cells require Thr and Lys to remain pluripotent. Moreover,
the bovine trophectoderm produces both Thr and Lys [107], as we predicted in Section 4
above for the mouse and human trophectoderm. Disturbances of any of these processes
in the ICM may lead to transgenerational epigenetic modifications with serious health
consequences in adults [1,24]. (See Section 4 above.)
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Abstract: Exposure of oocytes to specific amino acids during in vitro fertilisation (IVF) improves
preimplantation embryo development. Embryos fertilised in medium with proline and its homologue
pipecolic acid showed increased blastocyst formation and inner cell mass cell numbers compared
to embryos fertilised in medium containing no amino acids, betaine, glycine, or histidine. The
beneficial effect of proline was prevented by the addition of excess betaine, glycine, and histidine,
indicating competitive inhibition of transport-mediated uptake. Expression of transporters of proline
in oocytes was investigated by measuring the rate of uptake of radiolabelled proline in the presence of
unlabelled amino acids. Three transporters were identified, one that was sodium-dependent, PROT
(SLC6A7), and two others that were sodium-independent, PAT1 (SLC36A1) and PAT2 (SLC36A2).
Immunofluorescent staining showed localisation of PROT in intracellular vesicles and limited expres-
sion in the plasma membrane, while PAT1 and PAT2 were both expressed in the plasma membrane.
Proline and pipecolic acid reduced mitochondrial activity and reactive oxygen species in oocytes,
and this may be responsible for their beneficial effect. Overall, our results indicate the importance of
inclusion of specific amino acids in IVF medium and that consideration should be given to whether
the addition of multiple amino acids prevents the action of beneficial amino acids.

Keywords: oocyte; amino acid transporters; proline; pipecolic acid; in vitro fertilisation

1. Introduction

The presence of individual and groups of amino acids in embryo culture medium
impacts preimplantation embryo development [1–8]. Much less is known, however, about
the impact of individual amino acids on future development when they are exogenously
added to oocytes during in vitro fertilisation (IVF). The addition of specific amino acids
or groups of amino acids to the IVF medium can improve various aspects of subsequent
development, including the percentage of embryos that reach the blastocyst stage and then
hatch [9,10], indicating that amino acids can enter the oocyte in sufficient quantities during
the period of fertilisation to exert effects on later embryo development.

The amino acid L-proline (Pro) acts in a growth-factor-like manner to stimulate pre-
implantation development [7]. When zygotes are cultured at low density (1 embryo/100 μL,
to eliminate the action of embryo-derived growth factors), the addition of Pro increases both
the number of embryos reaching the blastocyst stage and their hatching by stimulating
development within the late two-cell to eight-cell stages [7]. The addition of Pro also
promotes differentiation and neural lineage commitment in embryonic stem cell (ESC)
models of post-implantation development [11,12].

The mechanisms by which Pro stimulates pre- and post-implantation development
are only partially understood. In embryos cultured at low density, Pro stimulates nuclear
translocation of p-AktS473 and p-ERK1/2T202/Y204, and improvement in development is
dependent on mTORC1 signalling (rapamycin sensitive) [3]. Activation of these signalling
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pathways is also involved in the differentiation of ESCs [11,13,14]. Cellular handling of the
production of this conditional amino acid is also involved: ESCs limit the endogenous pro-
duction of Pro via a mechanism involving the amino acid response pathway, to the extent
that differentiation is suppressed and ESC self-renewal maintained [15]. The exogenous
addition of Pro overwhelms this suppressive mechanism. Pro also promotes changes to the
epigenetic landscape of ESCs via enhanced histone methylation (at H3K9 and H3K36). The
mechanism may involve direct or indirect inhibition of the Jumonji domain demethylases,
which help control methylation status at these sites [16].

Attention has also turned to Pro’s unique metabolism as a source of mechanisms
controlling developmental fate [13,14,16–18]. Pro is metabolised via the Pro cycle to
pyrroline-5-carboxylic acid (P5C) by proline oxidase (POX), and then to glutamate semi-
aldehyde before being converted to glutamate (Glu) and α-ketoglutarate [17,19]. Thus,
Pro metabolism can provide a number of intermediates important for cellular function,
including the production of ATP via both α-ketoglutarate production and Pro-derived
high-energy electrons entering the electron transport system [17].

Pro also has the ability to scavenge intracellular reactive oxygen species (ROS) [20].
Embryos with low metabolism, low glycolytic activity, low amino acid turnover, and high
antioxidant levels are hypothesised to be the most viable [21–24], most likely because
the embryo expends less energy and has lower production and leakage of superoxide
free radicals from mitochondria [21,25,26]. H2O2 is another source of ROS, produced by
superoxide dismutase conversion of the superoxide radical, especially during the G2/M
phase of cleavage-stage embryos [27–29]. High concentrations of ROS are detrimental to
oocyte quality: Oocytes exposed to high levels of ROS in vivo have lower fertilisation rates,
produce lower quality embryos, and present increased embryo arrest at the two-cell stage
in the mouse [28,30].

The transport of Pro into cells occurs via specific amino acid transporters, specifically
neutral amino acid transport systems, and are further characterised by their gene sequence
homology in the solute carrier transporter (SLC) family. In the mouse oocyte, a number of
amino acid transport systems have been identified (L, b0,+, ASC, asc, B0, Gly, beta), one or
more of which may be responsible for the uptake of Pro into the oocyte [31]. Uptake of Pro
into cumulus cells surrounding the oocyte also occurs via y+LAT2 (SLC7A6), and thus Pro
is transferred to the oocyte via gap junctions in the cumulus oocyte complex [32,33]. mRNA
for the Na+-dependent Pro transporter PROT (SLC6A7) and the Na+/Cl−-dependent
betaine/proline transporter SIT1 (SLC6A20) are present in the mouse oocyte, but it is
not known if the transporters themselves are expressed and actively take up Pro [34].
After fertilisation, large amounts of Pro are taken up by SIT1, which is active in the
zygote and two-cell stages [35]. Pro uptake in zygotes also involves an unidentified Na+-
dependent betaine-resistant transporter [34,35]. In ESCs, Pro uptake is via the System A
Na+-dependent SNAT2 transporter (SLC38A2) [14]. System A transporters are also the
major transport system in the inner cell mass of blastocysts, but it is not known if SNAT2 is
the principal contributor [36]. The different amino acid requirements at specific stages of
oocyte and embryonic development reflect the dynamic physiology of the preimplantation
embryo, including changes in metabolism and amino acid transporter expression.

L-pipecolic acid (PA) is a product of lysine metabolism and a homologue of Pro, having
a six-membered piperidine ring rather the five-membered pyrrolidine ring of Pro [20]. Both
PA and Pro undergo oxidation in mitochondria and promote cell survival during oxidative
stress [37]. It is not known if there is a transporter for PA in oocytes, but in somatic cells
PA is transported by the high-affinity Pro transporter PROT [38–40] and SIT1 [41,42]. We
hypothesised that because PA is structurally similar to Pro it would be taken up into the
oocyte and be either metabolised or act as a ROS scavenger in a similar way to Pro, and
thereby improve later embryo development [37,43].

This study investigated the effect of the addition of specific amino acids to IVF medium
on subsequent preimplantation embryo development, with a particular focus on Pro and its
analogue PA. We also examined the effect of molar excess of specific amino acids on uptake
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of Pro to determine the transporter(s) responsible for uptake. Finally, we investigated
metabolic mechanisms by which Pro and PA may impact oocyte development viability
after IVF. Overall, this study shows that Pro and PA can improve preimplantation embryo
development when added to IVF medium by reducing mitochondrial activity and ROS in
the oocyte.

2. Materials and Methods

2.1. Animals (Mus Musculus)

Quackenbush Swiss (QS) mice (Animal Resource Centre, Perth and Lab Animal
Services, University of Sydney) were housed under 12 h light:12 h dark conditions as
described previously [44]. Experiments were conducted in accordance with the Australian
Code of Practice for the Care and Use of Animals for Scientific Purposes and approved
by the University of Sydney Animal Ethics Committee as required by the NSW Animal
Research Act (protocols 5583 and 824).

2.2. Isolation of Oocytes and Zygotes Fertilised In Vivo

Superovulation of female mice aged 4–6 weeks was achieved by intraperitoneal
injection with 10 IU pregnant mares’ serum gonadotropin (PMS; Intervet, Vic, Australia)
followed after 48 ± 2 h by injection with 10 IU human chronic gonadotropin (hCG; Intervet).
To obtain zygotes fertilised in vivo, female mice were paired overnight with individually
housed QS male mice (2–8 months of age) immediately following hCG injection. Mating
was confirmed the following day by the presence of a vaginal plug. Mice were sacrificed
by cervical dislocation at either 13–15 h post-hCG to obtain oocytes or 22 h post-hCG to
obtain zygotes. Oocytes and zygotes were isolated into HEPES-buffered modified human
tubal fluid (Hepes-modHTF) in which the concentration of NaCl was adjusted to 85 mM to
give an osmolality of 270 mOsm/kg [7]. Cumulus cells were removed from zygotes and
oocytes by treatment with 1 mg/mL hyaluronidase in HEPES-modHTF and then washed
3 times in HEPES-modHTF to remove remaining cumulus cells.

2.3. In Vitro Fertilisation of Oocytes and Culture of Embryos

In vitro fertilisation was performed in modified Whittingham’s medium [45,46] which
contained (in mM) NaCl (99.3), KCl (2.7), NaH2PO4 (0.36), MgCl2.6H2O (0.5), NaHCO3 (25),
Na pyruvate (0.5), glucose (5.5), CaCl2.2H2O (1.8), Na lactate (18.7), and 30 mg/mL BSA.
At least 4 cumulus masses containing oocytes were added to 500 μL pre-equilibrated (5%
CO2 at 37 ◦C) Whittingham’s medium, containing the appropriate amino acid(s), overlayed
with mineral oil (Sigma-Aldrich, NSW, Australia). Treatment groups were (i) no amino
acids (no AA), and (ii) 0.4 mM L-proline (Pro) ± 5 mM His, Gly, betaine (Bet) or PA (as
potential competitive inhibitors of the uptake of Pro). The concentration of Pro used in
these experiments was based on the physiological concentration of fluid in the reproductive
tract [47] and was shown to improve embryo development [7].

Sperm was isolated from the epididymis of a male QS mouse of proven fertility. An
incision was made in the efferent ducts between the testis and the epididymis, and at the
inferior end of the caudis epididymis. The dissected tissue was immediately washed, and
blood vessels drained in PBS. The epididymides were placed into 500 μL Whittingham’s
medium at 37 ◦C and 5% CO2 and the sperm gently squeezed out of the epididymides
using forceps and allowed to capacitate for 1.5 h. At 13.5 h post-hCG, 106 sperm were
added to each drop containing cumulus masses and incubated together for 3 h, after which
fertilisation was determined by the presence of a polar body. Zygotes were washed through
at least 3 drops of HEPES mod-HTF in the absence of amino acids and then cultured to the
blastocyst stage (120 h) at low density (1 embryo/100 μL) in mod-HTF + 0.3 mg/mL BSA,
containing no amino acids, at 37 ◦C in 5% CO2 under mineral oil [7]. Embryos were scored
for their developmental stage every 24 h. In vivo fertilised zygotes were also cultured
under these conditions as a control.
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2.4. Measurement of L-[3H]-Pro Uptake in Oocytes

Oocytes were incubated in 20 μL assay medium consisting of 1 μM L-[3H]-Pro (L-
[2,3,4,5-3H]-proline; 1 mCi/mL; Perkin-Elmer, Vic, Australia, NET483001MC) in HEPES
mod-HTF ± molar excess of individual unlabelled amino acids (5 mM for all amino acids
except Pro, which was used at 0.4 mM). Unless otherwise stated, the L-isomer was used for
all unlabelled amino acids and purchased from Sigma Aldrich, except L-Lys (Chem-Impex,
IL, USA). In experiments using Na+-free HEPES mod-HTF, the Na+ was replaced with
N-methyl-D-glucamine (NMDG) at 85 mM. At this low concentration NMDG is not known
to affect Pro uptake by Na+-independent transporters.

An initial time course experiment was performed in which oocytes were incubated
in L-[3H]-Pro for up to 120 min and samples collected at 20-min intervals to show that
the uptake of L-[3H]-Pro remained linear over this time course (data not shown). In all
subsequent experiments, oocytes in groups of 4 were incubated for 100 min at 37 ◦C in
each treatment and then washed through at least 3 drops of cold (4 ◦C) HEPES mod-HTF,
aspirated, and placed onto a gridded filter mat (Perkin-Elmer, Vic, Australia, #1450-421).
The mat was placed inside a plastic sleeve and 4 mL ULTIMA GOLD scintillation fluid
(Perkin-Elmer, Vic, Australia, #6013371) was added. The plastic sleeve was placed in
a MicroBeta TriLux Plate Counter (Perkin-Elmer, Vic, Australia) and each sample was
counted for 30 min. To determine the rate of L-[3H]-Pro uptake (fmol min−1 oocyte−1), a
standard curve was created for each experiment from standards serially diluted from a
stock of 1 μM L-[3H]-Pro in HEPES mod-HTF and fitted by linear regression.

2.5. Immunostaining and Confocal Microscopy

Oocytes were fixed in 4% paraformaldehyde (PFA) for 30 min at room temperature,
then washed 3 times in PBS + 1 mg/mL polyvinyl acid (PBS + PVA; Sigma-Aldrich,
NSW, Australia), and permeabilised with PBS + PVA + 0.3% Triton X-100 for 30 min
at room temperature. The oocytes were blocked by incubation in PBS + PVA + 0.1%
Tween-20 + 0.7% BSA for 30 min at room temperature. Antibodies used were rabbit anti-
SLC6A7/PROT (GeneTex, CA, USA #GTX51242), rabbit anti-SLC36A1/PAT1 [48], rabbit
anti-SLC36A2/PAT2 [48], and Alexa Fluor 488-coupled goat anti-rabbit IgG (Invitrogen,
Vic, Australia). Primary antibodies were diluted 1:500, and the secondary antibody 1:200, in
PBS + PVA + 0.1% Tween-20 + 0.7% BSA. Samples were incubated in primary antibody for
2 h at room temperature or overnight at 4 ◦C and then washed 3 times in PBS + PVA + 0.1%
Tween-20 + 0.7% BSA. Samples were incubated in the dark in secondary antibody for 1 h at
room temperature and then washed 3 times in PBS + PVA + 0.1% Tween-20 + 0.7% BSA
before being mounted in 3 μL Vectashield containing 1.5 μg/mL DAPI (Vector Laboratories,
CA, USA) to visualise nuclei. Oocytes were imaged using confocal microscopy (LSM Meta
800, Carl Zeiss, Oberkochen, Germany) using 405 nm and 488 nm lasers and a 40× objective.
Images were prepared using Fiji by Image J.

For analysis of cell numbers, blastocysts were fixed and permeabilised as described
above and mounted in VECTASHIELD containing DAPI. Nuclei were visualised by con-
focal microscopy using a 405 nm laser. A Z-stack was taken through each blastocyst at
2.5 μm slices to allow for each nucleus to be imaged at least once. Cells in the inner cell
mass and trophectoderm were counted manually using Image J. Cell numbers from each
blastocyst were averaged.

2.6. Measurement of Mitochondrial Activity and Reactive Oxygen Species

Oocytes were cultured for 3 h in Whittingham’s medium containing 0.4 mM Pro
± 5 mM PA Gly, Bet or His. Oocytes were then transferred to Whittingham’s medium
containing the above amino acid combinations to which 100 nM tetramethylrhodamine
methyl ester (TMRM) and 10 μM 2′,7′-dichlorofluorescin diacetate (DCFDA) were added.
These were incubated for 30 min at 37 ◦C in 5% CO2 to allow uptake of the dyes, then
washed twice through 2 drops of Whittingham’s medium, containing the amino acid
combinations above, to remove excess dye. A 35 mm glass-bottomed petri dish was

26



Cells 2021, 10, 1352

prepared containing 10 μL drops of medium (under mineral oil) containing each of the
treatment conditions ±5 μM carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone
(FCCP) as a positive control for mitochondrial activity, or ±60 μM hydrogen peroxide
(H2O2) as a positive control for ROS, pre-equilibrated to 37 ◦C and 5% CO2. Oocytes
were added to drops and imaged using confocal microscopy (Carl Zeiss, Oberkochen,
Germany, LSM Meta 800), with the chamber set to 37 ◦C and 5% CO2 for live-cell imaging,
using a 20× objective and 524 nm and 488 nm lasers. All oocytes were imaged within 4
h of isolation, which was equivalent to the timeline of amino acid treatment in the IVF
experiments. Images were analysed using Fiji by Image J to obtain the integrated density
of the stain, and the corrected total cell fluorescence was calculated using the following
formula: Corrected total cell fluorescence = integrated density—(background fluorescence
× mean area) [49].

2.7. Statistical Analyses

Oocyte/embryo culture experiments were performed a minimum of 3 times with at
least 10 oocytes/embryos per treatment group. Development in the different treatment
groups was compared by calculating the percentage of embryos that developed to the
particular cell stage. Differences between groups were determined using 1-way ANOVA
and Tukey’s or Dunnett’s multiple comparisons test as indicated in the figure legends.

L-[3H]-Pro uptake experiments were performed at least 3 times with 4 embryos per
treatment group. The uptake of L-[3H]-Pro for each treatment was averaged and the differ-
ence between groups compared by 1-way ANOVA and Tukey’s multiple comparisons test.

For fluorescence imaging, corrected total cell fluorescence was averaged from 3 inde-
pendent experiments with a total of 28–71 embryos per treatment, and differences between
treatments were determined by one-way ANOVA and Tukey’s multiple comparisons test.
Data analysis was performed using GraphPad Prism v7.

3. Results

3.1. IVF in the Presence of Pro and PA Improves Subsequent Embryo Development

Oocytes were fertilised for 3 h in the presence or absence of various amino acids, and
then subsequently allowed to develop in vitro in the absence of any amino acids. In vitro
development was performed at low density (1 embryo/100 μL) and, therefore, in the
absence of autocrine support. The proportion of oocytes fertilised was not significantly
affected by any amino acid treatment (No AA 45%, Pro 47%, PA 50%, Gly 45%, His 39%,
Pro + PA 45%, Pro + Gly 45%, His + Pro 39%). However, addition of 0.4 mM Pro to the
medium during IVF improved subsequent development as compared to oocytes fertilised
in the absence of amino acids (Figure 1A–D). In particular, the percentage of embryos that
had compacted at 72 h and developed to the blastocyst stage at 120 h following IVF in
Pro increased compared to oocytes fertilised in the absence of AA. The presence of Pro
during IVF also increased the number of ICM cells, with the number reaching levels seen
in blastocysts developed from in vivo fertilised oocytes (Figure 1E). IVF in the presence of
Pro had no effect on trophectoderm cell number in blastocysts (Figure 1F).

PA is transported by some of the transporters of Pro and may, therefore, compete for
and inhibit cellular uptake of Pro by those transporters. Thus, it was hypothesised that
the presence of PA in molar excess (5 mM) over Pro (0.4 mM) during IVF would inhibit
the effects of Pro. Instead, addition of PA alone to medium during IVF produced results
similar to those observed for Pro alone (Figure 1A,E,F), increasing percent development to
the compacted and blastocyst stages and increasing ICM cell numbers in blastocysts. The
combination of PA with Pro during IVF had no additive or synergistic effects (Figure 1A,E).
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Figure 1. Preimplantation development following IVF in the presence of various amino acids. Fertilisation was performed
in the absence of amino acids (No AA) or the presence of 0.4 mM Pro alone or 0.4 mM Pro in the presence of (A) 5 mM
PA, (B) 5 mM His, (C) 5 mM Gly, or (D) 5 mM Bet. Following fertilisation, zygotes were cultured in mod-HTF in the
absence of added amino acids for 120 h, and the percentages of embryos at the 2-cell (24 h), ≥4-cell (48 h), compacted
(72 h), and blastocyst (120 h) stages were recorded. Bars represent mean ± SEM obtained from 3 independent experiments
with a minimum of 10 zygotes per treatment group in each experiment. Blastocysts were fixed and stained with DAPI,
and ICM (E) and trophectoderm (F) cell numbers were counted. Whiskers indicate highest and lowest values, and the
mean is represented by the centre line in the box. Data were analysed using GraphPad Prism using 1-way ANOVA with
Tukey’s multiple comparisons test (A–D) or Dunnett’s multiple comparison test (E,F). Bars sharing the same letter are not
significantly different (p > 0.05).
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3.2. Gly, Bet and His Inhibit Pro-Mediated Improvement in Development after IVF

The effect of other potential competitors of Pro uptake during IVF was also examined.
When 5 mM Gly, Bet, or His were added individually to the IVF medium, none had any
effect on embryo development compared to IVF undertaken in the absence of added amino
acids (Figure 1B–F). However, each of these amino acids inhibited the effects observed with
Pro (Figure 1B–E), indicating competition for transport of Pro into the oocyte.

3.3. Transport of Pro into Oocytes Has Na+-Dependent and Na+-Independent Components

A number of amino acid transporters are expressed in the mouse oocyte [31]. To
determine which of these transporters is responsible for the transport of Pro, we examined
the rate of 1 μM L-[3H]-Pro uptake in the presence of a range of unlabelled amino acids
in molar excess. Excess Pro itself was used to show the proportion of L-[3H]-Pro uptake
that was saturable (i.e., due to a transporter). Common L-amino acids and D-Pro were
chosen based on the preferred substrates of known Pro transporters [38]. Trp was chosen
as a known inhibitor of specific Na+-independent transporters [50,51].

We found uptake of Pro involves both Na+-dependent (Figure 2A) and Na+-independent
(Figure 2B) transport mechanisms. In Na+-containing medium, Pro, D-Pro, PA, Gly, Ala,
Bet, His, and sarcosine (Sar) all inhibited the uptake of L-[3H]-Pro (p < 0.01). Lys, Leu, Ser,
and Gln did not decrease the L-[3H]-Pro rate of uptake. In Na+-free medium, D-Pro, Gly,
Trp, Bet, Pro, and PA inhibited the L-[3H]-Pro rate of uptake (p < 0.05), whereas His and
Leu had no effect.

Figure 2. Uptake of L-[3H]-Pro by oocytes in the presence of other amino acids. Rate of uptake of 1 μM L-[3H]Pro
in (A) mod-HTF containing Na+ or (B) Na+-free mod-HTF in the presence of unlabelled competing amino acids. The
concentration of all competitors was 5 mM, with the exception of Pro (0.4 mM). Each bar represents the mean ± SEM from
at least 3 independent experiments, each with treatments performed in triplicates of 4 oocytes. Data were analysed using
1-way ANOVA with Tukey’s post hoc test. Bars with different letters are significantly different (p < 0.05). Sar: sarcosine.
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3.4. PROT and PAT1/2 Are Expressed in Oocytes

We investigated the expression of three Pro transporters with similar amino acid
uptake profiles to what we observed in the oocyte. Expression of PROT, PAT1, and
PAT2 was examined by immunofluorescent staining. SLC6A7 (PROT) displayed puncta
across the cytoplasm as well as some plasma-membrane staining over the location of the
metaphase II spindle (Figure 3). This indicates that PROT is involved in both membrane
and vesicular transport of Pro. It is likely that expression of PROT in vesicles contributes
to Pro accumulation and/or signalling processes important for oocyte competency. For
SLC36A1 (PAT1) and SLC36A2 (PAT2), staining was detected in the plasma membrane as
well as in sub-cortical puncta (Figure 3). No staining was detected with the IgG control.

Figure 3. Expression of Pro transporters PROT, PAT1, and PAT2 in mouse oocytes. Oocytes were freshly isolated at 13–15 h
post-hCG and exposed to Pro (0.4 mM) for 100 min, fixed, and immunostained for SLC6A7 (PROT), SLC36A1 (PAT1), and
SLC36A2 (PAT2) (green). Metaphase chromosomes were counterstained with DAPI. Oocytes were analysed by confocal
microscopy using a 40× objective. Images are representative of 6 oocytes taken from 3 independent experiments. A
pre-immune IgG equivalent was used as a negative control for the primary antibody. Scale bar = 20 μm for all images.

3.5. Pro and PA Significantly Reduce Mitochondrial Activity in Oocytes

Reduced metabolism has been linked to improved embryo viability [21]. We hypoth-
esised that the presence of Pro or PA during IVF would improve embryo development
by decreasing metabolism in the oocyte. Mitochondrial membrane potential is used as a
measure of mitochondrial activity and therefore the metabolic activity of cells [21]. Thus, to
determine if Pro, PA, or other amino acids were affecting metabolic activity, we examined
mitochondrial membrane potential using the potentiometric indicator TMRM in oocytes
cultured in medium containing specific amino acids for 3 h. The presence of Pro or PA in
the medium reduced TMRM fluorescence compared to the no AA control (Figure 4A,B).
The presence of both Pro and PA did not have an additive effect. Gly and His alone had no
effect on TMRM fluorescence, while Bet reduced TMRM fluorescence, but not to the same

30



Cells 2021, 10, 1352

extent as Pro or PA. Gly, Bet, and His all prevented the Pro-induced decrease in TMRM
fluorescence. FCCP uncouples mitochondrial oxidative phosphorylation by interfering
with the transport of protons across the mitochondrial membrane. As expected, FCCP
decreased TMRM fluorescence and mitochondrial activity (Figure 4D).

Figure 4. The effect of amino acids on ROS production and mitochondrial activity in oocytes. Oocytes were incubated
for 3 h in medium containing either no amino acids (no AA) or 0.4 mM Pro or 0.4 mM PA, Bet, His, or Gly ± 0.4 mM
Pro. Oocytes were then loaded with DCFDA for ROS, and TMRM for mitochondrial activity, and imaged by confocal
microscopy. (A) Representative fluorescent images of oocytes in each condition. Quantified cell fluorescence for (B) TMRM
and (C) DCFDA. Bars represent mean ± SEM for 28–71 oocytes, obtained from at least 3 independent experiments. Control
oocytes stained with (D) TMRM and (E) DCFDA were transferred to a 10 μL medium containing 60 μM H2O2 or 5 μM
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) before imaging. Scale bar = 20 μm for all images. Data were
compared by 1-way ANOVA with Tukey’s multiple comparisons test. Bars not sharing the same letter are significantly
different (p < 0.05).
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3.6. Pro and PA Significantly Reduce Reactive Oxygen Species in Oocytes

ROS accumulation is detrimental to fertilisation and embryo development [28,30].
Since Pro and PA can act as ROS scavengers [20,37], we investigated whether they were
performing this role in the oocyte. ROS were measured in oocytes using DCFDA, which
is oxidized by ROS, increasing fluorescence of the dye [52]. The presence of Pro or PA
in the medium reduced DCFDA fluorescence in oocytes reflecting a decrease in ROS in
comparison to the no AA control (Figure 4A,C). The presence of Gly, Bet, and His alone did
not affect DCFDA fluorescence but prevented the Pro-dependent decrease in fluorescence.
The positive control, H2O2, caused a large increase in ROS, as expected (Figure 4E).

4. Discussion

In this study, we exposed oocytes to individual amino acids in fertilisation medium to
determine if any subsequently improved preimplantation development. In the reproductive
tract, oocytes are bathed in oviductal fluid, which contains amino acids and other factors
that contribute to normal sperm capacitation, oocyte fertilisation, and preimplantation
development. When the oocyte is fertilised outside of its physiological environment, its
development potential is significantly impacted by the components of medium [53]. The
amino acid composition of commercially available media varies [54].Although it is known
that individual amino acids can benefit embryo development [7,55,56], little is known
about how the presence of specific amino acids during fertilisation might impact on later
embryo development, and this was therefore the focus of this study.

Fertilisation of oocytes was not significantly affected by supplementing fertilisation
medium with any of the amino acids tested (Bet, Gly, His, Pro, and PA). Similarly, the
addition of 19 common amino acids together does not increase the proportion of oocytes
fertilised when IVF is performed on bovine oocytes [57]. This suggests that amino acids do
not impact either the sperm–egg interaction or fertilisation processes occurring after sperm–
oocyte fusion. However, the presence of Pro or PA during IVF (followed by their removal)
resulted in an increase in the percentage of compacted embryos and blastocysts and inner
cell mass cell numbers, suggesting improved embryo viability. IVF in the presence of Bet,
Gly, or His did not improve embryo development by these criteria, but they did inhibit
the improvements mediated by Pro or PA, suggesting that Bet, Gly, and His compete for
uptake of Pro by the same amino acid transporter. These results are consistent with a
growing body of evidence showing that competitive inhibition of uptake prevents the
beneficial effects that selected amino acids have on various stages of the development
process [7,8,11,14,34,35].

In somatic cells there are multiple transporters for Pro including SIT1, PAT1 and 2,
PROT, SNAT2, B0AT1 and 2, NTT4, ASCT1, y+LAT2, and GLYT1 [31,34,38,50,58–61]. Of
these, SIT1 [34,35], GLYT1 [1,62,63], B0AT2 [64], PROT [35], and SNAT2 [65] have been
described in mouse embryo developmental stages after fertilisation. In oocytes, both Na+-
dependent (~50% of transport) and Na+-independent (~30% of transport) Pro transport
were observed. The Bet/Pro transporter, SIT1, can be eliminated as a candidate for Pro
uptake since it is not active until after fertilisation [34]. Similarly, y+LAT2 can be eliminated
because it is only expressed in cumulus cells [32,33]. Using competitors for L-[3H]-Pro
uptake, it was also possible to eliminate a number of other transporters as candidates for
Pro uptake in the oocyte: B0AT1, B0AT2, and NTT4 can be eliminated because Leu did
not prevent Na+-dependent Pro uptake [14,58,60,61]. We can also eliminate the ASC/asc
transporter family and SNAT2 since Ser did not reduce Pro uptake [14,31,66]. GLYT1 is
located in the oocyte plasma membrane and actively transports Gly at fertilisation and
throughout preimplantation development [1,62,67]. As GLYT1 substrates Gly and Sar
both reduced Pro uptake, we cannot rule out the possibility that GLYT1 takes up Pro
and PA in oocytes. However, its weak affinity for Pro makes it unlikely to be the main
contributor [63]. It should also be noted that some transporters in oocytes and early
embryos have characteristics that differ from the corresponding cloned transporters [64,65].
However, based on the available evidence, this leaves PROT, which is Na+-dependent,
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and PAT1 and PAT2, which are Na+-independent, as candidate transporters for Pro in the
oocyte [68].

PROT is a good candidate for Pro transport in the oocyte as it is a high-affinity Na+-
dependent Pro transporter which also transports PA, Sar, and His [69]. Immunostaining for
PROT in oocytes showed localisation in cytoplasmic vesicles and limited plasma membrane
staining concentrated near the MII chromosomes. In the central nervous system PROT
takes up Pro for normal brain function, memory, and locomotor activity [67]. PROT-null
mice exhibit brain dysfunction but have no reported fertility or embryological defects
suggesting that there is Pro transporter redundancy [70]. It is also likely that compensatory
mechanisms are activated when important genes are knocked out that are needed for
normal development, as may be the case for PROT. For the Na+-independent transporters
PAT1 and PAT2, the substrates D-Pro, Gly, and Trp [50,71] all prevented Pro uptake. In
addition, immunostaining for both PAT1 and PAT2 showed both are located in the plasma
membrane of oocytes. Gly and Ala are found in high concentrations in oviductal fluid
which would compete with the uptake of Pro, so it is unlikely that PAT1/2 are the only
functional transporters of Pro in vivo [47,72]. Future studies could investigate whether
the observed inhibition of Pro transport by the relatively high concentrations of Gly and
Ala used in this study was competitive or non-competitive. Our data, therefore, suggest
there are multiple transporters of Pro in the oocyte with overlapping substrate specificities.
Under in vitro conditions, the relative activity of each of these transporters in oocytes will
depend on the amino acid composition of the medium. In particular, the beneficial effects
on later embryo development through the exogenous addition of Pro during fertilisation
might be mitigated or eliminated through inappropriate addition of other amino acids
which reduce its uptake.

Pro and PA may have an immediate impact during IVF by reducing mitochondrial
activity and ROS levels in the oocyte. Pro acts as an antioxidant and cryoprotectant by
reducing ROS and mitochondrial activity in vitrified mouse oocytes [73]. Amino acids
such as Pro which contain a secondary amine group have a lower ionizing potential than
those with only a primary amine group, enabling them to easily donate electrons and
quench ROS by stabilisation of the free radical [20,74]. The structurally similar PA appears
to perform the same functions, acting as a scavenger of ROS and preventing their build-up
in the oocyte. Gly, Bet, and His do not have a secondary amine group and were not able
to reduce ROS. Instead, all three prevented the Pro-mediated reduction in ROS due to
their competitive inhibition of Pro uptake via PAT1/2 and/or GLYT1. This scavenging
mechanism is one potential pathway by which Pro and PA reduce ROS in the oocyte.

Both Pro and PA reduced mitochondrial activity in the oocyte. Our data therefore
support the theory that metabolically quiet oocytes and embryos have improved viabil-
ity [21,22]. Metabolism of Pro by proline oxidase produces P5C, which is converted to
Glu. Glu can then be either converted to α-ketoglutarate, which enters the TCA cycle,
or combine with cysteine and glycine to form the antioxidant glutathione [18,75]. Since
the presence of Pro caused a decrease in mitochondrial activity, our data suggest that Pro
metabolism does not feed significantly into the TCA cycle. It did not feed high-energy
electrons into the ETC, but instead increased glutathione (GSH) production. Pro-mediated
increases in GSH would also contribute to reduced ROS [20,76], as has been shown in
boar sperm [76] and in-vitro cultured mouse embryos (unpublished data). Alternately, the
Pro-induced reduction in mitochondrial activity indicates reduced ETC activity, which may
be the mechanism by which Pro reduces ROS. Although the exact mechanism by which
Pro reduces mitochondrial activity has not yet been identified, a Pro-induced simultaneous
reduction of mitochondrial activity and ROS levels has been observed in other cells [77].

PA is metabolised similarly to Pro, whereby it is broken down by pipecolate oxidase
to piperideine-6-carboxylate (P6C) and then to α-aminoadipic semialdehyde [37], which
can result in increased production of glutamate and thus potentially GSH [78]. As Pro and
PA both improve embryo development after IVF and decrease ROS and mitochondrial
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activity, we suggest that increased GSH due to Pro and PA metabolism may be one of the
mechanisms responsible for their beneficial effect on later embryo development.

There are, however, important differences in development when Pro is added at the
time of fertilisation compared to when it is added to already fertilised oocytes [7]. In
the latter case, Pro (i) first improves embryo development during cleavage stages (late
two-cell to eight-cell) instead of from compaction, and (ii) has no effect on blastocyst
cell numbers [7]. This implies that the Pro-mediated mechanisms required to ‘set up’
improvement in later development are importantly different between these two scenarios
and are dependent on the timing of the exogenous addition of this amino acid. Nevertheless,
the molecular mechanisms at play when Pro is added during fertilisation may well also
include one or more of those established for Pro in related work [7,11,15,16,79]. Finally,
Pro added during fertilisation in vitro increased the number of inner cell mass cells in
blastocysts to the level seen for blastocysts derived from cultured zygotes fertilised in vivo.
However, trophectoderm cell numbers were not similarly increased. This is consistent with
mouse studies showing that IVF reduces trophoblast cell numbers and affects subsequent
placental development due to alterations in gene expression including the downregulation
of SLC genes [80,81]. This indicates that one or more factors are still missing in the in vitro
fertilisation environment.

In conclusion, Pro and PA are beneficial to preimplantation embryo development
when added to the fertilisation medium. Pro and PA reduce mitochondrial activity and
ROS in oocytes. The reduction in ROS by Pro and PA may be due to one or more of a
variety of mechanisms: (i) The reduction in mitochondrial activity per se, (ii) the direct
scavenging of ROS by these molecules, and (iii) their metabolism leading to increased
production of GSH. We suggest that these may be some of the mechanisms responsible
for the beneficial effect of Pro and PA. The beneficial actions of Pro are prevented when
other amino acids are present in the IVF medium due to competitive uptake by amino acid
transporters. Very little attention has been given to the amino acid composition of media
used during fertilisation; rather, research has focused on culture media used during embryo
development. This study shows that specific amino acids present during the process of
fertilisation have impacts on later development. Indeed, the composition of currently
used commercial IVF media may prevent the beneficial effect of Pro by oversupplying
amino acids which prevent Pro uptake. We suggest a simplified fertilisation medium that
contains key elements required to drive development in vivo that is a favourable strategy
for promoting oocyte competency and subsequent embryo viability in vitro.
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Abstract: Mitochondria are well known as ‘the powerhouses of the cell’. Indeed, their major role is cel-
lular energy production driven by both mitochondrial and nuclear DNA. Such a feature makes these
organelles essential for successful fertilisation and proper embryo implantation and development.
Generally, mitochondrial DNA is exclusively maternally inherited; oocyte’s mitochondrial DNA
level is crucial to provide sufficient ATP content for the developing embryo until the blastocyst stage
of development. Additionally, human fertility and early embryogenesis may be affected by either
point mutations or deletions in mitochondrial DNA. It was suggested that their accumulation may
be associated with ovarian ageing. If so, is mitochondrial dysfunction the cause or consequence of
ovarian ageing? Moreover, such an obvious relationship of mitochondria and mitochondrial genome
with human fertility and early embryo development gives the field of mitochondrial research a great
potential to be of use in clinical application. However, even now, the area of assessing and improving
DNA quantity and function in reproductive medicine drives many questions and uncertainties. This
review summarises the role of mitochondria and mitochondrial DNA in human reproduction and
gives an insight into the utility of their clinical use.

Keywords: embryo; embryogenesis; oocyte; oogenesis; fertility; mitochondria; mitochondrial DNA
(mtDNA); mitochondrial score; mitochondrial replacement therapy (MRT); autologous mitochon-
drial transfer

1. Introduction

Mitochondria are well known as ‘the powerhouses of the cell’; however, in recent years,
our understanding of its biology has vastly increased. Mitochondria have their own genome
which is replicated independently of the nuclear genome. Human mitochondrial DNA
(mtDNA) is 16.6 kbp in length and encodes 13 peptides which contribute to all complexes
required for oxidative phosphorylation (OXPHOS) except complex 2 [1–3]. The remaining
mitochondrial proteins are encoded by the nuclear genome and are imported into the
mitochondria. The major role of mitochondria is to produce the ATP required by cells. This
process relies on OXPHOS whose by-product is the generation of reactive oxygen species
(ROS). ROS are generated in approximately 90% of cases by OXPHOS [3]. In addition
to this, mitochondria can sequester and release Ca2+ regulating calcium responses [4,5].
Moreover, they mediate cell proliferation, differentiation, and apoptosis [3–6].

Human preimplantation development and embryo implantation is an energy-demanding
process that involves a range of energetic cellular processes, requiring significant quantities
of ATP [1,2]. Therefore, mitochondria must play a crucial role in proper fertilisation and
embryogenesis. This review summarises the role of mitochondria and mtDNA in human
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oocytes and embryos, showing its influence on fertility and early embryo development.
Moreover, we make an insight into the clinical usefulness of assessing and improving
mtDNA quantity and function.

2. Mitochondria and the Cell Cycle

It is thought that mitochondria are derived from the symbiosis of the prokaryotic
α-proteobacteria with the ancient archaea species. From their putative ancestors, they
maintain some phenotypic features as a double-membrane, a similar proteome, and the
ability to produce ATP via a proton gradient created across its inner membrane [7,8]. How-
ever, during the evolution process which led them to the current eukaryotic cells, they
lost the capability to synthesize most of the proteins encoded by the primitive bacteria.
Bartonella henselae is an α-proteobacteria with relatively small DNA homologous to mi-
tochondrial DNA which encodes more than 1600 proteins [7,9]. Additionally, 16,6 kbp
mtDNA controls the synthesis of 13 proteins of the OXPHOS, while the rest of the bacterial
genes were transferred to the nuclear genome [3,8]. Approximately 1500 nuclear proteins
contribute to the mitochondrial proteome, including, e.g., transcription factors, mtDNA
polymerase, and ribosomal proteins, as well as enzymes required for the citric acid cycle [6].

The proper inheritance of the genetic material between daughter cells during mitosis
requires major cell reorganization. To complete a successful division cycle, the cell follows
a specific and coordinated series of events. Moreover, to ensure the correct mitosis, the
cellular organelles are also needed to reorganize and segregate [7,10]. Therefore, how do
mitochondrial factors influence mitosis? A dynamic equilibrium of fusion and fission is an
important feature of the mitochondrial network. The fusion is operated by the dynamin-like
GTPases mitofusins 1 and 2 (Mfn1 and Mfn2) at the outer membrane, and optic atrophy 1
(Opa1) localized on the inner membrane. If the cell lacks Mfn1 and Mfn2, no outer mem-
brane fusion occurs [7,8,10,11]. Mice models demonstrated that targeted deletion of either
Mfn1 or Mfn2 leads to phenotype consistent with female reproductive aging (e.g., apoptotic
cell loss resulting in accelerated follicular depletion). The absence of Mfn1 additionally
caused the interruption of oocyte growth and ovulation due to a block in folliculogenesis,
whereas Mfn2-lacking oocytes revealed shortened telomeres [12–14]. On the other hand,
cells lacking Opa1 do undergo outer membrane fusion, however cannot progress to inner
membrane fusion. The fission process is mediated by the dynamin-related protein 1 (DRP1)
recruited from the cytosol to the outer mitochondrial membrane. Its assembly on the
mitochondrial surface causes constriction of the mitochondria and eventual division of
the organelle into two separate entities [7,8,10,11]. There are four DRP1 receptors at the
mitochondrial outer membrane: Fis1 (Anti-Mitochondrial fission 1 protein), Mff (Mito-
chondrial fission factor), Mid49 (Mitochondrial dynamics protein of 49 kDa), and Mid51
(Mitochondrial dynamics protein of 51 kDa), from which the latter three play the major role
in fission. Repeated cycles of mentioned processes result in the intermixing of the mito-
chondrial population in the cell and determine mitochondrial morphology. While either
increased fusion or decreased fission promotes the formation of elongated mitochondrial
networks, increased fission and decreased fusion causes mitochondrial fragmentation [8].
During mitosis, Aurora-A phosphorylates the small Ras-like GTPase RALA (Ras-related
protein Ral-A), which localizes to mitochondria and triggers the formation of a complex
with RALBP1 (RalA-binding protein 1) and CDK1 (Cyclin-dependent kinase 1)/CyclinB,
inducing the phosphorylation of DRP1 to stimulate mitochondrial fission. The knockdown
of either RALA or RALBP1 leads to the inhibition of mitochondrial division which results
in the inability of even distribution of mitochondria between the daughter cells and, in
consequence, in cytokinesis defects [10]. It is noteworthy that experiments conducted with
mammalian stem-like cells revealed their ability to asymmetrically sort young and old
mitochondria. The daughter cells retaining stem-like features were found to receive most
of the new mitochondria, thus, asymmetric portioning of aged mitochondria is required
for stemness [15].
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3. Mitochondrial Genetics

More than 40 years have passed since the first draft human mitochondrial DNA
sequence was published [16]. During the last decades, a number of basic and clinical
studies were conducted to investigate the mitochondrial genome.

It is generally accepted that in humans, similarly to most mammal species, mitochon-
dria and mtDNA are exclusively maternally inherited. The paternal mitochondria and their
DNA enter the oocyte cytoplasm upon fertilisation; however, the selective elimination of
the paternal mtDNA from the oocyte may occur due to some tissue-specific mechanisms of
their degradation [17–22]. It was demonstrated in mice models that liver mitochondria mi-
croinjected into pronucleus-stage embryos were not removed efficiently [19]. On the other
hand, the ubiquitination of sperm mitochondria may be the reason for their degradation.
It was shown that in some mammals (e.g., rhesus monkeys) the paternal mitochondria
in fertilised oocytes are modified with ubiquitin and disappear between the 4-cell stage
and 8-cell stage of development. In humans, the sperm mitochondria are tagged with
ubiquitin ahead of fertilisation [17,23]. PINK1 (PTEN-induced kinase 1) phosphorylates
ubiquitin, and ubiquitin ligase Parkin, leading to the recruitment of Parkin to the outer
mitochondrial membrane where it polyubiquitinates multiple proteins. Polyubiquitination
of proteins on the outer mitochondrial membrane initiates the recruitment of the machinery
that causes the organelle to be engulfed into an autophagosome which, in turn, is directed
to lysosomes for degradation, thus leading to the removal of the mitochondria [21,22]. Ac-
cording to another hypothesis, paternal mitochondria are just removed due to the dilution
effect derived from far higher numbers of mitochondria in oocytes compared to those in
spermatozoa or alternatively, are degraded even before reaching the oocytes [22]. Most
likely, the degradation of the paternal mitochondria is regulated by multiple mechanisms.

A crucial role in the maintenance of the maternal inheritance of mtDNA plays the
replication of the mitochondrial genome. The population of mtDNA that is inherited is
present in the metaphase II oocyte just before fertilisation. A thousand-fold increase in
mtDNA copy number is observed—from about 200 copies present in the primordial germ
cell (PGC) to over 200,000 copies in mature fertilisable oocytes [24]. Therefore, copies
present in the metaphase II oocyte may be either clonal expansion of those in PGCs if the
genome is identical or, if the mtDNA variants are present, mutant and wild type molecules
can be preferentially selected depending on their frequency and distribution across the
oocyte’s cytoplasm (Figure 1) [24]. The presence of more than one mtDNA variant is called
heteroplasmy (Figure 1). Apart from the oocyte’s mutations, it may also occur due to
either some exceptional cases where paternal mtDNA could be replication-competent and
passed to the offspring, or the defect of the above-mentioned mechanisms causing the
oocyte unable to remove sperm mitochondria after fertilisation [16,17,25–28]. It is generally
accepted that low levels of mutant mtDNA do not negatively influence the offspring as the
coexistence of wild type mtDNA usually neutralises the effect of a mutant load [29]. Some
studies reported that around 90% of the individuals in the general healthy population carry
at least one mtDNA heteroplasmic mutation [30]. At some levels of mutation content, the
offspring may present a mildly affected phenotype [31]. Reaching the threshold of disease-
causing mutation frequency leads to mitochondrial dysfunction and, thus, severely affected
offspring (Figure 1) [30,31]. Clearly, it is not regarded to every variant in mtDNA, as not all
of them is disease-causing. For instance, some of them define the mtDNA haplogroups.
Currently, global mtDNA phylogenetic tree contains over 4000 haplogroups [32].
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Figure 1. Differentiation of homoplasmic and heteroplasmic PGCs into mature oocytes with mtDNA
copy number expansion. Mature oocytes derived from heteroplasmic PGC may present varying
levels of mutation frequency leading to unaffected or mildly or severely affected offspring. Paternal
leakage was not taken into consideration.

The phenotypic threshold is thought to usually be around 60% for deletions and
around 90% for point mutations. However, its specific value depends on the type of
mutation and also the tissue being evaluated. For instance, MERF (myoclonic epilepsy
associated with ragged red fibres) syndrome occurs only when 90% of mutant mtDNA in
muscle is reached. Moreover, experiments conducted directly on individual muscle fibres
proved the existence of the phenotypic threshold effect also at the single-cell level [33].
On the other hand, the m.8993T>G mutation in MT-ATP6 gene reaching the 60% load
may result in mild symptoms such as headaches or mild pigmentary retinopathy or drive
no effect. Gaining 70–90% of mutation content causes phenotype consistent with NARP
(neurogenic muscle weakness, ataxia, and retinitis pigmentosa) syndrome, whereas levels
above 90% lead to more severe Leigh syndrome. Contrarily, another point mutation in the
same gene, m.8993T>C was demonstrated as less severe, as it affects only those with loads
greater than 90% [31]. The phenotypic threshold is rather a phenomenon than a specific
value to be obtained.

An important aspect of mtDNA inheritance is the bottleneck theory [16,26,28]. An
absence of mtDNA replication between fertilisation and PGC formation implies a reduc-
tion from about 200,000 copies of mtDNA in mature oocytes to about 200 in PGCs. In
consequence, cell division and differentiation drive the segregation of mtDNA variants
among daughter cells, leading to varying levels within tissues and cells of a given tissue.
First of all, the absence of mtDNA replication prevents mtDNA variants from increasing
in their frequency. Secondly, it enables selection at the cellular level by enhancing the
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influence of mtDNA deletions on cell proliferation. Additionally, only a few dozen cells
among thousands in the embryo give rise to PGCs, which supports the occurrence of a
second bottleneck [28]. The reduction in mtDNA copy number remains until blastocyst
formation [24]. Nevertheless, the reduction in mtDNA copy number in PGCs is not the one
and only factor that can contribute to the observed germline mtDNA bottleneck. Similarly
to population genetics in which the variance among descendants is inversely related to
the effective population size, the shifts in frequency of heteroplasmy is observed between
generations and also between offspring [34].

4. Mitochondria in Human Gametes and Embryos

4.1. Mitochondrial Distribution in Human Oocytes and Embryos

The heterogeneity in the number of mitochondria present in mature cells is well
established. For instance, about 22 to 75 of these organelles are packed around the midpiece
in mature human spermatozoa, whereas the high numbers of mitochondria are distributed
across the cytoplasm of the oocyte [24]. After fertilisation, the oocyte’s mitochondria are
segregated asymmetrically. It seems that a newly fertilised oocyte adjusts mitochondrial
density to different intracellular regions; however, its functional significance remains
unknown [35–37]. It is possible that mitochondrial clustering may serve to supply energy
directly and rapidly to the nucleus. This assumption was based on the large size of the
oocyte and a hypothesis that the time required for ATP to diffuse across the cytoplasm
could be too slow to provide energy [35]. Furthermore, mitochondria are reported to
distribute disproportionately among formed blastomeres of developing embryos, though
the significance of this phenomenon is also unknown [38].

4.2. Mitochondria and Energy Production in the Embryo

As mentioned above, mtDNA does not replicate until the blastocyst stage [24,39].
During that time, the embryo metabolism depends mainly on pyruvate and additionally
lactate and amino acids [39–43]. The crucial role of pyruvate as the major energy substrate
was confirmed in mice using imaging techniques in living oocytes and embryos. Pyruvate
was found to be rapidly metabolised by mitochondria, whereas glucose was not [41,42].
The mitochondrial population in the oocyte must be sufficient to be distributed among
formed blastomeres to allow ATP production for functioning until the next mitochondrial
biogenesis [39]. However, as it was mentioned before, mitochondria content differs between
blastomeres, therefore, the level of ATP production must vary also.

The important role of glucose starts at the blastocyst stage. Though glucose makes a
moderate contribution to ATP production, it becomes a crucial substrate at this point of
development [39–43]. Due to increases in glucose as a carbohydrate substrate as well as
compacting of mitochondria cristae and initiation of replication, aerobic respiration appears
to be upregulated at the blastocyst stage of development. It is estimated that 10% of glucose
is metabolised through aerobic respiration in the early stages of development, whereas it
increases to 85% in the blastocyst. While the elimination of pyruvate drastically decreases
the rate of embryo development, such an effect is not observed for the elimination of either
glucose or lactate [41]. Even though aerobic respiration may not be considered to be as
essential as anaerobic respiration, the latter cannot be solely sufficient. Hence, both of them
are required for proper embryo development.

4.3. Mitochondrial Activity versus Fertility and Early Embryogenesis

The importance of mitochondrial activity in proper fertilization and embryogenesis is
demonstrated in many aspects. As mentioned above, the developing embryo is in high need
of adequate ATP supply. Therefore, insufficient ATP content has been linked to fertilisation
failure and abnormal embryo development [39,44]. Actual mitochondrial numbers vary in
oocytes, though adequate amounts of mitochondria are required to provide the burst of
activity essential up to the blastocyst stage. Thus, mitochondrial dysfunction is revealed
when it drops below the necessary threshold. Nevertheless, mitochondrial activity should
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not be interpreted through the prism of copy number solely as it is strictly regulated by
nuclear signals, intracellular ion concentrations, and the availability of substrates [44]. It
was demonstrated in the in vitro study that embryonic metabolic response can be quite
heterogeneous depending on early phenotypes and the composition of the culture media
surrounding the embryos. It showed the ability to switch to other substrates if needed,
and to modulate molecular machinery, ensuring their survival even in adverse external
conditions [45]. On the other hand, dysfunction of mitochondria in oocytes leading to
OXPHOS decrease results in abnormal embryo development [44].

Mitochondrial activity also plays a role in aspects of male fertility. The main role of
mitochondria is ATP production from spermatogenesis to fertilization. In addition to this,
they modulate several processes, such as spermatogonial stem cells differentiation, testicu-
lar somatic cell development, testosterone production in the testis, luminal acidification
and sperm DNA condensation in the epididymis as well as ROS homeostasis for sperm
capacitation and acrosome reaction in the female reproductive tract [22,46]. Therefore the
dysfunction of mitochondria in spermatozoa may also be the reason for infertility.

4.4. Effects of Ageing and Other Factors on Mitochondrial Insufficiency

From a reproductive point of view, ageing of females is a progressive decline of
ovarian function demonstrated in decreasing quantity and quality of oocytes [47]. It is
thought that ovarian ageing may affect oocyte competence by targeting cytoplasmic com-
ponents including mitochondria [48]. Hence, the quality of mitochondria in the oocyte
determines the quality of the oocyte and, in consequence, the developing embryo [47].
However, does mitochondrial dysfunction induce ovarian ageing or ovarian ageing induce
mitochondrial dysfunction?

Experiments both on humans and mice have proved the decrease in mtDNA content in
oocytes with ovarian ageing [49–53]. Moreover, a 4977-bp deletion was indicated as another
example of a quantitative dysfunction of mtDNA associated with ovarian ageing. Increased
frequency of mentioned mutation in oocytes was observed in older women, suggesting the
accumulation of this deletion with advancing ageing [48,54]. On the other hand, several
studies were performed to evaluate the association of point mutations in mtDNA and
ovarian ageing, though the topic remains highly debated [48,52,55–57]. Indeed, mtDNA
may be more susceptible to damage than nuclear DNA (nDNA) due to its proximity
with the free radical-respiratory chain, the lack of protective histones lower fidelity of
mitochondrial polymerase γ (POLG), and limited repair mechanisms [48,54,58,59]. As the
mitochondrial producing genome, similar to its bacterial ancestors, has no introns and only
one major non-coding region (NCR), any point mutation or deletion could disrupt cellular
respiration [60,61]. Oxidative stress is considered as one of the factors negatively influencing
mtDNA. The hypothesised mechanism involves the damage induced by ROS, a by-product
of OXPHOS, which can compromise the integrity of the respiratory chain leading to
mitochondria-dependent ageing [47,48,58,59]. ROS are known to react with surroundings
proteins, lipids, and DNA, leading to mutations and macromolecule damage [48]. Their
mutagenicity was found in the modification of DNA bases. It has been shown that the
somatic mutations of mtDNA of older subjects is characterised by a strong G>A mutation
preference. Additionally, the ROS-induced formation of mtDNA double-strand breaks
seems to be involved in the somatic mtDNA deletions generation [59]. Under physiological
conditions, in response, the expression levels of antioxidants enzymes and intracellular
proteins rapidly increase [48,58]. However, when ROS are overproduced, these compounds
cause oxidative stress and cellular damage. Their high concentration in cells leads not
only to mitochondrial and nuclear DNA damage but also apoptosis [58]. Furthermore,
conducted experiments found the reducing defense against ROS with ovarian ageing
due to the observed age-related down-regulation of genes SOD1, SOD2, and catalase
mRNA encoding key antioxidant enzymes [62]. It is also noteworthy that mitochondria are
reported to be targets of the main pituitary gonadotropins. Granulosa cells (GCs) are the
main site of steroid hormones synthesis under the control of FSH, and mitochondria have a
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great contribution in this process. On the other hand, FSH regulates mitochondrial activity
via stimulation of mitochondrial biogenesis in GCs under hypoxic conditions. In particular,
FSH is considered as a mitophagy-reducing factor playing a crucial role in the maintenance
of mitochondrial integrity under oxidative stress conditions. Such an effect can be obtained
through FSH-dependent inhibition of the PINK1-Parkin pathway. LH is also regarded as a
modulator of the mitochondrial steroidogenic activity and dynamics; however, more studies
are needed to fully evaluate its mechanisms. Additionally, mitochondria are involved
in oestrogens synthesis, and oestrogens regulate mitochondrial bioenergetics, calcium
homeostasis, ROS-scavenger, and their dynamics [63]. Considering the above-mentioned
relationship between pituitary–ovarian axis hormones and mitochondrial activity, it seems
that age-related hormonal disorders may affect mitochondrial activity, and mitochondrial
insufficiency may induce ovarian ageing.

Moreover, excessive Ca2+ influx can elevate mitochondrial oxidative stress and lead to
apoptosis. Before fertilisation, oocytes at metaphase II stage require the sperm-triggered
Ca2+ oscillations for several processes such as the resumption of meiosis, polyspermy block,
male chromatin decondensation, recruitment of maternal mRNAs, and pronuclear forma-
tion. The Ca2+ homeostasis in postovulatory oocytes depends on the proper mitochondrial
activity as mitochondria-associated membranes facilitate the transfer of Ca2+ ions from
the endoplasmic reticulum (ER). An excess of Ca2+ transfer can either disrupt oxidative
phosphorylation and redox homeostasis or trigger the mitochondrial permeability transi-
tion pore to open and in consequence affect mitochondrial function and induce apoptosis.
That indicates the essentiality of mitochondrial calcium homeostasis for the maintenance of
mitochondrial metabolic function; hence, its dysregulation can contribute to pathology [47].

Mitochondrial insufficiency was also reported to result from obesity [64,65]. Due to
excessive intake of nutrients, mitochondria become overloaded with fatty acids and glucose,
resulting in an increase in the production of Acetyl-CoA. This leads to the production of
NADH in the Krebs cycle, which promotes the rise of electrons entering the mitochondrial
intermembrane space and in consequence overproduction of ROS inducing oxidative stress.
Subsequently, oxidative stress activates several transcription factors including the main
mediator of the inflammatory response [65].

The production of ATP is also the primary aspect of mitochondrial function for support-
ing sperm motility. ROS were found to cause a loss of mitochondrial membrane potential
(MMP), lipid peroxidation, impaired sperm motility, and sperm DNA integrity. There are
several key pathways through which ROS may be generated by the sperm mitochondria,
including disruption of the mitochondrial electron transport, formation of adducts with
mitochondrial proteins, reduced mitochondrial expression of prohibitin, the opening of the
mitochondrial permeability transition pore (PTP), and induction of apoptosis in spermato-
zoa. Furthermore, somatic alterations in mtDNA may impair OXPHOS and enhance ROS
production, thereby hastening the rate of DNA mutation [60,66].

4.5. Impact of Mitochondrial Insufficiency on Fertility

The ageing-related oocyte’s mtDNA copy number reduction is the reason for insuf-
ficient ATP levels leading to infertility and abnormal embryo development. Poor oocyte
quality is not the only effect of diminished mtDNA content. With decreasing numbers of
mitochondria, the proportion of mutant/wild type mtDNA in the oocyte may be increased
to not allow the proper embryo development. Such an effect may be an explanation for
the surprisingly high number of offspring affected with mitochondrial diseases. Moreover,
a decline of ATP levels in the oocyte may be associated with the age-related high risk of
aneuploidy. The process of completing meiotic division in the oocyte generally lasts from
the preovulatory LH peak to its fertilisation. The proper positioning and segregation of
chromosomes depend on the assembly and disassembly of microtubules which is one of
the most energy-demanding processes within the oocyte. When oocytes age, their ability to
produce adequate spindle microtubules decreases, which in consequence leads to increased
incidence of aneuploidy [39,44,58].
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Interestingly, mutations in the mitochondria-related genes (e.g., MT-ATP6 and MT-
CO1) were linked to primary ovarian insufficiency (POI); however, due to limited sample
size, further studies are needed to determine whether mitochondrial dysfunction is a com-
mon contributing factor to the onset of POI. If the implication of mitochondrial dysfunction
in POI was confirmed, it would indicate the possible therapeutic target for the treatment or
prevention of such disorder [67].

Additionally, a recently performed study proved that the alteration of mitochondrial
biogenesis of cumulus cells (CCs) could account for the impairment of oocyte quality
observed in diminished ovarian reserve (DOR), which also suggests its major role in the
determination of oocyte competence. If so, mitochondrial characteristics of CCs could
serve as indicators of oocyte competence, and thus oocyte quality in DOR patients may be
improved with mitochondrial biogenesis-enhancing therapies [68].

In the aspect of male fertility—the motility of human spermatozoa is entirely depen-
dent on the functionality of the OXPHOS pathways. As sperm mtDNA partially encodes
for OXPHOS-related proteins, any aberration in the mitochondrial genome may negatively
influence sperm motility [60,66]. In addition to this, point mutations and deletions in
mtDNA were linked to asthenozoospermia and oligoasthenozoospermia [69]. Furthermore,
human spermatozoa with low MMP are less capable of undergoing the acrosome reaction
and additionally show a direct and significant correlation with decreased sperm count, and
negatively affected morphology, motility, and viability [60,66]. Probably, evaluation of the
role of mitochondria in spermatogenesis may reveal new causes of male infertility. More-
over, when taking the effect of ageing, obesity, and metabolic health on the mitochondrial
insufficiency into consideration, it is clear that infertility related to poor lifestyle may be
settled into mitochondrial causes [66].

For both men and women, the pathogenesis of mitochondrial-related infertility may
be direct through germ cells damage or indirect via diminished gonadotropin drive [70].

4.6. Do mtDNA Mutations Influence Early Embryo Development?

mtDNA mutations are a frequent cause of severe metabolic disorders. However,
coexistence of wild type mtDNA usually neutralises the effect of a mutant load allowing
normal phenotype to be maintained [29]. During early embryo development mtDNA
content remains stable [1]. Therefore, the presence of mtDNA mutation in an oocyte or a
preimplantation embryo may result in the reduction in the absolute number of wild type
mtDNA copies. The protection against transgenerational transmission may be obtained
either via inducing fertilisation defects and/or early embryogenesis failure or mechanisms
eliminating damaged mitochondria during early embryo development.

The preimplantation mouse embryos were found to eliminate damaged mitochondria
through a purifying selection during early embryogenesis; however, the precise mech-
anisms remain unknown. Such a phenomenon also suggested to take place to counter
expansion of deleterious mtDNA mutations in the female germline [71]. On the other hand,
a recently conducted study demonstrated that the presence of a pathogenic mutation was
not the mtDNA metabolism modifier in human cleavage-stage embryos suggesting both
no impact of mtDNA mutations and the absence of selection against them at this stage
of development [29]. Contrarily, another study, focused on mtDNA mosaicism in early
human development, identified a subgroup of low-level variants that may give rise to stable
lineages of genetically diverse cells in the adult due to above-mentioned asymmetrical
distribution of mitochondria within the oocyte [72].

Currently, the influence of mtDNA abnormalities on proper fertilisation and subse-
quent embryo development is not well known. Further studies (both animal and clin-
ical) are needed to fully evaluate the relationship of mtDNA sequence and successful
human embryogenesis.
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5. Clinical Usefulness of Assessing and Improving Mitochondrial DNA Function
and Quantity

5.1. Assessment of mtDNA Content in Human Embryos and Its Clinical Significance

The importance of mtDNA levels in the fertilisable oocyte was already demonstrated
above. However, is there any relationship of mtDNA copy number with the embryo’s abil-
ity to successfully implant and develop? In the past, dozens of experiments were performed
to evaluate the significance of mtDNA content in developing embryos. The parameter, com-
monly called mitochondrial score, was defined as the ratio of mitochondrial/nuclear DNA
copy number. However, almost every study group differently calculated its value [38,73–91].
Even now, there are a lot of controversies as conducted studies have reached conflicting
results (Table 1).

Table 1. Comparison of results obtained by several study groups evaluating the relationship of
mtDNA content in trophoectoderm biopsy (TE) or blastomeres (B) with embryos’ features as aneu-
ploidy, morphology, implantation, live birth and maternal age. Legend: N sample size, • positive
correlation, • negative correlation, • no statistically significant correlation, - parameter not assessed.

Material N Aneploidy Morphology Implantation Live Birth Maternal Age

Ritu et al., 2019 TE 287 • • • • •
Scott et al., 2020 TE 615 - • • • •
Wu et al., 2021 TE 1301 - • • - •
El-Damen et al., 2021 TE 355 - •/• • • •

Lee et al., 2019
B 39 • - - - -

TE 998 • - • - •

De Munk et al., 2021
B 112 • - - - •

TE 112 • - - - •

Diez-Juan et al., 2015
B 205 - • • - -

TE 65 - • • - •
Arnanz et al., 2020 TE 504 • • - - -

Boynukalin et al., 2020 TE 707 - - - • -

Du et al., 2021 TE 246 • • • - -

Wang et al., 2021 TE 769 - • • • •
Klimczak et al., 2018 TE 1510 - • • - •
de Los Santos et al., 2018 TE 465 • • - - •
Victor et al., 2017 TE 1396 • - • - •

Fragouli et al., 2015
B 39 - - - - •

TE 340 • - • - •
Fragouli et al., 2017 TE 199 - - - - •
Ravichandran et al., 2017 TE 1505 - • • - •
Treff et al., 2017 TE 374 - • • - •

Shang et al., 2018
B 149 • • • - •

TE 250

Podolak et al., 2022 B 314 • • • • •

Most study groups assessing the relationship of mtDNA content and embryo’s ploidy
status agree that increased levels of mtDNA correlate with aneuploidy [38,73,76,78,87,89].
Nevertheless, the mechanisms leading to such an effect are still not known. It may result

47



Cells 2022, 11, 797

from indirect indication of higher energy needs of aneuploid embryos, possibly stemming
from the initiated repair mechanisms [38].

The primary aim of conducted experiments was to evaluate the link of mtDNA lev-
els and the embryo’s ability to implant [38,73–75,77–87,91]. Indeed, the proof of such a
relationship would be a revolutionary discovery, giving the possibility to identify viable em-
bryos and in consequence significantly improve the pregnancy rates of in vitro fertilisation
treatment. Nevertheless, obtained results are highly conflicting [38,73–91]. Mitochondrial
score was demonstrated to have either positive [85], negative [74,78,80,83,91] or no cor-
relation [38,73,75,77,82,84,86,87] with implantation rate. A few research teams evaluated
the link between mtDNA content with live birth ratio; however, most of them found no
statistically significant difference between mitochondrial score values among embryos
leading to live birth and those that did not [38,73,74,84,86,90]. Only twice were lower
mtDNA copy number values demonstrated to correlate with live birth rate [74,90].

Divergent results were also obtained for assessment of the relationship of the mito-
chondrial score with embryos’ morphology and especially maternal age [38,73–91].

5.2. Mitochondrial Score—The Debate under Its Usefulness as Embryo Selection Marker

Even though the mitochondrial score was evaluated numerous times by several study
groups, its clinical usefulness remains unclear [38,73–91]. For the first time it was proposed
as an embryo selection marker by Fragouli et al. [78]. Although they used both Next-
Generation sequencing (NGS) and quantitative RT-PCR (qRT-PCR), and the mitochondrial
score count was normalised based on the GC content and in-silico reference as well as taking
into consideration the numbers of chromosomes, their study seems to be questionable.
Interestingly, when assessing both TE and blastomeres they found positive correlation
for mtDNA content with maternal age for TE and negative for blastomeres (Table 1).
Such findings seem unlikely, and the reliability of these results should be reconsidered.
Additionally, their subsequent study was claimed to echo their first findings, yet the
observed relationship was statistically insignificant (Table 1). Even though the correlation
for this parameter was not obtained again, they did not decide to reanalyse the rest of
parameters, but only evaluated the pre-established thresholds [78,79]. The link of lower
mtDNA levels with embryos’ implantation potential was subsequently demonstrated by
Diez-Juan et al. [83], Ravichandran et al. [80], Du et al. [91], and Wang et al. [74]. Diez-
Juan et al. [83] assessed mtDNA content with qRT-PCR based on ATP8 gene fragment
representing mtDNA and β-actin gene fragment representing nuclear DNA. They did
not take the ploidy status of chromosome 7 under consideration, which might influence
results obtained for embryos with eventual trisomy or monosomy of chromosome 7. The
correlation of mitochondrial score with implantation status was demonstrated for both
TE and blastomeres (Table 1). Ravichandran et al. [80] conducted a study using NGS and
qRT-PCR techniques. In fact, they did not assess the correlation between mtDNA content
with implantation potential, but used the threshold established by Fragouli et al. [78],
revalidating it due to technical changes in the laboratory. They concluded 100% negative
predictive value of mtDNA assessment based on 33 embryos containing elevated levels of
mtDNA that did not produce pregnancy. The sample size seems far too small to draw such
conclusions. Both Wang et al. [74] and Du et al. [91] used NGS to evaluate mtDNA content
at the blastocyst stage of development. Wang et al. [74] applied the formula proposed by
Victor et al. [77], taking into account variables such us ploidy status of each chromosomes
and embryo’s genetic sex. They found a statistically significant difference of mitochondrial
score values depending on implantation rate and live birth rate (Table 1). However, this
relationship was only observed for day-5 biopsied embryos, and no correlation was reported
for day-6 biopsied blastocysts. Moreover, the mitochondrial score was doubted as an
independent embryo selection marker due to receiver operating characteristic (ROC) curve
analysis outcomes, performed to evaluate the potential predictive value of mtDNA content
in embryo implantation and live birth outcomes. Contrarily, Du et al. [91], who applied
the formula proposed by Shang et al. [82], regarded ROC analysis outcomes as a highly
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predictive value. Nevertheless, a future, multicentre study was suggested to evaluate
the mtDNA content in developing embryos and to verify its clinical application. On the
other hand, Wu et al. [85] who used MitoCalc analyzer software dedicated to sequencing
coverage analysis, found a positive correlation of mitochondrial score with implantation
rate. In fact, obtained results may differ depending on biopsy day of assessed embryos.
Day-5 biopsied blastocysts are reported to have higher mtDNA content compared to day-6
biopsied embryos [74,75,84,85]. Thus, the number of embryos biopsied at day-5 or 6 may
influence obtained results. Apart from those mentioned above, the rest of listed study
groups found no statistically significance of mitochondrial score in the context of assessing
implantation potential [38,73,75,77,82,84,86,87]. Moreover, even though most study teams
agree that mitochondrial score correlates with ploidy status, it seems unlikely to find the
use in such assessment as preimplantation genetic testing for aneuploidies (PGT-A) gives
much more definitive diagnosis. Furthermore, evaluation of mtDNA content may be useful
at the blastocyst stage of development as the cleavage-stage embryos were demonstrated
to present asymmetrical distribution of mitochondria among the formed blastomeres.
Therefore, as the embryo may present the heterogeneity of their blastomeres, the obtained
results may not be reliable [38]. Indeed, during our recent study we observed extreme
differences of the mtDNA levels for embryos from the same patient, which suggests that the
choice of a blastomere for biopsy strongly affects the outcomes of mtDNA quantification.
In consequence, the use of an arbitrary threshold of mtDNA content as embryo selection
criteria, at least for cleavage-stage embryos, must be avoided [38].

As so many study teams evaluated the clinical significance of mtDNA content in
early embryos during past years, one question arises—how is it possible that we still
have no sure answer? First of all, conflicting outcomes may result from different technical
approaches on detection of mtDNA content and used formulas to calculate it. Some study
teams take ploidy status for consideration, whereas some do not [77,78,82,83]. Technical
approaches seem to play a crucial role as even study groups who used the same formula
obtained conflicting results (Victor et al. [77] versus Wang et al. [74] or Shang et al. [82]
versus Du et al. [91]) (Table 1). For instance, there are several whole genome amplification
(WGA) protocols which differently influence the amplification of mtDNA in comparison to
nDNA [38]. Secondly, as mentioned above, the day of biopsy may additionally influence
obtained results. Moreover, storage protocols or reagents used for culturing may affect
the assessment as the incidence of blastocysts with elevated mtDNA was reported to vary
widely between clinics in which in vitro fertilisation was undertaken [80]. Last but not
least, the sample sizes vary between conducted research, and mostly it is too small when
assessing blastomeres biopsied from cleavage-stage embryos; thus, it cannot deliver reliable
outcomes [78,87].

What should be done then? The best way to investigate the clinical significance
of mtDNA content in developing embryos seems to be the assessment of it in a large,
multicenter study using modern laboratory techniques and precise calculations.

Although the clinical value of mtDNA content assessment is still not established
well, it is commercially available [92], driving another question—does commercialisation
overtake science in reproductive medicine?

5.3. Opportunities to Improve Mitochondrial DNA Function

The fundamental role of proper mitochondrial activity and functionality for human
health and reproductive success was already summarised. Hence, are there any possibilities
to improve mitochondrial DNA function? In the gene-editing era, mitochondrial genome
editing (MGE) seems to be one of the possible solutions. MGE refers to the modification of
human oocytes or embryos with intracytoplasmic microinjection or mitochondria-targeted
nucleases in order to prevent transmission of mitochondrial diseases [93]. Yahata et al. [94]
engineered platinum TALENs, which were transported into mitochondria, recognized the
mtDNA sequence including the m.13513 position, and preferentially cleaved G13513A mu-
tant mtDNA, and conducted an experiment with induced pluripotent stem cells (iPCs). The
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heteroplasmy level of m.13513G>A mutation was decreased short after the transduction.
Moreover, Yang et al. [95] demonstrated successful elimination of m.3243A>G mutation in
iPCs via injection of mitoTALEN mRNA. However, protein engineering and assembly pro-
cesses for every genomic target seem to be a time-consuming task [93]. On the other hand,
CRISPR/Cas9 genome editing technology was also suggested to target mutant mtDNA [96].
The issue of mitochondrial genome editing is definitely of increasing interest to scientists,
although there is still a long way to go to introduce it in clinical practice. Nevertheless, there
is already a way to overcome the transmission of maternally-inherited mtDNA mutations—
the use of mitochondrial replacement technologies in assisted reproductive treatment (ART).
Currently, there are two transfer techniques in clinical application—maternal spindle trans-
fer and pronuclear transfer (Figure 2).

Figure 2. Comparison of two mitochondrial replacement technologies—maternal spindle transfer
and pronuclear transfer.

Maternal spindle transfer refers to removing the nuclear DNA from the donor egg,
leaving the part of the oocyte containing healthy mitochondria, and then inserting into
this cell nuclear DNA from the mother’s oocyte to finally fertilise it and implant into the
mother’s uterus. The pronuclear transfer is a similar process; however, it requires fertilisa-
tion of both—mother’s and donor’s—oocytes before transferring the nuclear DNA [97–100].

5.4. Mitochondrial DNA Transfer in Improving the Reproductive Potential of Oocytes

Mitochondrial replacement therapy is also an object of interest in the context of im-
proving the quality, and hence the reproductive potential, of oocytes [100–102]. In 1997
it was performed for the first time using partial ooplasm transfer, a technique based on
simultaneous injection of sperm with 1 to 5% of oocyte cytoplasm during intracytoplasmic

50



Cells 2022, 11, 797

sperm injection (ICSI) [103–105]. The ooplasm was derived from fresh or cryopreserved
oocytes of young and healthy donors, and clinically abandoned trinuclear embryos. Al-
though this technology achieved good clinical results, it was banned by the US Food and
Drug Administration (FDA) for clinical use in the US due to the ethical and genetic safety
issues caused by the involvement of a third-party genetic material [102]. A potential alterna-
tive approach could be autologous mitochondrial transfer, theoretically introducing much
larger amounts of mitochondria into the oocyte. Mitochondria preferentially should be
obtained from ovarian or oocyte origin [101,102]. Woods and Tilly [106] reported improving
pregnancy outcomes in women with a previous history of assisted reproduction failure.
They obtained autologous mitochondria from oogonial stem cells (OSCs) isolated from
cortical biopsies. The injection was made via ICSI. The therapy was called Autologous
Germline Mitochondrial Energy Transfer (AUGMENT) [106,107]. It aroused controversy
from the very beginning [108–111]. Experts in the field were raising numerous questions
about OSC (e.g., how many of them are recovered, how does their amplification affect them,
are their mitochondria healthy) and AUGMENT protocol (e.g., how many mitochondria
are being transferred; does transfer result in a significant boost to ATP). The therapy was
considered to be based on the insecurities of the current knowledge about the character of
the putative OSC and benefits claimed for mitochondrial transfer [111]. Moreover, there
were also accusations of improper conduct of a clinical trial [108]. However, AUGMENT
was commercially launched, raising a known question once again—does commercialisation
overtake science in reproductive medicine? The introduction of the procedure turned out to
give no benefit to the patients. That, in consequence, led the OvaScience—once worth over
a billion dollars—to debt of millions and a reduction in workforce of around 50%. Finally,
the company was sued by shareholders and closed its operations [112,113]. The AUGMENT
history shows that, even though the field of reproductive medicine is highly privatised,
it must have the same rules as the rest—first of all, be guided by evidence-based policy.
Currently, there is one registered trial that aims to evaluate the effect of mitochondrial
transfer from bone marrow mesenchymal stem cells on the quality of oocytes; however, the
results are unknown [114].

6. Summary

Mitochondria play a crucial role in human fertility and early embryo development as
it has a great contribution to several vital processes. Despite its great potential of clinical
application, the field of mitochondrial research is still not well established. Further studies
are needed to fully evaluate the clinical usefulness of assessing and improving mtDNA
quantity and function.
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encoded ATP synthase membrane subunit 8; AUGMENT—Autologous Germline Mitochondrial
Energy Transfer; B—blastomeres; CDK1—cyclin-dependent kinase 1; CCs—cumulus cells; DNA—
deoxyribonucleic acid; DOR—diminished ovarian reserve; DRP1—dynamin-related protein 1; ER—
endoplasmic reticulum; Fis1—anti-mitochondrial fission 1 protein; FSH—follicle stimulating hor-
mone; GCs—granulosa cells; ICSI—intracytoplasmic sperm injection; iPCs—induced pluripotent
stem cells; kbp—kilo base pairs; LH—luteinizing hormone; MERF—myoclonic epilepsy associ-
ated with ragged red fibres; Mff—mitochondrial fission factor; Mfn1—dynamin-like GTPases mito-
fusins 1; Mfn2—dynamin-like GTPases mitofusins 2; MGE—mitochondrial genome editing; Mid49—
mitochondrial dynamics protein of 49 kDa; Mid51—mitochondrial dynamics protein of 51 kDa;
MMP—mitochondrial membrane potential; MRT—mitochondrial replacement therapy; MT-ATP6—
mitochondrially encoded ATP synthase membrane subunit 6; MT-CO1—mitochondrially encoded
cytochrome C oxidase I; mtDNA—mitochondrial DNA; NARP—neurogenic muscle weakness, ataxia,
and retinitis pigmentosa; NCR—non-coding region; nDNA—nuclear DNA; NGS—Next-Generation
Sequencing; Opa1—optic atrophy 1; OSCs—oogonial stem cells; OXPHOS—oxidative phosphory-
lation; PGC—primordial germ cell; PINK1—PTEN-induced kinase 1; POI—primary ovarian insuf-
ficiency; POLG—DNA polymerase γ; PTP—permeability transition pore; qRT-PCR—quantitative
reverse transcription polymerase chain reaction; RALA—Ras-related protein Ral-A; RALBP1—RalA-
binding protein 1; ROC—receiver operating characteristic; ROS—reactive oxygen species; SOD1—
superoxide dismutase 1; SOD2—superoxide dismutase 2; and TALEN—transcription activator-like
effector nucleases.
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Abstract: After its discovery in 1825 by the physiologist J.E. Purkinje, the human germinal vesicle
(GV) attracted the interest of scientists. Discarded after laparotomy or laparoscopic ovum pick up
from the pool of retrieved mature oocytes, the leftover GV was mainly used for research purposes.
After the discovery of Assisted Reproductive Technologies (ARTs) such as in vitro maturation (IVM),
in vitro fertilization and embryo transfer (IVF-ET) and intracytoplasmic sperm injection (ICSI), its
developing potential was explored, and recognized as an important source of germ cells, especially in
the case of scarce availability of mature oocytes for pathological/clinical conditions or in the case of
previous recurrent implantation failure. We here review the ultrastructural data available on GV-stage
human oocytes and their application to ARTs.

Keywords: oocyte; germinal vesicle; human; electron microscopy; assisted reproductive technologies (ARTs)

1. Introduction

1.1. From the Ovum to the Cicatricula

Questions about the beginning of life have been raised by philosophers and scientists
since the fourth century BC with Aristotle, who described embryonic development inside a
chicken egg [1]. However, the discovery of the oocytes started in the 19th century: in 1651,
the physician William Harvey employed the Latin word “ovum” to refer to the beginning
of animal life [2], and with his study he introduced the theory “omnia ab ovo”, i.e., all
animals are produced from ova. However, when he dissected a red deer during the rut,
he could not find any visible evidence in the female “testes”, so-called at that time for the
production of semen [3]. For three centuries (17th–19th), other researchers observed the
reproductive organs in mammals following the “egg theory”, trying to identify the ovum
and the place of its generation [4]. Among them, the Dutch physician and anatomist Regner
de Graaf (1672) mistakenly believed that the egg consisted of the ovarian follicle itself [5],
but correctly discovered that a “seminal vapour” was responsible for fertilization after
having reached the eggs. The Italian priest, biologist and physiologist Lazzaro Spallanzani
further contrasted the theory of spontaneous generation (1765) [6] by demonstrating the
importance of the contact between the sperm and the egg. However, he believed in the
theory of preformed organs. The egg description was provided in 1824 by the Swiss
physiologist Jean-Luis Prevost and the French chemist Jean-Baptiste Dumas, who wrote
that, as long as the egg is in the ovary, it contains a brown zone within which a circular
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yellow spot can be seen [7]. This again surrounds a smaller circular outline, to which
Prévost and Dumas gave the name, which it still bears, of “cicatricula”. By putting a frog
fertilized egg into the water they could follow the first phases of segmentation, describing
a “granulation” ending in the formation of a structure similar to a “raspberry”, including
the presence of “black spots”, probably the cell nuclei [8].

1.2. The Identification of the Germinal Vesicle

The germinal vesicle was identified in 1825 by the Bohemian physiologist Jan Evan-
gelista Purkinje, who, a few years later, published at the University of Breslaw a treaty
where he described the presence and consistency of a vesicular structure found in the hen’s
egg [9]. Within each oocyte or “germ”, Purkinje saw a transparent, liquid-filled sphere,
which he named the “vesicula germinativa” (germinal vesicle), being considered the germ
cell. Two years later, the Prussian-Estonian embryologist Ernst Karl von Baer in Leipzig
identified the egg cells in mammals [10]. Moreover, he described the process of ovulation
and the initial stages of embryo development in the dog. Baer closely examined follicles
under a microscope and saw that each one had a small “yellowish-white point” inside. Mi-
croscopic examination of the structure observed enabled him to discover that the ovum was
hidden within the “discus proligerus”, now known as the cumulus oophorus. He removed
one of the yellowish structures with the point of a knife and looked at it again under the
microscope, revealing the oocyte. The idea that tissues were made up of cells was not yet
known, and he called it the “ovulum” or “little egg” [11]. The cellular theory by Matthias
Jacob Schleiden and Theodor Schwann in 1839 complemented von Baer’s discovery of the
mammalian ovum and endorsed the idea that all reproductive processes pass through a
cell or comparable, fundamental organic unit [12]. Theodor Schwann argued that the ovum
described by von Bear was probably a cell, and the structure named “vesicula germinativa”
by Purkinje was the cell nucleus, as also confirmed by Vladislav Kruta (1956) [13]. In 1834,
Adolph Bernhardt, a student and pupil of Purkinje and later one of the founding fathers
of modern histology, observed in the mammalian ovum an analogous structure to the
germinal vesicle, finally identifying the cell nucleus [14,15].

In 1835, Rudolph Wagner, while studying the Graafian follicle of the sheep, discovered
the presence of a “spot” within the germinal vesicle, which he called “macula germinativa”
(germinal spot). Wagner assumed that this “spot” was the origin or first stage in the
development of the germinal vesicle. In 1839, Gabriel Gustav Valentin, Purkinje’s close
collaborator, was the one who confirmed and introduced the term nucleolus for the macula
germinativa, according to Purkinje. Later, Valentin, based on Purkinje’s and Wagner’s
descriptions, conducted his observations and referred to the nucleolus as a “rounded,
transparent secondary nucleus” [14].

The long and conflictual history, as described in the 19th century, of the fully grown
GV-stage oocyte, discovered a unique cell owning to its size (nearly 0.1 mm or 100 μm
diameter), enclosed by a clear “glass-like shell” or zona pellucida provided with a large
nucleus—or germinal vesicle—and containing a prominent spherical nucleolus [16].

1.3. GV-Stage Oocytes as a Potential Resource in ARTs

ARTs are now routinely applied for female fertility, also connected to delayed child-
bearing in western countries, and oncofertility problems. The use of GV-stage oocytes gains
an option when the availability of mature oocytes is reduced. However, contrasting data
about the right approach for using controlled ovarian stimulation (COS) protocols, IVM
conditions and cryopreservation strategies limit the potentiality of this approach.

Data from morphological studies may be helpful to untangle the knot. A morpho-
functional approach by confocal microscopy detected the presence of double-strand DNA
breaks and the diverse activation of a DNA repair response in human GV-stage oocytes
from COS or IVM cycles [17]. However, when immature oocytes collected from stimulated
ovaries were subjected to vitrification, morpho-functional data evidenced that they sur-
vived the vitrification process and retained their potential to mature to the MII stage [18].
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It should be noted that alterations to mitochondria redistribution, CG migration, global
DNA methylation expression and, especially, spindle and chromosome organization were
reported [18]. By contrast, a recent study of the metaphase plate by confocal microscopy
revealed that immature human oocytes subjected first to vitrification and then to in vitro
maturation up to the MII-stage showed a higher percentage of normal metaphase spindle
configuration if compared to those matured in vitro first and then vitrified [19]. These
discrepancies may be solved with the aid of electron microscopy (EM), the gold standard
in revealing the ultrastructural characteristics of immature oocytes.

In this review, we aimed to revise available literature on immature oocytes, putting
a particular emphasis on (1) the application of electron microscopy (EM) as an essential
tool in ultrastructural studies to optimize and validate ARTs in humans and (2) the use of
GV-stage oocytes as a useful source of germ cells in ARTs.

2. Materials and Methods

Inclusion and Exclusion Criteria for the Research in MEDLINE–PubMed, Scopus and ISI Web of
Science Databases

All original articles were searched from international databases, including PubMed,
Scopus and Web of Science. We searched these engines without language or time limita-
tions. The search was performed using eight keywords in English, including “Immature
oocytes, Germinal vesicle (GV), morphology, ultrastructure, electron microscopy, Assisted
Reproductive Technology (ART), human”. For the ultrastructural description of subcellular
structures, the search was enriched by the following terms: nucleus, nuclear membrane,
nucleolus, heterochromatin and euchromatin, cortical granules, endoplasmic reticulum,
Golgi apparatus, mitochondria, vacuoles, ooplasm, microvilli, perivitelline space, zona
pellucida. In this study, the inclusion criteria were: (1) morphological study; (2) the status
of oocyte immaturity; (3) the use of immature oocytes for ARTs.

3. Ultrastructure of GV-Stage Oocytes

EM observations on human GV-stage oocytes are important for characterizing their
ultrastructure, making an essential contribution in highlighting effects connected to patients’
pathologies, or the detrimental action connected to ARTs as COS or cryopreservation. EM
is, therefore, useful in the optimization and validation of ART protocols. Focusing on the
application of EM on immature human oocytes from different ARTs we here review data
available in the literature:

3.1. Nucleus

In immature oocytes aspirated from stimulated ovaries, the germinal vesicle, which
was usually spherical and with a diameter of about 20 μm, was located centrally or, in a
few oocytes, close to the cell membrane [20]. Similarly, in oocytes collected from patients
enrolled in ICSI treatment cycles after COS, the nucleus normally occupied 1.2% of cell
volume with a central position in the inner cytoplasm [21]. The nuclear position was,
differently, found to be eccentrical in several studies, probably due to an early onset of
meiosis resumption after harvesting or COS protocol timing. An eccentrical position of
the nucleus in GV-stage human oocytes was described by LM and TEM in both fresh and
vitrified/warmed oocytes collected from our group, after a long protocol [22] or by others in
IVM cycles from stimulated patients [23–26]. In all cases, the nuclear membrane was contin-
uous, well visible, two-layered and characterized by the presence of several nuclear pores.
The nuclear envelope shape was roundish or folded and enclosed a nucleoplasm with a
uniform and pale aspect of finely dispersed euchromatin fibrils, except for the presence of
one or more large and electron-dense nucleoli and clusters of heterochromatin. The latter
was connected to the nucleoli or organized in patches, sometimes located under the nuclear
membrane [20,22,27,28]. Round and highly electron-dense nucleoli were composed almost
entirely of fibrillar material; smaller nucleoli were evident in addition to the most evident
nucleolus [25]. Dense spherical bodies could be present within their matrices [25]. An un-
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published micrograph of the nuclear ultrastructure from a representative fully stimulated
human leftover GV-stage oocytes is shown in Figure 1A.

Figure 1. Representative unpublished archived TEM micrographs of GV-stage human oocytes from
stimulated ovaries [22,29,30] showing in (A) the nucleus (N) delimited by a continuous nuclear
envelope (NE) made by a double layer interrupted by electron pale nuclear pores. The nucleoplasm is
characterized by a round and electron-dense nucleolus (Nu), dark fibrous clusters of heterochromatin
and dispersed euchromatin. TEM, bar: 1 μm; (B) the ooplasm rich in electron-lucent vacuoles and
small vesicles, delimited by a continuous membrane and sometimes presenting visible inclusions
or debris. Numerous round-to-ovoid mitochondria (m) with slightly electron-dense cristae and big
secondary lysosome (Ly) with numerous vesicles of different electron-density. TEM, bar: 1 μm.

3.2. Ooplasm
3.2.1. Mitochondria

GV-stage human oocytes recovered from ovaries from unstimulated patients for fur-
ther IVM showed that most of the mitochondria were spherical and had sparse cristae [23].
Following ovarian stimulation, they were evenly distributed, although clusters were oc-
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casionally seen peripherally [20]. When GV-stage oocytes were collected from PCOS
(polycystic ovarian syndrome) patients (no data available about the COS protocol, if any),
mitochondria—fewer than at metaphase I—appeared small in size, mostly round but
sometimes tubular [31]. In immature oocytes from COS cycles with GnRH (Gonadotropin-
Releasing Hormones) agonists and antagonists, most mitochondria localized centrally in
the cytoplasm of oocytes with a cluster-like structure; no significant amount of mitochon-
dria was found to localize in their subcortical areas. In fact, the area ratio of “mitochondria
in cytoplasm at peripheral region” was 0.98%, while that of “mitochondria in cytoplasm at perin-
uclear region” was 7.71% [32]. A similar perinuclear distribution of individual mitochondria
and small mitochondrial clusters was found in human leftover GV-stage oocytes from
young donors enrolled in an egg donation program [26]. A representative micrograph from
our group of mitochondria from a fully stimulated GV-stage human oocyte is shown in
Figure 1B.

3.2.2. Mitochondria-Smooth Endoplasmic Reticulum (M-SER) Aggregates

There was a close association between the mitochondria and the smooth endoplasmic
reticulum (SER), which appeared as small irregular profiles or sometimes as flattened sacs
with a size of about 0.5 to 1 μm [20]. We previously noted the presence of underdeveloped
M-SER aggregates in human oocytes after full stimulation [22], while others noted the
gradual affiliation of the mitochondria to a smooth membrane of variable ER elements only
in MI-stage oocytes [26].

3.2.3. Golgi Apparatus and Smooth Endoplasmic Reticulum (ER)

The Golgi apparatus consisted of aggregates of tubuli and vesicles in human immature
oocytes after retrieval from unstimulated patients [23]. This was confirmed by further
studies from the group of Sathananthan on immature GV oocytes collected from large
antral follicles at laparoscopy from stimulated patients, who described Golgi complexes as
the most prominent organelles in the oocytes during the early phases of maturation. They
were numerous, hypertrophied and appeared predominantly in the cortical ooplasm, where
they were associated with cortical granules [25]. More recently, distinct Golgi apparatus,
composed of an interconnected system of cisternae and vesicles, was regularly found in
the cytoplasm of leftover human GV oocytes [26]. Interestingly, the cis-trans polarity was
not easily distinguishable [26]. Extensive endoplasmic reticulum was visible in human GV
oocytes [28], with the prevalence of vesicular smooth ER, as seen in PCOS patients [31].

3.2.4. Cortical Granules (CGs)

The cytoplasm of immature human oocytes collected from ovarian-stimulated women
undergoing ARTs for tubal factor infertility contained membrane-bound CGs, with a
diameter of 0.3 to 0.5 μm, in varying numbers located close to the plasma membrane
and deep within the cytoplasm [20]. By contrast, GV-stage human oocytes obtained from
very early antral follicles in unstimulated ovaries presented CGs in the subplasmalemma
and cortical cytoplasm of fully grown, immature oocytes derived from very early antral
follicles [33]. The group of Gethler [34] identified dark and light subpopulations of CGs
in leftover human GV-stage oocytes collected after a “long” protocol (GnRH analogue
and human menopausal gonadotrophin, hMG) for ovulation induction. Many clusters of
light granules were distributed throughout the cytoplasm, with a few granules (mainly
dark) at the cortex. Cryopreservation by slow-freezing induced a decrease in the dark
granule’s abundance, with membrane-coated electron-transparent vesicles, in some cases
aggregated with CGs [34]. We, similarly, found scattered in the ooplasm CGs in both
fresh and vitrified-warmed immature leftover GV-stage oocytes, with a higher counterpart
of dark granules (indicative of a better maturity), probably due to the different protocol
for cryopreservation [22]. In immature oocytes from PCOS patients, CGs were dispersed
throughout the whole cytoplasm, without being prominent [31].

61



Cells 2022, 11, 1636

3.2.5. Vacuoles

Some vacuoles with a diameter of 1–2 μm were observed in the center of the oocytes [20].
Numerous membrane-bounded vacuoles, small and empty (medium diameter ± SD:
0.975 ± 0.113 μm), were found mainly in the region surrounding the nucleus of human
leftover GV-stage oocytes after full stimulation [22]. Similarly, vacuolar structures were
very abundant and with a variable ultrastructure in leftover human GV oocytes after super-
ovulation [35]. When GV oocytes were subjected to vitrification by Cryotop, vacuoles were
found also in the oocyte periphery. Numerous small MV complexes were identified in the
cortex and subcortex; their number decreased in vitrified-warmed oocytes [22]. A central-
ized vacuolated ooplasm was connected to atresia [24]. A representative micrograph from
our group of vacuoles and smaller vesicles from a fully stimulated human oocyte is shown
in Figure 1B.

3.2.6. Lysosomes

One author reports that primary and secondary lysosomes were not present in GV
oocytes [31]; by contrast, secondary and tertiary lysosomes were commonly found in GV
oocytes from stimulated cycles, and bizarre images were considered a sign of atresia [24].
The lysosomes were also found in the cytoplasm of all analyzed leftover human GV from
young stimulated donors [26]. They varied in size (0.2–1.5 μm) and were described as
membrane-bound bodies containing aggregated vesicles with variable opacity, membrane
remnants, or dark, dense patches (probably insoluble lipid droplets), residues of lysosomal
degradation [26]. Lysosomes were also noticed in preovulatory human oocytes maturing
in vitro at the metaphase I stage from stimulated patients [25]. A representative archived
micrograph of lysosomes from fully stimulated human oocytes is shown in Figure 1B.

3.3. Oolemma
Microvilli, Perivitelline Space (PVS) and Zona Pellucida (ZP) Texture

Numerous fine microvilli were observed closely on the oocyte surface after enzymatic
removal of the zona pellucida in GV oocytes from unstimulated patients. Twenty-eight
hours of culture determined an extension from the surface of the plasma membrane into
the ZP [23]. Numerous slender microvilli, 4–5 μm long, extended from the surface of
the cells [20]. A continuous layer of thin and long microvilli covered the oocyte surface
in leftover human GV-stage oocytes after full stimulation; by contrast, after vitrification,
an irregular coverage of small and short microvilli was noted in the 40% of observed
oocytes [22]. Moreover, when GV-stage oocytes were collected from a PCOS patient after
COS, microvilli were rare and small [28]. In GV-stage oocytes collected from a PCOS patient,
the PVS was very narrow, the outlines of the ZP were sharp and the ZP was less dense in
the exterior and denser in the interior [28].

Immature oocytes retrieved from an in vitro fertilization program showed, by SEM,
a smooth and compact surface of the zona pellucida, different from the spongy appearance
in mature oocytes [36]. Human GV oocytes show corona radiata processes extending
through the ZP, some ending in bulbous or club-shaped terminals containing microfila-
ments, granular vesicles, and a few lysosomes [25]. A representative micrograph of the
cortical ooplasm, oolemma, microvilli, PVS and ZP from fully stimulated human oocytes is
shown in Figure 2.
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Figure 2. Representative unpublished archived TEM micrographs of GV-stage human oocytes from
stimulated ovaries [22,29,30] showing in (A) the cortex with a pale and spongy zona pellucida (ZP)
crossed by numerous residues of transzonal projections (TZP) and a thinner perivitelline space (PVS)
in which numerous thin microvilli (mv) protruding from the oolemma are visible. The ooplasm is
characterized by the rare presence of suboolemmal cortical granules (CG) and numerous mitochondria
(m), which are often present in clusters in the inner ooplasm. TEM, bar: 1 μm; (B) higher magnification
of the cortical ooplasm with round-to-ovoid mitochondria (m), slightly electron-dense cristae and
rare cortical granules (CG). The oolemma is folded in numerous microvilli (mv) protruding in the
perivitelline space. ZP: zona pellucida. TEM, bar: 800 nm.

4. Oocyte Quality and Early Embryo Development from ART Cycles

After ovulation triggering through hCG administration, the oocyte retrieval results in
the collection of both mature MII-stage oocytes (~70–85%) and immature GV-/MI-stage
oocytes (up to 30%) [37–39]. The number of immature oocytes, when high after transvaginal
retrieval, is generally considered a marker of poor oocyte quality [40,41], and can increase
exponentially in PCOS patients [42,43]. During the next steps of IVF, the oocyte quality
covers a pivotal role in determining embryonic development and in increasing the chances
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of a successful clinical pregnancy. The definition of oocyte quality is dependent on its
potential and ability to undergo meiotic maturation and fertilization process, to achieve the
proper embryonic development and to further clinical pregnancy [44]. The quality of human
GV-stage oocytes can be evaluated by morphological markers such as the surrounded
nucleolus (SN) and non-SN, which identify high and low developmental potential cells and
consequent IVM outcomes [45]. Literature data, although limited, provide the scientific and
medical community with information about the importance of GV-oocyte quality utilized in
IVF programs. Escrich and collaborators [46] identified two oocyte populations by real time-
lapse recording, defined on the early or late timings of maturation (E-IVM oocytes: less than
20 h; and L-IVM oocytes: up to 30 h, respectively), which were mainly affected by the hours
needed for the GVBD. While E-IVM oocytes reached the activation rate and pronucleus (PN)
formation in a percentage comparable to in vivo matured oocytes, the L-IVM group showed
abnormal patterns in chromatin segregation that impair normal PN formation and, thus,
fertilization rates and embryo formation/development [46]. The importance of maturation
timings was confirmed by Yang and collaborators, who additionally highlighted the role
of serum progesterone levels, as well as GV-MI maturation, for a better developmental
potential of IVM oocytes [47]. Furthermore, the quality of immature oocytes before and
during IVM is pivotal for increasing the chances of success in women with low functional
ovarian reserve. The application of a correct maturation of these oocytes can add the
+60% of the total embryos available for transfer, providing an improvement in pregnancy
and delivery chances [48]. On the other hand, a non-randomized prospective trial [49]
suggested double ovarian stimulation (DuoStim) as an alternative solution to the rescue
IVM of oocytes retrieved from ovarian reserve poor-prognosis women. The application of
DuoStim resulted in higher efficiency in terms of oocyte competence, embryo viability and
quality [49]. Due to the reasons here discussed, the use of GV-stage oocytes is still limited
in routine clinical practice; thus, more studies are needed on this topic to provide a deeper
knowledge of its potential applications in ARTs.

5. Unstimulated Vs. Stimulated GV-Stage Oocytes

The oocyte retrieval in natural cycles has been the main source of female germ cells
since the beginning of IVF history [50,51]. This procedure consists of the transvaginal
aspiration of oocytes from mature follicles and, to date, is mainly applied in PCOS patients
and poor responders, or highly recommended to couples in which the woman is under the
age of 40 and there is no male factor infertility. Nowadays, women undergoing ARTs are
subjected to COS, which allows the maturation and ovulation of multiple follicles through
the injection of exogenous gonadotropins [40]. Both unstimulated and stimulated cycles
display a plethora of advantages and disadvantages for the successful retrieval of mature
oocytes. Regarding natural unstimulated cycles, the advantages reside in decreasing the
risk of ovarian hyperstimulation syndrome (OHSS), costs, and in avoiding the use of hor-
mones for ovarian stimulation; moreover, IVF cycles may be frequently repeated, thus
reducing the perinatal adverse outcomes and side effects of endometrial functions [52–54].
However, the efficiency of unstimulated cycles is counterbalanced by a lower number of
available oocytes and, therefore, of embryos to be transferred, together with decreased
pregnancy rates per cycle and increased cancellation rate (more than 30%) due to premature
ovulation [55]. On the other hand, the advantages of using COS in IVF cycles include
an increased number of oocytes available during follicular aspiration, and thus a greater
number of embryos to be transferred to the uterine cavity [56]. Nevertheless, the admin-
istration of exogenous hormones, especially at high doses or in the case of repeated IVF
cycles, can decrease endometrial receptivity, increase the risk of OHSS breast cancer and is
associated with higher costs per cycle [57]. In both unstimulated and stimulated cycles, a
high number of immature oocytes from secondary follicles are frequently retrieved and
may undergo IVM [58]. This may increase pregnancy rates, although the percentages of
successful full-term pregnancy and live birth rates from immature oocytes after IVM are
still very low [48]. Particularly, a more numerous retrieval of immature oocytes may be
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correlated with the COS protocol utilized, i.e., when Follicle Stimulating Hormone (FSH),
GnRH antagonist and short GnRH agonist protocols are preferred to FSH/LH, GnRH
agonist and long GnRH agonist protocols, the former characterized by the administration
of GnRH agonist on cycle-day 21 followed by gonadotropin from cycle-day 2 to 14 [59–61].
Therefore, GV-stages oocytes from both unstimulated and stimulated follicles have special
importance for those patients with a history of unsuccessful treatments, representing an
alternative solution for a tailored ART optimization in a patient-friendly and -specific
manner. In this regard, IVM and oocyte cryopreservation may be applied, even if the
potentiality of using immature oocytes is not yet assessed.

6. In Vitro Maturation (IVM)

Among the relevant ARTs, oocyte-cumulus complexes can be retrieved after the
aspiration of mid-sized follicles and subsequently cultured for 24–48 h for undergoing
the process of IVM. Moreover, GV-stage oocytes that did not undergo the transition to
MII-stage after stimulation can be found in the pool of retrieved oocytes and subjected to
IVM [62]. The IVM of these “leftover” immature (GV-stage) oocytes with developmental
competence represents a potential tool for ART patients, in particular for poor responders,
PCOS women, and for avoiding the side effects of OHSS [29,63,64]. While discarded in
the past, today GV oocytes can be cryopreserved before or after IVM, thus increasing the
opportunity for achieving a pregnancy [19,29]. However, the successful application of IVM
on leftover oocytes is still facing issues, mainly due to defects in the cytoplasmic maturation
or asynchronous cytoplasmic and nuclear maturation [30,46,65]. Additionally, the delayed
timings of fertilization after MII arrest and meiotic spindle assembly significantly impair
embryo developmental potential [30,66]. Notably, the IVM rates of GV-stage oocytes from
unstimulated and stimulated cycles highlight differences that seem to be strictly associated
with culture media, age, infertility factor and the presence of cumulus cells [67].

6.1. IVM of Unstimulated GV-Stage Oocytes

The first live birth after IVM resulted from oocytes retrieved from an unstimulated
woman affected by PCOS and was reported in 1994 by Trounson and collaborators [68].
The IVM process is similar in stimulated and unstimulated cycles, although in the latter
it appears to be less efficient, due to a lower number of retrieved oocytes and a decrease
in both cleavage and pregnancy rates [69,70]. However, pilot studies highlighted dif-
ferences between the IVM of stimulated and unstimulated oocytes, as structural and
molecular changes [71], and a protein synthesis profile that leads to different germinal
vesicle break-down (GVBD) time courses [72]. IVM of immature oocytes from unstim-
ulated cycles evidenced smaller diameters after denudation (96–125 μm) and decreased
in vitro competence than in stimulated cycles [73,74]. As a consequence, hCG priming
before oocyte retrieval in control and PCO/PCOS patients increased oocyte maturation and
fertilization rates, developmental potential and clinical pregnancy rates, when compared to
unstimulated cycles [75,76]. Liu and collaborators scored GV- and MI-stage oocytes from
unstimulated PCOS patients according to nuclear maturation, cumulus cells-oocyte shape
and morphology. Maturation, fertilization and cleavage rates were similar between the two
groups, while it is worth noting that the number of retrieved GV-stage oocytes showed a
threefold increase in comparison with MI-stage oocytes [77]. This reinforces the need to
better optimize ART settings for GV-stage oocytes.

6.2. Rescue IVM from Stimulated Oocytes

Nowadays, new strategies are still needed for low functional ovarian reserve patients
with abnormally elevated FSH, together with abnormally low age-specific anti-mullerian
hormone (AMH) levels [78], and for poor responder patients [64]. One of the clinical issues
of these women is poor oocyte quantity and quality after retrieval. Approximately, up
to 30% of the retrieved oocytes are immature (GV- or MI-stage) and need to be matured
in vitro to increase the possibilities of a successful IVF cycle [79]. Oocytes that matured
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on Day 1 after retrieval were significantly higher in quality than those that matured later
on [80]. Hormonal supplementation with key hormones as Epidermal Growth Factor (EGF)
or EGF-like growth factors such as amphiregulin (AREG) and epiregulin (EREG), improved
meiotic resumption and nuclear maturation [81]. Notably, a significantly higher percentage
of GV-stage oocytes that matured, as evidenced by PBI extrusion, were detected when
GVBD occurred in the central nucleolus rather than in the peripheral nucleolus [82]. As
long as this procedure is considered a valuable tool for increasing the chances of successful
fertilization and embryo development, it is worth mentioning that rescue IVM of GV
oocytes could negatively influence embryo morphokinetics, with particular regard to the
timings of the overall embryo formation and development and cleavage patterns [83].

7. Cryopreservation

One of the major debates regarding fertility preservation concerns the cryopreserva-
tion of GV-stage oocytes before or after IVM when they will reach the MII-stage. In 1998,
Tucker and collaborators published the first birth from GV-stage oocytes that were first
cryopreserved and, after thawing, matured in vitro [83]. After ICSI and the achievement of
the cleavage stage, the newly formed embryos underwent embryo transfer and resulted
in a live birth of a female infant [84]. The role of cumulus cells during immature oocyte
cryopreservation is still unclear [85–87]. The presence of somatic cells during oocyte cry-
opreservation may exert a protective role against anisotonic conditions and stress derived
from osmotic changes, mainly induced by the rapid influx and efflux of cryoprotectants
during pre-freeze and post-thawing periods [88]. Among the different procedures of cryop-
reservation, the two methods mostly studied and applied in the clinical daily processes are
the slow freezing and vitrification methods, further discussed in this section.

7.1. Slow Freezing

The slow-freezing method on GV-stage oocytes is an alternative strategy of cryop-
reservation aimed at avoiding spindle depolymerization, decreasing the risk of polyploidy
and/or aneuploidies. The reason relies on the diffuse chromatin status at this stage of
oocyte maturation and the presence of the nuclear membrane surrounding and protecting
the DNA [89]. This method improves oocyte survival rates, and does not, concomitantly,
increase the rates of maturation and fertilization or embryonic development [90,91]. The ad-
vent of vitrification, quick, economic and safe, progressively reduced the use of slow freez-
ing, more subject to the formation of ice crystals in the intra- and extracellular spaces [92].
The warming/thawing process countersigned the main significant difference between slow
freezing and vitrification, with rapid warming being more efficient in terms of survival
rates than rapid thawing [93]. However, a study of GV and MII oocytes subjected to the two
different cryopreservation methodologies found no difference in terms of mitochondrial
distribution and viability rates [94].

7.2. Vitrification

Among cryopreservation protocols, vitrification is the gold standard for the oocyte
and embryo “freeze-all” strategy [95]. It can be performed by using either open or closed
systems, which are in direct and indirect contact with liquid nitrogen, respectively [96,97].
Regarding slow freezing, the use of vitrification achieved better oocyte survival and higher
pregnancy rates [98,99]. Oocyte maturation rates were reduced in GV-stage oocytes sub-
jected to IVM after cryopreservation in comparison with fresh in vitro matured oocytes [100].
Nevertheless, considering the statistics regarding healthy live births, the literature data
demonstrate that vitrification of oocytes subjected to IVM is still less effective compared to
its in vivo ovulated counterpart [29]. Due to the use of high concentrations of cryoprotec-
tants for oocyte vitrification and the high cytotoxicity of these chemicals, linked to osmotic
changes [101], the application of vitrification and the following clinical efficiency needs to
be further investigated and be strengthened with multiple controlled clinical trials [102].
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8. Mitochondrial Replacement

One of the latest ARTs is mitochondrial replacement therapy (MRT). The main function
of mitochondria in eukaryotic cells is the production of ATP through oxidative phosphory-
lation. Being the only semi-autonomous organelle of the cell, the mitochondrion carries up
to 10 copies of mitochondrial DNA (mtDNA), which represent around 0.1% of the genome
present in a cell [103]. The mtDNA mutations, which can be inherited only from the ma-
ternal counterpart, may cause severely debilitating syndromes in newborns, or lead to
abortion during pregnancy [104,105]. Besides the clinical difficulties in the MRT, it faces the-
ological and ethical issues because of the involvement of a mitochondrial donor in embryo
formation [106]. Thus, the newborn will have three distinct genetic materials: the paternal
through the spermatozoon, the maternal through the nuclear DNA of the oocyte, and the
donor through the healthy cytoplasmic mtDNA, ultimately generating a “three-parent
baby” [107]. To date, several techniques are eligible for MRT, which consists preferably
of the removal of the nuclear genome from the oocyte or zygote carrying the mtDNA
mutation and transferring to a healthy enucleated oocyte [108,109]. Among the MRT tech-
niques, ooplasm transfer (OT), spindle transfer (ST), pronuclear transfer (PNT) and polar
body transfer (PBT) are the most widely known and used in ART procedures [107,110].
The OT technique consists of the transfer of 5–15% of the ooplasm of a healthy donated
oocyte to the oocyte-carrying mutated mtDNA and is one of the most controversial among
MRTs [111]. However, OT treatment resulted in 50 clinical pregnancies and more than
30 live births [109,112]. The transfer of the pathological maternal MII-stage oocytes spin-
dle to a healthy donor’s ooplasm previously deprived of its spindle has been applied to
human oocytes by Tachibana and collaborators in 2013 [113]. The first clinical pregnancy
leading to a live birth using ST was reported in 2017 [114]. Interestingly, germinal vesicle
transfer (GVT) is also included among the MRT techniques, even if to date only two studies
on mouse models have been reported, with unpromising results [115,116]. Briefly, GVT
consists of the transplantation of the GV from a patient’s immature oocyte to a healthy
donor enucleated one. The pivotal issue of this technique resides in the need of subjecting
the new immature oocytes to IVM for obtaining a mature oocyte ready for fertilization.

9. Conclusions

ART laboratories might improve the use of immature GV-stage oocytes for further
applications during routine procedures due to an increasing percentage of women unable
to achieve oocyte maturation in unstimulated or stimulated cycles. The current application
of GV-stage oocytes in ARTs is still limited and a matter of debate, underlining the necessity
of morphofunctional studies for shedding light on the correct use of these “leftover”
oocytes. TEM and SEM are the most powerful tools for assessing the fine structure of
immature human oocytes, allowing the qualitative evaluation of pivotal organelles such as
the nucleus, mitochondria, vacuoles and lysosomes before or after COS protocols, IVM and
freezing strategies. However, due to the limited number of available leftover oocytes for
these purposes, more studies are necessary for clarifying the most efficient use of GV-stage
oocytes for ART optimization.
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Abstract: L-proline (Pro) has previously been shown to support normal development of mouse
embryos. Recently we have shown that Pro improves subsequent embryo development when added
to fertilisation medium during in vitro fertilisation of mouse oocytes. The mechanisms by which
Pro improves embryo development are still being elucidated but likely involve signalling pathways
that have been observed in Pro-mediated differentiation of mouse embryonic stem cells. In this
study, we show that B0AT1, a neutral amino acid transporter that accepts Pro, is expressed in mouse
preimplantation embryos, along with the accessory protein ACE2. B0AT1 knockout (Slc6a19−/−) mice
have decreased fertility, in terms of litter size and preimplantation embryo development in vitro.
In embryos from wild-type (WT) mice, excess unlabelled Pro inhibited radiolabelled Pro uptake
in oocytes and 4–8-cell stage embryos. Radiolabelled Pro uptake was reduced in 4–8-cell stage
embryos, but not in oocytes, from Slc6a19−/− mice compared to those from WT mice. Other B0AT1
substrates, such as alanine and leucine, reduced uptake of Pro in WT but not in B0AT1 knockout
embryos. Addition of Pro to culture medium improved embryo development. In WT embryos, Pro
increased development to the cavitation stage (on day 4); whereas in B0AT1 knockout embryos Pro
improved development to the 5–8-cell (day 3) and blastocyst stages (day 6) but not at cavitation
(day 4), suggesting B0AT1 is the main contributor to Pro uptake on day 4 of development. Our results
highlight transporter redundancy in the preimplantation embryo.

Keywords: proline; amino acid transporter; Slc6a19; B0AT1; preimplantation embryo; mouse

1. Introduction

Amino acids (AAs) play important roles in mammalian preimplantation develop-
ment [1–4]. Reproductive fluid in the oviduct and uterus contains a mixture of all essential
(EAA) and non-essential AAs (NEAA) which support embryo development from fertilisa-
tion to implantation [5,6]. During in vitro culture of mouse embryos, addition of NEAAs to
the medium promotes cleavage to the 8-cell stage [1,7] whereas addition of EAAs has no
effect until after the 8-cell stage, when they promote an increased number of cells in the
inner cell mass (ICM) [1].

Some AAs, such as alanine, glycine, glutamine and taurine, are present at millimolar
concentrations in reproductive tract fluid [5] and can be accumulated to the same or higher
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concentrations within the developing embryo to prevent cell volume changes caused by
the high osmolality (300–310 mOsm/kg) of reproductive fluid [8]. In addition to their role
as organic osmolytes, AAs are also important for protein synthesis [9], as an energy source
for production of ATP [10], for buffering of intracellular pH, and regulation of reactive
oxygen species (ROS) either by use in the production of glutathione or by direct ROS
scavenging [11]. L-proline (Pro), for example, is able to directly scavenge ROS and when
added to culture medium (in the absence of all other AAs), at a concentration similar to
that found in reproductive fluid [6], improves mouse preimplantation embryo develop-
ment [4]. Recently, we have shown that adding Pro and/or its analogue pipecolic acid
to fertilisation medium during in vitro fertilisation (IVF) of oocytes increases subsequent
embryo development, blastocyst formation and the number of cells in the ICM [12]. The
improvement in development induced by Pro may be attributed to a reduction of mito-
chondrial activity and ROS levels in oocytes [12]. Collectively, these and other results
show that Pro (and its metabolites) act in a growth factor-like manner by a variety of
interconnected mechanisms including signal transduction activation, regulation of ROS
levels and mitochondrial activity, and modulation of the epigenetic landscape as shown
either in embryos themselves [4,12] or using embryonic stem (ES) cells as an in vitro model
of embryo development [13–16].

For AAs to have a beneficial effect on preimplantation development they must be
taken up into the embryo via AA transporters (AATs). During early embryo development,
AATs are expressed in a stage-specific manner reflecting, in part, the changing nutritional
needs of the developing embryo. For example, there are multiple transporters for Pro in
the preimplantation embryo, which are expressed at various stages. In the cumulus oocyte
complexes (COCs), Pro can be taken up by cumulus cells surrounding the oocyte [17] via
y+LAT2 (Slc7a6) [18] and GlyT (Slc6a5 and/or Slc6a9) [19] and Pro is then transferred to the
oocyte via transzonal gap junctions. In oocytes themselves, Pro is taken up by one or more
transporters, including GlyT1 (Slc6a9) [19,20], PROT (Slc6a7), and PAT1 and/or 2 (Slc36a1,
Slc36a2) [12]. After fertilisation, Pro is transported via SIT1 (Slc6a20), which is active in the
zygote and 2-cell stage [21], as well as by GlyT1, which is active in 8-cell and blastocyst
stages [20]. System A transporters are the major transport system in the ICM [22]. In mouse
ES cells, Pro uptake by SNAT2 (Slc38a2) promotes differentiation [13,23].

Improved development of zygotes to the blastocyst stage induced by Pro in culture
medium is prevented by the addition of a molar excess of glycine (Gly), betaine (Bet) and
leucine (Leu) [4]. This profile for AA transport is consistent with that for the transporter
B0AT1 (Slc6a19). In somatic cells, B0AT1 is expressed in the kidney, intestine, colon and
prostate, and is a major transporter of neutral AAs, including Pro, across the plasma
membrane [24]. Autosomal recessive inheritance of SLC6A19 mutations in humans leads
to poor absorption of AAs from the gut, or poor retention of AAs by the kidneys, causing
Hartnup disorder [24,25]. Mice in which Slc6a19 has been knocked out (Slc6a19−/−) [26]
exhibit symptoms of neutral aminoaciduria characteristic of Hartnup disorder. However,
the effect of the loss of B0AT1 expression on reproductive capacity and in vitro development
of embryos lacking B0AT1 has not been reported.

In this study, we therefore investigated whether B0AT1 is expressed during mouse
preimplantation embryo development, along with known accessory proteins, and exam-
ined the role of B0AT1 in fertility and embryo development by utilising B0AT1 knockout
(Slc6a19−/−) mice. Our findings show that B0AT1 is expressed throughout preimplanta-
tion development. The accessory protein ACE2 was also expressed, while its paralogue
collectrin (TMEM27) was not present at any pre-implantation stage. Slc6a19−/− mice had
decreased litter size compared to wild-type (WT). In addition, the development of embryos
obtained from Slc6a19−/− mice to the blastocyst stage was decreased compared to embryos
from WT mice, suggesting an important role for B0AT1 in normal embryo development.
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2. Methods

2.1. Animals (Mus musculus)

Generation N8 Slc6a19−/− mice [26] were fully backcrossed to N10 on C57Bl/6 back-
ground (Centenary Institute). Wild-type C57Bl/6 mice were obtained from Australian
BioResources. Outbred Quackenbush Swiss (QS) mice (Animal Resource Centre, Perth,
WA, Australia and Lab Animal Services, The University of Sydney, NSW, Australia) were
housed under a 12 h light: 12 h dark cycle and experiments were performed under the
Australian Code of Practice for the Care and Use of Animals for Scientific Purposes and in
accordance with the University of Sydney Animal Ethics Committee, as required by the
NSW Animal Research Act (5583 and 824) and by Sydney Local Health District Animal
Ethics Committee (2016-031).

2.2. Isolation of Oocytes and Embryos

Female mice (4–8 weeks of age) were superovulated by intraperitoneal injection of
10 IU pregnant mare serum gonadotropin (PMSG; Intervet, Vic., Australia) followed by
10 IU human chronic gonadotropin (hCG; Intervet) 48 ± 2 h later. Immediately after hCG
injection, female mice were individually housed and paired with QS, C57BL6 (WT) or
Slc6a19−/− male mice (2–8 months of age). Slc6a19−/− embryos were obtained by mating
Slc6a19−/− female with Slc6a19−/− male mice. Female mice were sacrificed by cervical
dislocation at either 13, 24, 46, 56, 68, 80 or 92 h post-hCG to obtain oocytes, zygotes,
2–, 4–, 5–8-cell or morula stage embryos or blastocysts, respectively. Unfertilised oocytes
and embryos were dissected from the oviduct or flushed from the reproductive tract into
HEPES-buffered modified human tubal fluid (HEPES-modHTF). Bovine serum albumin
(BSA; 0.3 mg/mL) was added to all media at a reduced amount to minimise the possibility
of BSA breakdown into free AAs in the media. The concentration of NaCl in media was
adjusted to give an osmolality of 270 mOsm/kg, as described previously [4]. Cumulus cells
were removed by gently pipetting oocytes with a fine glass pipette for 1 min in HEPES-
modHTF + 1 mg/mL hyaluronidase, followed by washing oocytes through three drops of
modHTF + 0.3 mg/mL BSA. Denuded oocytes and embryos were allocated for embryo
culture, L-[3H]-Pro uptake or immunostaining experiments.

2.3. Culture of Zygotes from WT and Slc6a19−/− Mice In Vitro

Freshly isolated zygotes (day 1) were washed through at least three drops of HEPES-
modHTF in the absence of AAs and then cultured in 96-well plates (Corning, NY, USA)
to the blastocyst stage (120 h, day 6) at low density (1 embryo/100 μL) in modHTF +
0.3 mg/mL BSA ± 0.4 mM Pro at 37 ◦C in humidified air with 5% CO2 under mineral oil.
Embryos were scored for developmental stage every 24 h. The concentration of Pro used
was previously shown to improve in vitro embryo development [4] and is similar to its
physiological concentration in fluid of the reproductive tract [6]. Culture experiments were
repeated 4–6 times with 5–21 embryos per treatment group per experiment.

2.4. Measurement of L-[3H]-Pro Uptake in Oocytes and Embryos

To measure the uptake of L-[3H]-Pro from medium, groups of 1–4 freshly isolated
oocytes or embryos were allocated to 20 μL drops containing 1 μM L-[3H]-Pro (L-[2,3,4,5-
3H]-proline (1 mCi/mL; Perkin-Elmer, Vic., Australia, NET483001MC) in HEPES-modHTF
± molar excess unlabelled AAs (5 mM for all AAs except Pro, which was used at 0.4 mM)
covered with mineral oil and incubated for 60 min at 37 ◦C in humidified air with 5%
CO2. The L-isomer was used for all unlabelled chiral AAs (Sigma Aldrich, St. Louis, MO,
USA). A time-course experiment was previously performed to show L-[3H]-Pro uptake was
linear for at least 60 min (data not shown; [12]). After incubation in each treatment, oocytes
and embryos were immediately washed through cold HEPES-modHTF media (4 ◦C) and
aspirated onto a filter mat (Perkin-Elmer, Vic., Australia, #1450-421) with 4 mL scintillation
fluid (Perkin-Elmer, Vic., Australia, #6013371). Each sample group was analysed for 30 min
in a MicroBeta TriLux Plate Counter (PerkinElmer, Vic., Australia). A standard curve was
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created from a serial dilution of 1 μM L-[3H]-Pro and fitted by linear regression to enable
calculation of uptake in fmol min–1 oocyte–1 (or embryo–1) for each separate experiment.

2.5. Immunoflurescent Staining and Confocal Microscopy of COCs and Embryos

After isolation or following culture, oocytes and embryos were fixed in 4% (w/v)
paraformaldehyde (PFA) for 30 min at room temperature then washed three times in PBS +
1 mg/mL polyvinyl acid (PBS + PVA; Sigma-Aldrich, St. Louis, MO, USA). Oocytes/embryos
were permeabilised with PBS + PVA + 0.3% (v/v) Triton X-100 for 30 min and blocked by in-
cubation in PBS + PVA + 0.1% (v/v) Tween-20 + 0.7% (w/v) BSA (PPTB) for 30 min at room
temperature. Primary antibodies were diluted 1 in 200 in PPTB and included polyclonal
chicken anti-human B0AT1 (custom antibody from Aves Laboratories; immunising peptide
CZ-DPNYEEFPKSQK representing aa 564–574 of B0AT1 protein [27]), rabbit anti-human
ACE2 (Abcam, Cambridge, UK, Cat. No. ab15348; RRID:AB_301861) and mouse anti-
collectrin (Alexis Biochemicals, San Diego, CA, USA). Appropriate control sera for each
staining included pre-immune IgY serum (chicken) and purified IgG (rabbit and mouse).
Oocytes and embryos were incubated in primary antibody for 2 h at room temperature
and washed three times in PPTB. Secondary antibodies used were Alexa Fluor 594-coupled
goat anti-chicken IgG (diluted 1:500), Alexa Fluor 488-coupled goat anti-rabbit IgG (diluted
1:200) and anti-mouse IgG (diluted 1:200). For staining of embryos for only B0AT1, the
secondary antibody was diluted in PPTB containing FITC-conjugated phalloidin (1:200,
Invitrogen, Carlsbad, CA, USA, Cat. No. F432). Oocytes and embryos were incubated in
the dark for 1 h at room temperature and washed three times in PPTB then mounted in 3 μL
Vectashield containing 1.5 μg/mL DAPI (Vector Laboratories, Newark, CA, USA). Images
of oocytes and embryos were taken using confocal microscopy (LSM 510 Meta, Carl Zeiss,
Oberkochen, Germany) using 405, 488 and 516 nm lasers and a 40× objective. Images were
prepared using Fiji by Image J and are representative of 6–9 embryos stained from three
separate embryo isolations.

2.6. Statistical Analyses

Embryo culture experiments were performed 4–6 times with 5–21 embryos per treat-
ment group per experiment. The number of embryos developing to a particular stage was
summed together from each replicate and the percentage development calculated. The
total number of embryos in each group is provided in each figure and differences between
treatment groups were determined by chi-square analysis. AA uptake experiments were
conducted at least three times with 1–4 oocytes or embryos per treatment group. The
average uptake of L-[3H]-Pro for each treatment was calculated and the difference between
groups compared by Student’s t-test or 1-way ANOVA with Dunnett’s post hoc test, as
indicated in the figure legends. Data analysis was performed using GraphPad Prism v7.

3. Results

3.1. B0AT1 Is Expressed in Preimplantation Embryos

The stage-specific expression of the B0AT1 transporter in the preimplantation embryo
was investigated by immunostaining. Embryos were counterstained with phalloidin, which
binds to F-actin including subcortical F-actin, thereby enabling the identification of the
periphery of each blastomere. Expression of B0AT1 was detected with F-actin at or near the
plasma-membrane of embryos at all developmental stages examined, but not at the surface
of contact between blastomeres (Figure 1). In 1-cell through to 8-cell stages, B0AT1 staining
was observed in the cytoplasm close to the plasma membrane. B0AT1 was also detected in
the apical and basolateral membranes of trophoblast cells and at the plasma membrane of
inner cell mass cells in blastocysts (Figure 1).
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Figure 1. B0AT1 is expressed throughout preimplantation mouse embryo development. Embryos
from QS mice were freshly isolated at 1-, 2-, 4-, and 8-cell, morula and blastocyst stages, fixed and
immunostained for B0AT1 (red) and counterstained for F-actin with phalloidin (green) and nuclei
with DAPI (blue). Fluorescent images were captured by confocal microscopy using a 40× objective.
No staining was observed when a pre-immune IgY equivalent was used as a negative control for
B0AT1 staining (not shown). Scale bar = 50 μm for all images.

3.2. The B0AT1 Accessory Protein ACE2 Is Expressed in the Preimplantation Embryo

Trafficking of B0AT1 to the plasma membrane is dependent on the co-expression of an
accessory protein, either angiotensin converting enzyme 2 (ACE2) or collectrin [28–30]. Em-
bryos were therefore immunostained with the B0AT1 antibody together with either ACE2 or
collectrin antibodies to investigate whether one or both accessory proteins associated with
B0AT1 in preimplantation embryos. B0AT1 colocalised with ACE2 in all preimplantation
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stages up to and including the blastocyst (Figure 2A). No collectrin staining was observed
at any embryonic stage (Figure 2B).

 

Figure 2. ACE2 colocalises with B0AT1 in the mouse preimplantation embryo. Embryos were freshly
isolated from QS mice at 1-, 2-, 4-, and 8-cell, morula and blastocyst stages, fixed and immunostained
for B0AT1 (red) and (A) ACE2 (green), or (B) collectrin (green). Nuclei were counterstained with
DAPI (blue). Fluorescent images were captured by confocal microscopy using a 40× objective. No
staining was observed when a pre-immune IgY or IgG equivalent was used as a negative control for
the primary antibodies (not shown). Scale bar = 50 μm for all images.

3.3. Fertility of Slc6a19−/− Mice Is Reduced

To confirm the role of B0AT1 in early embryonic development, we examined a Slc6a19-
nullizygous mouse model previously reported by us [26]. Firstly, the absence of B0AT1
protein in COCs and blastocysts from Slc6a19−/− mice was confirmed by immunostaining
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(Figure 3A). In viable mice, litter size in Slc6a19−/− mice (KO × KO; 3.8 ± 1.5 (mean ± SD))
was significantly reduced compared to that in both WT (WT × WT; 6.4 ± 1.3 (mean ± SD),
p < 0.001) and heterozygous mice (het × het; 6.2 ± 2.2 (mean ± SD), p < 0.0001) (Figure 3B),
indicating B0AT1 deficiency negatively impacts fertility and/or live birth rate.

Figure 3. B0AT1 deficiency impairs mouse fertility. (A) COCs and blastocysts were freshly isolated
from (i) WT and (ii) Slc6a19−/− mice and immunostained for B0AT1 (red) and DAPI (blue) to confirm
loss of B0AT1 protein in knockouts. Scale bar = 50 μm for all images. No staining was observed when
a pre-immune IgY was used as a negative control for B0AT1 staining (not shown). (B) The number of
pups born from wild-type (WT × WT) [31], heterozygous (het × het) and homozygous Slc6a19−/−

mice (KO × KO) intercrosses. Data show mean ± SD; *** p < 0.001, **** p < 0.0001, ns is not significant.
Statistical analysis was performed using a one-way ANOVA with Tukey’s post hoc test for multiple
comparisons.

3.4. Pro Uptake by Embryos from WT and Slc6a19−/− Mice Is Dependent on Developmental Stage

The rate of uptake of L-[3H]-Pro by oocytes and 4–8-cell stage embryos from WT and
Slc6a19−/− mice was examined in the absence (No AA) and presence of excess unlabelled
Pro. In both of these developmental stages from WT mice, excess unlabelled Pro signifi-
cantly decreased the rate of L-[3H]-Pro uptake (Figure 4), indicating the presence of one
or more AAT(s) for Pro. Whereas in oocytes and 4–8 cell embryos from Slc6a19−/− mice,
unlabelled Pro failed to prevent L-[3H]-Pro uptake (Figure 4), suggesting B0AT1 is normally
an active AAT at these stages in WT mice. Any uptake now in the Slc6a19−/− mice is via a
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compensatory mechanism, which is not inhibited by the presence of excess unlabelled Pro
(see Discussion).

Figure 4. Excess unlabelled Pro reduces the rate of L-[3H]-Pro uptake in WT but not Slc6a19−/−

embryos. Rate of uptake of 1 μM L-[3H]-Pro in (A) oocytes, and (B) 4–8-cell embryos from wild-
type (WT) and Slc6a19−/− mice without (No AA) or with molar excess of unlabelled Pro (0.4 mM).
Each bar represents the mean ± SEM with the number of replicates given in parentheses. Each
replicate was performed on 1–4 oocytes or embryos over at least 3 independent experiments. Data
were analysed by Student’s t-test. ‘No AA’ bars with different letters (a,b) are significantly different
(p < 0.05). *** and **** indicate p < 0.001 and p < 0.0001 respectively; ns, not significant (p > 0.05) for
No AA vs Pro.

3.5. Pro Is Taken up by B0AT1 and/or an Unknown Betaine-Sensitive Pro Transporter

B0AT1 is a sodium-dependent neutral AAT which accepts Pro, Leu and Ala but not
Bet [32]. Previously, we have shown that PROT and PAT1/2 transporters are responsible
for the uptake of Pro in oocytes [12]. Here, we also investigated the competitive effect of
B0AT1 substrates on the rate of Pro uptake at the 4–8-cell stage. All 3 AAs significantly
decreased the rate of L-[3H]-Pro uptake in embryos from WT mice (Figure 5A) but not in
embryos from Slc6a19−/− mice (Figure 5B).

Figure 5. Characteristics of AA transport are different in embryos obtained from Slc16a19−/− mice
compared to embryos from WT mice. Rate of uptake of L-[3H]-Pro was measured in 4–8-cell stage
embryos from (A) WT or (B) Slc6a19−/− mice without (No AA) or with molar excess (5 mM) of
unlabelled AAs. Each bar represents the mean ± SEM with the number of replicates given in
parentheses. Each replicate was performed on 1–4 embryos over at least 3 independent experiments.
Data were analysed using one-way ANOVA with Dunnett’s post hoc test. *** p < 0.001 compared to
No AA. Bet = betaine, Leu = leucine, Ala = alanine. Note that bars for No AA and Pro in this figure
are the same data as in Figure 4.
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3.6. B0AT1 Is Needed for Pro Uptake and Optimal Development at Day 4 of Development

The effect of loss of B0AT1 on embryo development was examined by culturing em-
bryos from WT and Slc6a19−/− mice from the zygote to blastocyst stage in medium ± 0.4 mM
Pro (Figure 6). On day 2 (i.e., at the 2-cell stage), there was no significant difference in
development between WT and Slc6a19−/− embryos with no AAs. Fewer Slc6a19−/− em-
bryos developed in medium containing no AA to the ≥5-cell stage by the appropriate
time (i.e., by day 3) and to the blastocyst stage (days 5 and 6) (Figure 6A). Addition of
0.4 mM Pro to the culture medium largely rescued the decreased development of embryos
from Slc6a19−/− mice, except at day 4, when fewer embryos had cavitated, suggesting
slower development at this point (Figure 6B). Note, that in embryos from WT mice, Pro
significantly increased development to the appropriate stage on day 4 (p < 0.001). Whereas
in Slc6a19−/− embryos, Pro increased development on days 3 and 6 (p < 0.05) compared to
embryos cultured in medium containing no AA. These data suggest that in the absence
of B0AT1, Pro can be taken up by other transporter(s) on days 3 and 6 but not on day 4 of
preimplantation development.

Figure 6. Pro improves development of Slc6a19−/− embryos at ≥5–8-cell and blastocyst stages.
Zygotes were cultured in the (A) absence of AAs, or (B) in the presence of 0.4 mM Pro and scored
for development to the appropriate stage every 24 h (i.e., to the 2-cell (2C) on day 2 (D2), 5–8-cell
(≥5C) on D3, cavitation (Cav) on D4, and blastocyst stage (Bl) on D5 and D6. Data on each day of
development were compared by chi-square analysis of pooled data from 4–6 replicate experiments,
with the total number of embryos in each group given in parentheses. Bars with an asterix are
significantly different to WT at each timepoint: * p < 0.05, ** p < 0.01 and *** p < 0.001.
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4. Discussion

In this study, we investigated the effect of Pro on embryo development to determine:
(1) if Pro is taken up by preimplantation embryos; and (2) if Pro transporters are expressed in
embryos from WT and Slc6a19−/− mice. In vitro, the developmental potential of an oocyte
and/or embryo is improved by the exogenous addition of Pro to the culture medium in a
time-dependent manner. For example, when Pro is added to fertilisation medium, cleavage
rates are not affected but improvement in development occurs at compaction through to
the blastocyst stage, and blastocysts produced have more cells in their inner cell mass [12].
If Pro is added to culture medium from the zygote stage onwards, improved embryo
development occurs from the 5-cell stage and the proportion proceeding to blastocyst
development and hatching is increased [4]. Stage-specific uptake of Pro by AATs is needed
for these Pro-mediated improvements in development. Since Gly and Leu both inhibit
Pro-mediated improvement in development in culture [4], and are common substrates
of the neutral AAT system B0, we hypothesised that B0AT1 (Slc6a19) is expressed in
preimplantation embryos where it is responsible for Pro uptake.

B0AT1 was detected in the plasma membrane of embryos at all stages from WT mice.
B0AT1 was also present in the cumulus cells of COCs and suggests a role for B0AT1 in the
increased Pro uptake into oocytes by coupled cumulus cells [19]. B0AT1 staining was co-
localised with ACE2 at all embryo stages, suggesting a role for ACE2, rather than collectrin,
in the trafficking of B0AT1 to the plasma membrane in embryos.

The functional role of B0AT1 in uptake of Pro into embryos was determined by
measuring the rate of radiolabelled Pro uptake in oocytes and 4–8-cell stage embryos and
competition for Pro uptake by other substrates of B0AT1, including Leu and Ala [32,33].
Due to the decreased fertility of Slc6a19−/− mice, we were unable to elucidate the complete
inhibition profile of Pro transport in embryos from Slc6a19−/− mice. AAT-mediated uptake
of Pro was present in oocytes from WT mice. However, despite the fact that the rate of Pro
uptake into oocytes lacking B0AT1 is the same as for WT, it was not inhibited by excess
Pro, indicating Pro uptake in the knockout is not transporter-mediated. Other studies have
shown that Pro uptake in WT oocytes can occur via a number of AATs including PROT
(Slc6a7), GlyT1 (Slc6a9), PAT1 (Slc36a1) and/or PAT2 (Slc36a2) [12,19], but none of these
seem to be active in this knockout since excess unlabeled Pro did not reduce uptake of
labelled Pro. Thus, in this study, Pro was taken up in B0AT1 knockout oocytes and embryos
via a non-saturable route. This may be due to transport via channels that also conduct AAs,
such as the volume-sensitive anion channel known to be present in oocytes [34–36].

At the 4–8-cell stage, Pro was taken up by embryos from both WT and Slc6a19−/−
mice with the uptake reduced in Slc6a19−/− mice. The AAs Leu and Ala inhibited the
uptake of Pro in WT but not in embryos from Slc6a19−/− mice. Bet, which is not a substrate
for B0AT1 [32], also inhibited Pro uptake in 4–8-cell WT embryos. PAT1 and PAT2 transport
Pro, Bet and Ala [37] and are therefore good candidates for the Bet-sensitive portion of Pro
uptake in 4–8 cell embryos. Recently, we have shown that PAT1 and 2 are present in the
plasma membrane of mouse oocytes and may be responsible for Na+-independent uptake
of Pro in oocytes [12]. System A and BGT1 (Slc6a12), which also transport Bet, are not
present in preimplantation embryos [20,38]. Further studies are needed to examine the
expression profile of PAT1/2 in later embryo stages. A proportion of Pro uptake at the
4–8-cell stage could be via GlyT1, which is expressed in 4- and 8-cell embryos [39,40]. Again,
none of these AATs seem to be active in the knockout. It is not clear why the Bet-sensitive
uptake was also lost when B0AT1 was knocked out. Further investigation is needed to
determine whether the AAT profile in 4–8-cell embryos represents more than one transport
system.

Development of embryos from Slc6a19−/− mice was decreased at the ≥5-cell and
blastocyst stages when the medium contained no AA. These data suggest that B0AT1
is required in vivo for uptake and storage of Pro in the oocyte and during fertilisation,
which subsequently improves later embryo development [12]. Exogenous addition of
Pro to culture improved development of embryos from Slc6a19−/− mice at the ≥5-cell
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and blastocyst stages but not on day 4 when cavitation occurs. In embryos from WT
mice, Pro improved development at the cavitation stage. These findings indicate that
B0AT1 is normally expressed on day 4 of in vitro embryo development, or at a cleavage
stage just before cavitation, to accumulate intracellular Pro for activation of Pro-mediated
intracellular mechanisms, such as regulation of reactive oxygen species and mitochondrial
activity [12,41]. Furthermore, the expression of AATs during pre-implantation development
is very dynamic. We speculate that during or soon after day 4 in Slc6a19−/− mice, new
Pro transporters are now expressed, and Pro is then taken up in sufficient quantity for
cavitation and further development to proceed.

There was no decrease in litter size in Het x Het intercrosses and the appropriate
Mendelian distribution of litter genotypes was observed [26], suggesting the maternal
reproductive tract environment of Slc6a19+/− mice enables survival of Slc6a19−/− embryos,
as seen with improved development in vitro of Slc6a19−/− embryos in the presence of Pro.
Note though, a maternal diet low in vitamin B3 in pregnant Slc6a19+/− mice results in em-
bryo loss and malformations [42]. We postulate that both intrinsic (i.e., Slc6a19 KO embryo)
and extrinsic factors (i.e., Slc6a19 KO reproductive tract) are responsible for the decreased
litter size in KO × KO intercrosses. This has implications for pregnancy in humans who
carry loss-of-function mutant alleles in SLC6A19. These findings suggest that embryonic
development and fertility could be improved in Slc6a19−/− mice by supplementation of
the maternal diet with Pro.

This is the first study to demonstrate expression of the neutral AAT B0AT1 in preim-
plantation embryos. Absence of this transporter adversely impacts fertility and embryo
development, although the effect on embryo development can be overcome by the presence
of Pro in embryo culture medium. This study demonstrates the importance of Pro for
embryo development and that Pro can be taken up at each developmental stage by one or
more transporters. The presence of multiple AATs for Pro and the ability to compensate
for the loss of an individual AAT by upregulation of non-saturable transport mechanism
indicates the critical importance of Pro for embryo development.
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Abstract: Genetically modified pigs have become valuable tools for generating advances in animal
agriculture and human medicine. Importantly, in vitro production and manipulation of embryos
is an essential step in the process of creating porcine models. As the in vitro environment is still
suboptimal, it is imperative to examine the porcine embryo culture system from several angles to
identify methods for improvement. Understanding metabolic characteristics of porcine embryos
and considering comparisons with other mammalian species is useful for optimizing culture media
formulations. Furthermore, stressors arising from the environment and maternal or paternal factors
must be taken into consideration to produce healthy embryos in vitro. In this review, we progress
stepwise through in vitro oocyte maturation, fertilization, and embryo culture in pigs to assess the
status of current culture systems and address points where improvements can be made.

Keywords: porcine embryo culture; in vitro maturation; in vitro fertilization

1. Introduction

In vitro production of embryos has several advantages over in vivo-derived embryo
production, including efficient selection of superior genetics for transfer or genetic mod-
ification to rapidly obtain animals with desirable traits. Genetic engineering provides a
powerful tool to aid in understanding basic mechanisms regulating animal physiology.
Several studies using genetic engineering approaches have been conducted to ascertain
the function of signaling molecules and enzymes during early pregnancy in pigs [1–4].
Importantly, interleukin 1 beta 2 (IL1B2) was shown to be required for conceptus elon-
gation to proceed [1]. For production agriculture, embryos can be modified to produce
animals with better carcass traits, such as improved fatty acid profiles with increased levels
of omega-3 fatty acids [5], and resistance to diseases, such as porcine reproductive and
respiratory syndrome (PRRS), that result in millions of dollars of losses per year [6,7].
Moreover, genetically modified swine have become powerful tools for studying genetic
diseases in humans, such as cystic fibrosis [8] and phenylketonuria [9], and for xenotrans-
plantation [10]. Therefore, production and manipulation of porcine embryos in vitro is
crucial for advancements in agriculture and human medicine.

Each step of the culture system, from oocyte maturation to embryo culture, has been
continuously optimized and adjusted based on the requirements of porcine oocytes and
embryos. Our current system, from collection of cumulus-oocyte complexes (COCs) to
surgical transfer into surrogates, is outlined in Figure 1 with media formulations described
in the subsequent sections. However, in vitro culture of porcine embryos is still suboptimal
as only about 40% of presumptive fertilized oocytes develop to the blastocyst stage for
embryo transfer [11], and the number of cells in the blastocyst-stage embryos is decreased
compared to those that developed in vivo [12]. Clues from other species have provided
insight for culture of porcine embryos, but embryos from every species exhibit unique
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metabolic characteristics that need to be considered for media formulations. Even with
advances in porcine embryo culture media formulations, stress from the environment
and maternal or paternal factors can impact the developmental trajectory of the embryos.
Thus, a significant amount of information has yet to be learned regarding the interaction
of embryos with the culture environment, the ways in which the culture system can be
modified to improve developmental viability, and important metabolic features that can be
used to distinguish healthy embryos.

Figure 1. An overview of our current porcine embryo production pipeline. FLI: cocktail of fibroblast growth factor 2,
leukemia inhibitory factor, and insulin-like growth factor 1. MU4 porcine embryo culture medium is a modified porcine
zygote medium (PZM) that contains supplemental arginine, PS48, and GlutaMAX, and hypotaurine is removed from
the formulation. Approximately 30–50 day 5 or 6 morula- and blastocyst-stage embryos are surgically transferred into
a surrogate.

Herein, we provide an overview of the current porcine embryo culture system with
a focus on the metabolic characteristics of porcine embryos. Moreover, measurements
of embryo quality, stressors arising from the culture system, and parental factors that
influence development are discussed.

2. Oocyte Quality and Maturation

2.1. Selection Criteria

In vitro maturation (IVM) of oocytes is the first critical step in the process of pro-
ducing competent embryos that are able to produce viable offspring. While progress
has been made to improve IVM of pig oocytes, the rate and the extent of maturation is
considerably lower than in vivo-matured oocytes, suggesting a suboptimal maturation
environment [13]. In vivo, the maternal ovarian follicle environment supplies the immature
oocyte with the necessary components to develop and reach its developmental compe-
tence by maintaining an intimate relationship with its neighboring somatic cells. The
bidirectional communication between the oocyte and cumulus cells allows for the oocyte to
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gradually acquire the necessary molecular and cytoplasmic machinery needed to support
embryo development [14,15].

Evidence suggests that the key factor in determining the proportion of oocytes that
develop to the blastocyst stage appears to be the intrinsic quality of the oocyte that begins
the in vitro production process [16]. Given this, the ability to select the most competent
oocytes that are capable of being fertilized in vitro and produce healthy young is impera-
tive. General selection parameters to determine oocyte competence in the pig are the age of
the oocyte donor [17,18], follicle size [19], and the layers of cumulus cells and subsequent
cumulus cell expansion during culture [20]. Oocytes that originate from small (<3 mm)
follicles are less likely to mature to metaphase II (MII) or develop to the blastocyst stage
compared to oocytes derived from medium (3–5 mm) and large (>5 mm) follicles [21].
Moreover, larger follicles (>5 mm) have been shown to have higher β-estradiol concentra-
tions, and high quality COCs from these follicles have increased abundance of transcripts
involved in ovarian steroidogenesis [22]. Historically, cumulus cell expansion has been
considered to be required for successful maturation in vitro and often the degree of cu-
mulus cell expansion is correlated with improved oocyte maturation [23,24]. As another
factor to consider, oocyte quality is also impacted by the energy status of the female as
feed restriction (50% per day) during the last two weeks of lactation decreased follicle size,
concentration of steroids in the follicular fluid, and maturation to MII [22].

2.2. Supplementation of Growth Factors

A cocktail of growth factors, fibroblast growth factor 2 (FGF2), leukemia inhibitory
factor (LIF), and insulin-like growth factor 1 (IGF1) (termed FLI) supplemented only during
oocyte maturation of prepubertal gilt COCs, was found to provide a four-fold increase in the
number of piglets born per oocyte collected [11]. These FLI-cultured COCs had a distinct
mitogen-activated protein kinase (MAPK) activation pattern in the cumulus cells, displayed
a higher degree of cumulus cell expansion, and accelerated the disruption of gap junctions
compared to control COCs. However, a complementary study found that in the absence of
gonadotropins but with supplementation of FLI, cumulus cells showed little expansion
but maturation to MII was not impeded in oocytes from prepubertal gilts, and those
oocytes were competent to produce healthy piglets [25]. While cumulus cell expansion
was not needed to produce competent oocytes, cumulus cells are required as their removal
at the beginning of maturation and even up to 24 h post-start of maturation impedes
oocyte development to MII and the blastocyst stage after fertilization. Our knowledge
and understanding about the relationship of the oocyte, cumulus cells, growth factors, and
hormones are constantly evolving as a highly complex interaction is revealed. More research
is needed to understand the molecular mechanisms and signaling events by which FLI can
promote oocyte competence.

3. In Vitro Fertilization

Historically, the lack of fertilization of porcine oocytes in vitro [26] was followed by
tremendous polyspermy [27]. The inability to achieve consistent monospermy has been a
major problem for in vitro fertilization (IVF) of the pig. In the mid-1990s, Billy Day from
the University of Missouri was quoted as saying, “For years, we tried to get the sperm in,
and now, we can’t keep them out.” Biologically, the block to polyspermy in mammals is
via two distinct mechanisms. The first is a membrane block that acts relatively quickly [28],
and the second is a block at the level of the zona pellucida that takes minutes. The relative
importance of these two mechanisms is different between mammalian species. In pigs,
humans, and mice, both mechanisms are used. The first relatively quick membrane block
appears to act by changing the binding characteristic of the plasma membrane of the
oocyte, whereas the second zona pellucida block is a result of the release of cortical granule
contents into the space between the oolemma and the zona pellucida. These contents (e.g.,
ovastacin [29], among others [30]) modify the proteins of the zona pellucida such that
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sperm penetration is inhibited. Thus, these two mechanisms serve to complement each
other in preventing multiple sperm from entering the oocyte cytoplasm.

In the pig, the block at the zona pellucida is relatively strong and is correlated with
cortical granule release [31], while the membrane block is regulated by calreticulin [32].
Many efforts have been made to alter the fertilization conditions to improve monospermy
rates. These efforts have included altering the concentration of sperm while varying the
duration of exposure between the sperm and oocytes, adding follicular fluid [33] or sub-
stances found in oviductal fluid, such as deleted in malignant brain tumors 1 (DMBT1) [34],
oviductal glycoprotein 1 (OVGP1) [35], secreted phosphoprotein 1 (SPP1) [36], or plasmino-
gen [37,38], as well as trying to recreate the oviductal environment by adding oviductal
fluid [39,40] or oviductal extracellular vesicles [41], among other things [42].

The problem of polyspermy encountered during IVF is generally confounded with
in vitro-matured oocytes. Improvements in the quality of the oocytes will likely improve
the success of monospermic fertilization. As in vitro-matured oocytes have a propensity to
retain their transzonal projections, it was thought that these projections may interfere with
sperm-oocyte binding and cortical granule exocytosis [43]. Retraction of those projections
at the end of oocyte maturation may permit more timely and complete cortical granule exo-
cytosis (the slower block to polyspermy), as well as altering the composition of the plasma
membrane to provide a better fast block to polyspermy at the level of the plasma membrane.
The aforementioned maturation system containing FLI has dramatically altered the timing
of the retraction of the transzonal projections and improved the overall developmental
competence of the oocytes [11]. As compared to other reports in the literature, polyspermy
is less of a problem in our hands. A fertilization rate of 50–60% with monospermy of
70–80% is routinely achieved. Thus, on a per oocyte basis, the overall success is 35–50%
monospermy. This range of monospermy corresponds well with our rates of development
to the blastocyst stage (30–60%).

Another alternative to counteract polyspermy is to perform intracytoplasmic sperm
injection (ICSI), which has led to the production of live piglets [44,45]. However, delays in
cleavage divisions and decreased blastocyst formation of approximately 10–20% have been
observed in ICSI-derived porcine embryos compared to those produced by IVF [46]. These
decreases in development may be due to selection of damaged sperm and/or incomplete
oocyte activation. Importantly, boar sperm selected by a Percoll gradient were shown to
have higher abundance of phospholipase C-ζ (PLCζ), a well-studied sperm-borne oocyte
activation factor, and the use of Percoll-selected sperm for ICSI increased monospermic
fertilization and oocyte activation as well as development to the blastocyst stage [47].
Several protocols use polyvinylpyrrolidone (PVP) for sperm immobilization before ICSI;
however, this compound is toxic when injected into oocytes. When boar sperm were
selected by hyaluronic acid (HA), known as physiological intracytoplasmic sperm injection
(PICSI), versus PVP (conventional ICSI) or IVF, increases in development to the blastocyst
stage and total cell numbers were observed [48].

4. Comparing Metabolic Characteristics of Mammalian Embryos

4.1. Carbohydrates

The metabolism of preimplantation embryos differs drastically from that of adult
somatic cells. In normal conditions, somatic cells metabolize glucose through glycolysis,
yielding two ATP, two NADH, and two pyruvate molecules. Pyruvate is further metabo-
lized through the TCA cycle to produce electron donors, NADH and FADH2, for generation
of 30–36 ATP molecules by oxidative phosphorylation. In the precompaction embryo, ATP
is generated by oxidative phosphorylation at a reduced but optimized level, which is
sustained through oxidation of pyruvate, amino acids, and fatty acids [49]. A low level of
pyruvate oxidation is deemed ideal to avoid excess production of reactive oxygen species
(ROS) by the electron transport chain. After compaction, the primary metabolic pathway is
glycolysis that is characterized by the Warburg effect (WE), which is a phenomenon first
observed in cancer cells by Otto Warburg [50,51]. Under the WE, glycolytic intermediates
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are shuttled towards the pentose phosphate pathway (PPP) and lactate production instead
of the TCA cycle even in the presence of oxygen. The PPP supports rapid proliferation of
cells by producing ribose-5-phophate, a precursor for nucleotides, and NADPH, which
is involved in redox regulation and lipid synthesis [52,53]. Recent studies have shown
that glucose does not drive ATP generation during most stages of preimplantation de-
velopment, but that it is metabolized through the PPP and the hexosamine biosynthesis
pathway to control localization of transcription factors, yes-associated protein 1 (YAP1) and
transcription factor AP-2 gamma (TFAP2C), for cell fate specification [54]. Thus, generation
of biomass, such as DNA and membrane lipids, and orchestration of key events during
development are potentially the main roles of glucose to support rapid proliferation during
these early developmental stages.

Classically, pyruvate and lactate are known to be important carbohydrates during
early stages of preimplantation development, and glucose becomes a key energy source af-
ter compaction [55–57]. Pig embryos have decreased metabolism of pyruvate compared to
mouse and sheep embryos, pointing to a reliance on other energy sources, such as glucose
or lipids [58–61]. Studies in several species, including mouse, hamster, sheep, cow, and
human, have reported that glucose inhibits the development of embryos in vitro [62–66].
Glucose does not appear to be inhibitory for porcine preimplantation embryo develop-
ment in vitro, but glucose in the presence of inorganic phosphate has been shown to be
deleterious [67,68]. In porcine embryos, glucose metabolism minimally increases from the
1-cell to 8-cell stage (0.4 ± 0.1 to 3.1 ± 0.4 pmol/embryo/4 h) but notably increases in
the compacted morula (49.5 ± 2.7 pmol/embryo/4 h) and further by the blastocyst stage
(147 ± 12.0 pmol/embryo/4 h) [69]. Subsequent studies have also shown that glucose
metabolism increases after compaction with glycolysis becoming a key metabolic pathway,
but metabolic activity is significantly decreased in in vitro-produced embryos compared to
in vivo counterparts [56,61]. However, porcine embryos can be cultured to the blastocyst
stage in medium with no glucose but containing only pyruvate and lactate [70].

4.2. Amino Acids

Amino acids serve numerous functions in promoting the development of preimplanta-
tion embryos. Oviductal and uterine fluids contain varying concentrations of amino acids,
which has influenced media formulations for several species [71–73]. Aside from protein
synthesis, amino acids are involved in other activities, such as ATP production, nucleotide
synthesis, lipid synthesis, antioxidant production, cell signaling, osmolarity, and pH regu-
lation. Uptake of amino acids from the microenvironment by preimplantation embryos
relies on the activity of different transport systems, which are expressed during different
stages [74]. For example, in porcine oocytes, Na+-dependent transport of L-alanine and
L-leucine was shown to be competitive and occurred by using the B0,+ system [75]. At the
blastocyst stage, L-leucine was transported in a Na+-dependent manner through the L sys-
tem. Transport of L-leucine into the embryo has been shown to be involved in activation of
mechanistic target of rapamycin complex 1 (MTORC1) to promote trophoblast motility [76].
In support of this, treatment of mouse blastocyst-stage embryos with 200 nM rapamycin,
an inhibitor of MTORC1, blocked outgrowth formation in vitro [74]. Sodium-dependent
transport of L-aspartate and L-glutamate was not detected in porcine oocytes but was
observed at the blastocyst stage, demonstrating that the X-

AG system becomes active at
later stages in development [77].

The addition of essential amino acids to embryo culture media has been shown to
be inhibitory for development to the blastocyst stage in mouse and cattle embryos [78,79].
However, Steeves and Gardner [80] demonstrated that presence of essential amino acids
in medium with nonessential amino acids and glutamine was not inhibitory during cattle
embryo cleavage and increased development to the blastocyst stage. In porcine partheno-
genetic embryos cultured in modified Whitten’s medium with polyvinyl alcohol (PVA),
essential amino acids were inhibitory if present at the 1-cell stage but supported devel-
opment to the blastocyst stage when added after 48 h of culture. Specifically, presence of
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nonpolar essential amino acids, valine, leucine, isoleucine, and methionine, during the first
48 h of culture was shown to inhibit development past the 4-cell stage [81]. However, the
porcine zygote medium (PZM) variants, containing both essential and nonessential amino
acids, have been shown to support development of porcine embryos to the blastocyst
stage [70].

Furthermore, transcriptional profiling of porcine blastocyst-stage embryos revealed
that transcripts related to amino acid transport and metabolism were dysregulated in
those cultured in vitro versus those derived in vivo [12]. In vitro-produced blastocyst-
stage embryos had increased abundance of solute carrier 7A1 (SLC7A1), which encodes
an arginine transporter, and supplementation of 1.69 mM arginine to PZM-3 decreased
abundance of SLC7A1 [82]. Arginine is metabolized for production of nitric oxide, and
addition of nitric oxide synthase inhibitors to culture media has been shown to inhibit
development of mouse and pig embryos [82,83]. Similarly, in vitro-produced porcine
embryos had increased abundance of solute carrier 6A9 (SLC6A9), which encodes a glycine
transporter, and supplementation of 10 mM glycine decreased SLC6A9 abundance and
improved development of blastocyst-stage embryos [84]. However, transfer of blastocyst-
stage embryos cultured with 10 mM glycine did not result in pregnancies, unlike controls
cultured with 0.1 mM glycine, showing that more cells at the blastocyst stage is not
necessarily an indicator of developmental competence. Furthermore, early mouse and
hamster embryo culture media formulations demonstrated the importance glutamine
during cleavage stages to overcome the 2-cell block and for the development of blastocyst-
stage embryos [62,85]. Glutamine has been shown to support development of porcine
embryos from the 1- to 2-cell stage to the blastocyst stage in vitro without the presence of
glucose [68]. Recently, glutamine supplementation to PZM-3 has been shown to correct
abundance of transcripts related to glutamine transport and metabolism and increase
activation of mTORC1 in porcine blastocyst-stage embryos [86,87]. Thus, RNA-sequencing
is a powerful tool that can identify amino acid requirements of the embryo in culture, but
viability in vivo must be assessed before supplementation of specific amino acids becomes
common practice.

4.3. Lipids

In addition to carbohydrates, beta-oxidation of fatty acids is thought to contribute to
sustaining oxidative phosphorylation in preimplantation embryos. Sturmey and Leese [60]
demonstrated that oxygen consumption and ATP production increase at the early blastocyst
stage, and ATP is mainly produced via aerobic metabolism. Treatment of mouse embryos
with inhibitors of beta-oxidation, methyl palmoxirate and etomoxir, decreased the number
of embryos reaching the blastocyst stage and total cell numbers within the embryos [88,89].
Interestingly, the inhibitory effects of etomoxir were decreased when porcine oocytes were
matured in the presence of high glucose (4.0 mM) compared to low glucose (1.5 mM), thus
other energy sources can compensate when beta-oxidation is blocked [90]. On the contrary,
addition of L-carnitine, which is essential for uptake of fatty acids into the mitochondria,
to embryo culture medium improved mitochondrial activity and development in embryos
of several species [88,91–93].

Porcine oocytes and embryos have a dark appearance compared to other species due
to presence of abundant lipid. Mouse oocytes were determined to have approximately
4 ng of fatty acids; sheep and cattle oocytes have a slightly darker appearance and about
89 and 63 ng of fatty acids, respectively; pig oocytes, almost black in appearance, have
about 156 ng of fatty acids [49,94,95]. The most common fatty acids in pig oocytes are
palmitic (16:0), stearic (18:0), and oleic (18:1n-9) acids [95]. Compared to other species,
the large amount of lipid in pig oocytes is potentially the result of increased message
for diacylglycerol acyltransferase 1 (DGAT1), which encodes an enzyme involved in the
transfer of a fatty acyl CoA to a diacylglycerol to form triglycerides [96]. Moreover,
inhibition of stearoyl-coenzyme A desaturase 1 (SCD1), which introduces a cis double bond
in saturated fatty acids, decreased development to the blastocyst stage and lipid droplet
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formation in porcine parthenogenetic embryos; however, cotreatment with 100μM oleic
acid rescued development [97]. Sturmey and Leese [60] observed that triglyceride levels
did not change from cleavage stages to the blastocyst stage, indicating that beta-oxidation
might not be a key metabolic pathway in the presence of other energy sources. However,
Romek et al. [98] noted that the volume of lipid droplets per unit of cytoplasm decreased
at the blastocyst stage in both in vitro-produced and in vivo-derived porcine embryos,
demonstrating controversy in this area.

The large amount of lipid in porcine oocytes and embryos has been identified as a
barrier to vitrification and survival after thawing. In addition, porcine oocytes have a
greater percentage of polyunsaturated fatty acids compared to ruminants, which further
impairs survival after freezing [95]. L-carnitine supplementation, centrifugation in a
high-osmolarity solution to separate lipids from the cytoplasm, and removal of lipids by
micromanipulation have been shown to be effective methods of increasing the cryotolerance
of porcine oocytes and embryos [99–102].

5. Strategies for Improving Current Culture Systems

5.1. Media Formulations and Supplements

Several media formulations exist that support development of porcine zygotes to
the blastocyst stage, including modified Whitten’s medium [103], North Carolina State
University (NCSU)-23 medium [104], modified CZB medium [105], Beltsville embryo
culture medium (BECM)-3 [106], and porcine zygote medium (PZM) variants [70]. Cur-
rently, NCSU-23 and PZM variants are most commonly used for porcine embryo culture.
NSCU-23 contains glucose and glutamine as primary energy sources as well as taurine
and hypotaurine to mediate osmolarity but lacks pyruvate, lactate, and all other amino
acids [104]. PZM variants were formulated based on the composition of porcine oviductal
fluid, containing pyruvate and lactate instead of glucose, and they lack taurine but include
all other amino acids. Furthermore, PZM-3 contains bovine serum albumin (BSA), similar
to NCSU-23, but culturing IVF or somatic cell nuclear transfer (SCNT)-derived embryos in
PZM-3 was shown to improve development to the blastocyst stage and increase the number
of cells in blastocyst-stage embryos compared to NCSU-23 [70,107]. PZM-4 substitutes PVA
for BSA in an attempt to create a chemically defined medium [70]. Bovine serum albumin
can contain undefined components, such as citrate and lipids, and different lots need to
be tested before being routinely added to culture media. When embryos were cultured in
PZM-4 compared to PZM-3, no difference in development was detected, and live piglets
were born after embryo transfer [70]. However, subsequent studies demonstrated decreases
in development to the blastocyst stage by using PZM-4 compared to PZM-3 [108].

Additives to PZM-3, such as amino acids and small molecules, have been shown
to further improve porcine embryo development. For example, supplemental concentra-
tions of arginine increased development to the blastocyst stage, improved embryo quality,
and modulated transcript abundance related to arginine transport, resulting in a new
medium named MU1 [82]. MU2 was developed after addition of 5-(4-Chloro-phenyl)-
3-phenyl-pent-2-enoic acid (PS48) was shown to be able to replace BSA and improved
development through stimulation of phosphoinositide 3 kinase (PI3K) to increase phos-
phorylation of v-akt murine thymoma viral oncogene homolog (AKT) [109]. Afterwards,
MU3 was developed by replacing 1 mM glutamine with 3.75 mM GlutaMAX, an L-alanyl-
L-glutamine dipeptide, which improved development to the blastocyst stage and increased
mitochondrial activity [86]. Currently, MU4 has been implemented, which does not contain
hypotaurine as removal of this component did not have a negative effect when embryo
culture is conducted at 5% O2 [110], and hypotaurine is a relatively expensive ingredient.

5.2. Morphological and Chromosomal Quality

Embryos developing in vivo are exposed to the oviductal and uterine epithelia, which
are involved in provision of nutrients, removal of toxins, and production of antioxidant
systems [111]. Embryos of several species fertilized and cultured in vitro demonstrate
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a delay of about one cell division to the blastocyst stage compared to in vivo-derived
embryos [12,112–114]. Total cell numbers in porcine blastocyst-stage embryos produced
in vitro are decreased and have higher ratios of trophectoderm to inner cell mass [12,112].
Conventionally, morphology of an embryo has been the main criterion for determining
quality [115]. However, morphology should not necessarily be the primary selection
standard as porcine embryos cultured with supplemental glycine exhibited improved
development and cell numbers but failed to establish pregnancies after 11 embryo trans-
fers [84]. When the synchronization protocol was altered to transfer embryos cultured with
supplemental glycine on an earlier day of standing estrus (typically performed on day 3,
4, or 5 of standing estrus), one pregnancy was obtained (unpublished data), indicating
that these embryos may have increased developmental competence. Similarly, addition
of N-methyl-D-aspartic acid (NMDA) and homocysteine (HC) to PZM-4 increased the
percentage of porcine embryos that developed to the blastocyst stage and sizes of the
embryos over PZM-4 alone, but 16 transfers of embryos cultured with only NMDA or
NMDA and HC did not result in any live piglets [108]. The use of time lapse monitoring
of development in vitro has been shown to increase pregnancy rates over conventional
morphological assessment [116]. This technology allows for the consideration of other
factors, such as timing of first cleavage and number of blastomeres after the first cleavage,
which have both been shown to be more reliable indicators of quality [117,118]. The ability
of porcine embryos to reach the morula stage before 102 h was correlated with increases in
reaching the blastocyst stage, and the percentage of fragmentation negatively correlated
with developmental progression [119].

Furthermore, chromosomal abnormalities can occur during development that sig-
nificantly increase the chances of pregnancy loss or defects after birth. By using com-
parative genomic hybridization, approximately 14% of in vivo-derived porcine embryos
(72 h after insemination) were observed to be aneuploid [120]. However, about 39% of
in vitro-produced porcine blastocyst-stage embryos demonstrated chromosomal abnormali-
ties [121]. Assessment of chromosomes 6 and 7 in in vitro-produced bovine blastocyst-stage
embryos revealed that 72% of the embryos contained cells that were polyploid; however,
the proportion of abnormal cells within each embryo was generally low (<10% of the total
cells) [122]. More recent studies have observed high occurrence chromosomal aberrations
in at least one blastomere of IVM-IVF bovine embryos as compared to in vivo-derived
embryos (85% vs. 19%) [123] and that entire parental genomes can segregate into different
cell lineages during cleavage divisions [124].

5.3. Mitochondrial Function

Mitochondria are dynamic organelles with important roles during fertilization and
preimplantation development. From the zygote to expanded blastocyst stage, mitochon-
drial morphology changes from spherical with minimal cristae to elongated with numerous
transverse cristae, demonstrating a major shift in metabolic activity during preimplantation
development [125]. Mitochondrial membrane potential (ΔΨm) is formed by the pumping
of protons across the inner membrane during oxidative phosphorylation and is commonly
used as an indirect measure of mitochondrial function and developmental progression in
preimplantation embryos. For example, JC-1 is a cationic, lipophilic dye that remains in
its monomeric form at low (<100 mV) ΔΨm and fluoresces green but forms aggregates
inside mitochondria at high (>140 mV) ΔΨm and fluoresces red [126]. Thus, the ratio of
red to green fluorescence is an indicator of mitochondrial membrane potential and hence
activity within an embryo. JC-10, which has better water solubility than JC-1, can effectively
visualize mitochondrial activity in porcine blastocyst-stage embryos derived by IVF and
SCNT [86,127], and glutamine supplementation into the culture medium increased the
mitochondrial activity of the IVF-derived embryos [78]. Additionally, MitoTracker™ Green
is non-fluorescent in aqueous solutions but accumulates in the mitochondrial matrix re-
gardless of ΔΨm and fluoresces green to measure total mitochondrial mass. MitoTracker™
Red or Orange are oxidized by molecular oxygen in mitochondria to emit a red-orange
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fluorescence that can be used to measure oxidative activity [128]. MitoTracker™ Red has
been used to determine mitochondrial activity of porcine IVF-derived blastocyst-stage
embryos after culture with supplemental glycine; however, no difference in mitochondrial
activity was observed [84].

5.4. Transcriptional Profiling

Transcriptional profiling has been used to elucidate “the needs” of the embryo. Studies
using serial analysis of gene expression (SAGE) and microarrays revealed differences in
abundance for transcripts related to cellular metabolism and transcriptional regulation in
in vitro-produced porcine blastocyst-stage embryos compared to in vivo-derived counter-
parts [129,130]. By using next-generation sequencing (NGS), Bauer et al. [12] identified
1170 differentially abundant transcripts between in vivo-derived and in vitro-produced
porcine blastocyst-stage embryos. Analysis of these data revealed that amino acid transport
and metabolism were perturbed in in vitro-produced embryos. Specifically, message for
an arginine transporter, SLC7A1, and a glycine transporter, SLC6A9, were upregulated
in in vitro-produced embryos by 63- and 25-fold, respectively. As mentioned previously,
supplementation of arginine to 1.69 mM increased development to the blastocyst stage
and decreased abundance of SLC7A1 to levels observed in in vivo-derived embryos [82].
Likewise, glycine supplementation to 10 mM improved developmental parameters of
the embryos and decreased abundance of SLC6A9; however, pregnancies were not estab-
lished after 11 transfers with embryos cultured in supplemental glycine [84]. Additionally,
supplementation of glutamine improved development of porcine embryos and corrected
abundance of transcripts related to glutamine transport and metabolism [78]. The use of
RNA-sequencing datasets for defining and improving embryo culture is still in its infancy
stages as there are numerous pathways yet to explore for improving media formulations.

5.5. Metabolomics

Consumption or production of metabolites from the culture medium has been used
as a noninvasive marker of embryo viability. Metabolomics assays are largely applied in
IVF clinics to select embryos for transfer; however, these techniques are also useful for
selection of embryos from agricultural species for cryopreservation or transfer. Metabolism
of glucose, pyruvate, and lactate has been a canonical measure of preimplantation em-
bryo competence, which was studied by using ultramicrofluorescence assays that measure
NADH oxidation to represent pyruvate conversion to lactate or NADPH formation to
represent glucose uptake [131]. Hardy et al. [132] observed that increased pyruvate con-
sumption by early cleavage-stage human embryos correlated with increased development
to the blastocyst stage. Regarding in vitro-produced porcine embryos, metabolism of glu-
cose for glycolysis and pyruvate for the TCA cycle increased after compaction, indicating
greater metabolic activity [61]. Glutamine and arginine have been shown to be consumed
from culture media by human and pig embryos [133,134]. However, increased arginine
consumption was associated with increased development to the blastocyst stage in pig
embryos [133] but was associated with decreased development to the blastocyst stage in
human embryos [134].

Currently, different platforms are being used to study metabolomic profiles of preim-
plantation embryos. Gas or liquid chromatography (GC or LC) coupled with mass spec-
trometry (MS) are ideal for analyzing metabolites in small volumes of culture media
(5–10 μL). After derivatization, the mass of compounds allows for the identification of
metabolites based on database information [52]. This technique has been successfully
applied to porcine embryos to determine the production and consumption of metabolites
from the medium after glutamine supplementation [86]. Culturing embryos with supple-
mental glutamine increased leucine consumption from the medium as well as activation of
mTORC1 [78,79]. Additionally, nuclear magnetic resonance (NMR) spectroscopy has been
used to analyze metabolites in spent culture media; however, this technique requires larger
sample volumes (25 μL) [135,136].

95



Cells 2021, 10, 2770

5.6. Microfluidics

Changing the type of culture system may provide methods to better customize the en-
vironment surrounding the developing embryos. Most current systems are static in a single
atmosphere. The ability to continuously modulate the composition of the culture medium
as the needs of the embryo change may provide dramatic improvements in developmental
competence. Microfluidic devices are in development, and there are reports in the literature
specific to pigs. Such devices have been reported to reduce osmotic stress [137], remove
the zona pellucida [138], facilitate fertilization and reduce polyspermy [139,140], and cus-
tomize the culture environment to improve development [141,142]. Moreover, microfluidic
devices may improve tolerance of embryos to cryopreservation as addition and removal
of cryoprotectants inflicts osmotic shock that may be detrimental to development. Use
of a microfluidic device to gradually change the osmotic pressure during cryoprotectant
addition or removal may increase the cryosurvival of pig oocytes or embryos [137].

5.7. Extended Culture

By day 12 of gestation, porcine embryos have undergone several changes in morphol-
ogy, including spherical, ovoid, tubular, and filamentous forms, transitioning from tubular
to approximately 100 mm in length in 1 to 2 h. Methods of culturing porcine embryos past
the blastocyst stage as a measure of competence have been met with challenges that have
hindered progress in this area. Spherical embryos encapsulated in double-layered alginate
beads were able to attain a tubular form with increased estradiol-17β production in the
culture medium [143]. However, the embryos did not elongate into filamentous forms;
thus, maternally secreted factors and extracellular matrix components may be required to
initiate this process. Chemical modifications to the alginate hydrogels, such as covalent
attachment of RGD peptides or incorporation of 0.1μg/mL SPP1, increased survival and
promoted morphological changes [144]. Nonetheless, full elongation of porcine embryos
in vitro has not been achieved and will require further investigation.

5.8. Cryopreservation

In many species, cryopreservation of sperm, embryos, and somatic cells is straight-
forward. Cryopreservation of pig somatic cells, such as fibroblast cells, can be achieved
with conventional freezing systems used for other species. In contrast, pig sperm and
embryos present some unique challenges. In all likelihood, the cell type with most variable
survivability is boar sperm. Variation in viability is season-, breed-, boar- and ejaculate-
specific. Commercial application of artificial insemination has historically been by using
fresh semen. Since pigs are litter bearing, considerable genetic selection pressure can be
placed on the offspring resulting from artificial insemination. As genetic progress can be
made by using fresh semen, the lowered success rates from cryopreserved semen does not
justify the lower farrowing rate (~20–30%) and decrease in litter size as compared to fresh
semen [145].

While cryopreservation of semen presents difficulties, embryos are even more chal-
lenging. It is thought that the high lipid content of pig embryos presents the main obstacle
to successful cryopreservation. To circumvent this problem, Nagashima [102,146] devel-
oped a method to centrifuge the early embryo, thus stratifying the lipids within the zona
pellucida. Then, the lipids could be removed via micromanipulation, and the resulting
embryos were cryopreserved by using conventional methods. One would reason that
the lipids were necessary for development of the embryo; however, in at least one report,
development was enhanced after removal [99]. Lipid removal by micromanipulation is
labor-intensive. High speed centrifugation to completely separate the lipids within the
zona pellucida has been used as a high throughput lipid removal technique for cryopreser-
vation of in vitro-produced embryos [147]. Solid surface vitrification of oocytes or zygotes
may be another alternative as 15 piglets were derived from 8 embryo transfers [148].

Although few reports on conventional cryopreservation of porcine embryos exist,
those reports of successful cryopreservation of early pig embryos have not been widely
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repeatable, and the industry has not adopted the transfer of frozen embryos as a method of
improving genetics or moving genetics around the world. As expected, in vitro-derived
embryos are less viable than in vivo-derived embryos, and thus do not survive the rigors
of cryopreservation to the same extent as in vivo-derived embryos. Continual efforts are
being made to improve the quality of oocytes matured and embryos cultured in vitro.
Improvements, such as adding FLI to the oocyte maturation system, may result in increases
in cryosurvival in the pig as has been observed in cattle [149]. Two recent reports describe
the production of piglets after cryopreservation and embryo transfer. After transferring
553 embryos to 35 surrogates, 59 piglets from 14 litters were produced (59/553 = 10%) [150].
In another study, 180 embryos were transferred to 12 surrogates, producing 37 piglets from
8 sows (37/180 = 21%) [151]. Unfortunately, the number of embryos cryopreserved is not
well described in either case. Thus, the percentages listed above may not fully describe the
success of cryopreservation as it may be concluded that more embryos were cryopreserved
than were transferred. The question of viability is then raised, i.e., were only the embryos
of good quality cryopreserved and transferred? If so, then the percentages above may
represent an overestimation of the true success of these technologies.

6. Environmental Stressors Arising from the Culture System

6.1. Oxygen Tension and Reactive Oxygen Species

During oxidative phosphorylation, ROS, such as superoxides, form as a result of
premature leaking of electrons from the electron transport chain to molecular oxygen [152].
Therefore, mitochondria are the main source of ROS within cells, which can act as signaling
molecules for differentiation or cause membrane, protein, and DNA damage at higher
concentrations, potentially leading to apoptosis. Interestingly, Dalvit et al. [153] observed
a significant increase in ROS concentrations from the oocyte at MII to the two-cell stage
in bovine. ROS levels continued to increase until the late morula stage but decreased
significantly during blastocyst formation. In vitro-produced embryos are more susceptible
to ROS formation and damage compared to in vivo-derived embryos because of external
stressors, such as fluctuating oxygen tension, exposure to visible light, media contaminants,
and absence of maternal antioxidant systems [111]. Supplementation of antioxidants
to porcine embryo culture media has been shown to improve development and reduce
ROS [154,155], but these studies were conducted by using atmospheric (21%) O2 during
the culture period which promotes ROS formation.

Oxygen tension during the culture period has an impact on subsequent embryonic
development (Figure 2). One- and two-cell stage porcine embryos cultured in 5% O2 and
5% CO2 developed to the blastocyst stage at a rate of 50%, whereas culture in 2% or 21% O2
and 5% CO2 resulted in less than 10% development to the blastocyst stage [156]. Culture
in 5% O2 instead of atmospheric (21%) O2 shifted the global patterns of gene expression
in mouse embryos to be more similar to those derived in vivo [157]. Additionally, amino
acid turnover, as an indicator of viability, by human embryos was lower when cultured
at 5% O2 compared to 21% O2 [158]. Culture in low (5%) O2 increased cell numbers in
in vitro-produced porcine blastocyst-stage embryos and the abundance of transaldolase 1
(TALDO1) and pyruvate dehydrogenase kinase 1 (PDK1), which are signatures of a Warburg
Effect-like metabolism [51]. As mentioned previously, lowering the oxygen tension to 5%
O2 eliminated the need to add hypotaurine, which functions as an antioxidant, to porcine
embryo culture medium as removal of this component did not impair development nor
increase apoptosis [110].

6.2. Temperature

Most porcine in vitro culture systems use a physiological temperature of 38.5 ◦C for
the incubation (Figure 2). However, several studies have investigated the effects of in-
creased temperature, or heat stress, on oocyte maturation and development in vitro. Heat
stress during in vitro maturation may model the effects of summer months or fever in
sows on oocyte or embryo quality. Porcine COCs exposed to heat stress (41.5 ◦C) for 24 h
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had decreased cumulus expansion, progression to MII, and development after fertiliza-
tion [159]. Supplementation of antioxidants during maturation, including astaxanthin,
melatonin, and resveratrol, has been shown to mitigate effects of heat stress and decrease
apoptosis [160–162].

Figure 2. A summary of environmental stressors on porcine embryo development in vitro. Positive conditions are in green,
and negative conditions are in red.

Increasing the incubator temperature above 43 ◦C during the embryo culture period
has been shown to decrease development of porcine embryos in a temporal manner, but
abundance of heat shock protein 70 was not increased after heat stress exposure [163].
When IVF-derived porcine embryos were exposed to 42 ◦C for 9 h after the late 1-cell stage,
decreases in development to the blastocyst stage and increases in apoptotic nuclei were
observed [164]. However, heat shock at the same conditions directly after fertilization
increased the rate of cleavage and tended to increase development to the blastocyst stage
compared to the non-heat shock controls [165]. Similarly, increases in development of
parthenogenetic embryos was observed when heat shock occurred directly after oocyte
activation [165], and subsequent analyses revealed that dephosphorylation of MAPK was
increased in the heat-shocked embryos compared to controls [164].

6.3. Osmolality

The osmolalities of porcine oviductal and uterine fluids range from 290 to 320 mOsm
during the first five days of gestation [73]. The osmolalities of the most commonly used
culture media, PZM-3 and NCSU-23, are 288 and 291 mOsm, respectively [70]. Li et al. [73]
demonstrated that culture of porcine embryos below 270 mOsm or above 300 mOsm, by al-
tering the NaCl concentration, decreased development to the blastocyst stage (Figure 2) [73].
Contrarily, Hwang et al. [166] observed that increasing osmolality up to 320 mOsm with
NaCl or sucrose did not impair development of IVF-derived embryos but surprisingly
decreased transcript abundance of BCL2 associated X protein (BAX), a proapoptotic gene,
compared to the PZM-3 control. Particular amino acids can also act as osmolytes, including
glycine and proline. When 10 mM glycine was added to MU1 porcine embryo culture
medium at 260, 275, or 300 mOsm, no difference in development to the blastocyst stage
was detected [84]. However, culture with supplemental glycine increased the total cell
numbers of blastocyst-stage embryos at 275 mOsm, demonstrating a beneficial effect on
embryo quality at this osmolality [84].
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7. Maternal and Paternal Factors Influencing Development

7.1. Gilt-Versus Sow-Derived Oocytes

The production of pig embryos in vitro starts with oocytes from either prepubertal
gilts or sexually mature sows. Collection of ovaries at the abattoir is dependent upon the
type of facility. Some plants slaughter only gilts while others focus on sows and sausage
production. It is generally accepted that in vitro-matured oocytes derived from sows are
more developmentally competent than oocytes derived from prepubertal gilts [10,167–169].
The diameter of the oocyte, thickness of the zona pellucida, and the perivitelline space
were found to be larger in sow oocytes compared in gilt oocytes [170]. However, culture
conditions can be modified to improve the quality of in vitro-matured oocytes derived
from prepubertal gilts to a level similar to oocytes derived from sexually mature sows. For
example, addition of fibroblast growth factor 2, leukemia inhibitory factor, and insulin
like growth factor 1 (termed FLI) to the maturation medium quadrupled the production
of offspring on a per oocyte basis [11]. Indeed, in the presence of FLI, gonadotropins are
unnecessary during oocyte maturation [25].

7.2. Sperm Quality

Sperm quality is defined in three major categories: sperm motility, sperm morphol-
ogy, and sperm biomarker-defined health. Sperm motility can be objectively measured
using computer-assisted sperm analysis (CASA) systems [171]. These are typically phase-
contrast microscopes fitted with cameras and attached to a computer to perform motility
calculations. Software on these computers can likewise perform sperm morphology assess-
ment. Common sperm morphology abnormalities include retained cytoplasmic droplets
(proximal and distal in relationship to the sperm midpiece), distal midpiece refluxes, and
coiled tails.

There has been increasing attention to evaluating sperm health and function from a
biomarker perspective. The advantage to evaluating sperm with biomarkers is that it can
reveal sperm quality characteristics that cannot be evaluated under optical microscopes
(conventional light microscopy) alone. Biomarkers can be assessed by using microscopes
equipped with epifluorescence or through flow cytometry. While there are several character-
istics that can be analyzed, we will mention those that are relevant along with manufacturer
in parentheses. A common sperm health attribute to assess is acrosomal integrity. Fluores-
cent conjugated lectins can be used for this. In pig, a common lectin to assess acrosome
integrity is Arachis hypogaea/peanut agglutinin (Invitrogen Lectin PNA, Alexa Fluor™
488) [172]. Plasma membrane integrity can give insight to sperm viability [173] and/or if
there has been capacitation-associated plasma membrane remodeling [174]. This is com-
monly analyzed using propidium iodide (Invitrogen). Mitochondrial membrane potential
can be assessed using JC-1 (Invitrogen) [175], while capacitation indicating calcium influx
status can be evaluated using Fluo 4 NW (Invitrogen) [176]. An additional capacitation
status indicator is the efflux of zinc, which can be analyzed using FluoZin™-3 AM (Invit-
rogen) [174]. Misfolded sperm protein content can be evaluated for with PROTEOSTAT
aggresome kit (Enzo Life Sciences) [177] along with sperm proteins marked for recycling via
the ubiquitin proteasome system pathway with antibodies against ubiquitin [178]. Reactive
oxygen species can be indicated by 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA,
Invitrogen) [179] or membrane lipid peroxidation from ROS by 4, 4-difluoro-5-(4-phenyl-
1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid, C11-BODIPY (BODIPY,
Invitrogen) [180]. Lastly, DNA fragmentation can be evaluated by acridine orange (Acros
Organics) [181] or TUNEL (Promega DeadEnd™ Colorimetric TUNEL System) [182].

While it is assumed that lower quality sperm can be used for successful fertilization
in IVF compared to artificial insemination, sperm quality is still important. To empha-
size this, recent studies have shown that flow cytometer (FC)-sorted sperm result in
reduced IVF rates [183]. It is well understood that FC-sorted sperm have reduced sperm
quality [184,185]. Even though sperm may undergo successful penetration of the zona
pellucida, a series of events are necessary to activate the oocyte. Two sperm-oocyte activat-
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ing factors implicated in activating the oocyte are phospholipase C zeta (PLCζ) [186] and
postacrosomal WW domain-binding protein (PAWP) [187]. After sperm-oocyte activation,
billions of zinc ions are released, termed the zinc spark (Xenopus [188], cattle [189], and
mice [190]). While the zinc spark has not been reported in pigs, we previously reported
that the zinc chelator, TPEN, activates pig oocytes [191]. Recent data have shown that zinc
inhibits sperm zona pellucida proteinases, such as matrix metalloproteinase-2 (MMP2),
and the 26S proteasome [192]. Altogether, sperm-oocyte zinc signaling might be a new
polyspermy defense mechanism [174,193].

7.3. Epigenetics and In Vitro Production of Porcine Embryos

Creating or culturing pig embryos in vitro changes the developmental potential [112]
as well as the transcriptional [12] and epigenetic profile [194–196] of the resulting embryos.
Some would argue that the change in transcription is due to changes in DNA methyla-
tion. While there are reports of epigenetic control over transcription, it is not clear if the
changes in DNA methylation, for example, are the result of or the cause of changes in
transcription [197–200]. In pigs, epigenetic regulation of development is not limited to
DNA methylation and includes histone modifications, such as acetylation [201], methyla-
tion [202,203], and RNA methylation [204]. Much work has been reported on epigenetic
regulation in pig development and after SCNT [205,206]. Increasing histone acetylation
by inhibiting deacetylase inhibitors improves the development of SCNT embryos and
corrects the expression of some genes [201,207,208]. Presumably changes in the culture
environment can bring the transcriptional profile and epigenetic marks, such as DNA
methylation and histone acetylation, to a more ‘in vivo’ level.

8. Conclusions and Perspectives

Progress in the in vitro production of porcine embryos has been steady; however,
with advances in technologies, such as deep sequencing and metabolomics, the condi-
tions required for healthy oocytes and embryos will be revealed more rapidly. In turn,
improvements in media formulations and implementation of dynamic culture systems
have great potential for dramatically increasing developmental outcomes. Nevertheless, en-
vironmental stressors and parental factors that cannot be controlled will continuously pose
challenges for the culture of porcine embryos. These challenges will be faced directly to
improve embryo viability as porcine models are becoming more important and applicable
in agriculture and human medicine.
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Abstract: Extracellular vesicles (EVs) are nanosized vesicles that act as snapshots of cellular compo-
nents and mediate cellular communications, but they may contain cargo contents with undesired
effects. We developed a model to improve the effects of endometrium-derived EVs (Endo-EVs) on the
porcine embryo attachment in feeder-free culture conditions. Endo-EVs cargo contents were analyzed
using conventional and real-time PCR for micro-RNAs, messenger RNAs, and proteomics. Porcine
embryos were generated by parthenogenetic electric activation in feeder-free culture conditions
supplemented with or without Endo-EVs. The cellular uptake of Endo-EVs was confirmed using the
lipophilic dye PKH26. Endo-EVs cargo contained miR-100, miR-132, and miR-155, together with the
mRNAs of porcine endogenous retrovirus (PERV) and β-catenin. Targeting PERV with CRISPR/Cas9
resulted in reduced expression of PERV mRNA transcripts and increased miR-155 in the Endo-EVs,
and supplementing these in embryos reduced embryo attachment. Supplementing the medium
containing Endo-EVs with miR-155 inhibitor significantly improved the embryo attachment with a
few outgrowths, while supplementing with Rho-kinase inhibitor (RI, Y-27632) dramatically improved
both embryo attachment and outgrowths. Moreover, the expression of miR-100, miR-132, and the
mRNA transcripts of BCL2, zinc finger E-box-binding homeobox 1, β-catenin, interferon-γ, protein
tyrosine phosphatase non-receptor type 1, PERV, and cyclin-dependent kinase 2 were all increased
in embryos supplemented with Endo-EVs + RI compared to those in the control group. Endo-EVs
+ RI reduced apoptosis and increased the expression of OCT4 and CDX2 and the cell number of
embryonic outgrowths. We examined the individual and combined effects of RI compared to those
of the miR-155 mimic and found that RI can alleviate the negative effects of the miR-155 mimic on
embryo attachment and outgrowths. EVs can improve embryo attachment and the unwanted effects
of the de trop cargo contents (miR-155) can be alleviated through anti-apoptotic molecules such as
the ROCK inhibitor.

Keywords: miR-155; CRISPR/Cas9; extracellular vesicles; embryo; ROCK inhibitor

1. Introduction

The pig is considered a crucial model for transgenic animals and xenotransplantation;
however, the process of embryo production in vitro is quite challenging due to a drastic
decrease in the embryonic cell number and blastocyst formation as compared toother farm
animal species [1,2]. This raises several questions about whether the effects are endogenous
or lack exogenous supportive signals. Preimplantation embryos are more competent when
co-cultured with other embryos or maternal cells due to the production of paracrine or
juxtracrine factors that interact to support the inefficient culture conditions associated
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with individually cultured embryos [3–5]. The cell number of in vivo–derived embryos
is twice that of those that are generated in vitro, and the oviduct significantly affects the
cell number and results in a 1.5-fold increase in cell number and hatching rates [6]. It
shows that exogenous maternal factors are important for acquiring embryo developmental
competence, and there are some other endogenous factors from the embryos themselves that
may hamper the development of the embryo. Recent transcriptomics studies have shown
vast differences between the porcine blastocysts that are produced in vivo and in vitro and
demonstrate that upregulated gene expression of metabolism and arginine transporter
contribute to the low developmental competence in in vitro–derived embryos [7].

To reveal the possible factors that regulate the blastocyst development and the rate
of attachment in porcine embryos, we designed experiments to investigate the molecular
impact of exogenous and endogenous signals responsible for embryonic–maternal crosstalk.
For instance, the endogenous factors are formed or released by the embryos themselves,
while the exogenous factors are released by the maternal cells and hamper the develop-
mental competence such as miRNAs. Several cargos of protein, mRNA, miRNA, and
metabolites are carried through the extracellular vesicles (EVs) and affect the growth of the
embryo [4,8,9]. Moreover, the interplay between the EVs derived from the endometrium
during embryo implantation in humans and animals has been investigated [10–12]. The
porcine endogenous retrovirus (PERV) is secreted by all porcine cells and is considered a
natural inhabitant of cells and biological fluids including the uterine cells. The endogenous
retroviruses establish interplay between maternal and embryonic cells and are present in
the exosomes released by the endometrium [13–15]. Studies also revealed a supportive role
of Rho-associated coiled-coil-containing kinases (ROCK) in the development of cleaved
embryos, while ROCK inhibition is critical during embryonic and pluripotent stem cell
development [16–18], particularly trophoblast adhesion and differentiation [19,20].

The mechanism behind this interplay between the endogenous and exogenous factors
that affect porcine embryo developmental competence remains unclear. Therefore, our
study is an attempt to understand the interplay between the exogenous factors represented
in endometrial EVs and the endogenous factors represented in PERV and ROCK pathways
in the developmental competence of porcine embryos to enhance the production of more
competent embryos that can meet the needs of cloning and xenotransplantation.

2. Materials and Methods

2.1. Chemicals

Unless otherwise specified, chemicals and reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Generation of Porcine Parthenogenetic Embryos

Porcine embryos were obtained through chemical parthenogenetic activation of in vitro
matured oocytes as per our previous reports [5,21,22]. Porcine ovaries were collected from
a slaughterhouse and transferred to the laboratory within 4 h in saline (NaCl 0.9%) at
30 ◦C. Cumulus–oocyte complexes (COCs) were retrieved through aspiration by an 18-
gauge needle connected with a 10 mL syringe. Oocytes surrounded by compact layers of
cumulus cells were selected using a stereomicroscope (SMZ 745T, Nikon, Tokyo, Japan)
and washed three times in HEPES buffered Tyrode’s medium comprising 0.05% polyvinyl
alcohol (TLH-PVA). COCs were cultured in 4-well dishes (Nunc, ThermoFisher Scientific,
Roskilde, Denmark) containing 500 mL of a maturation medium comprising TCM-199
(Gibco, Waltham, MA, USA), 10% (v/v) porcine follicular fluid, cysteine (0.6 mM), sodium
pyruvate (0.91 mM), epidermal growth factor (10 ng/mL), kanamycin (75 μg/mL), insulin
(1 μg/mL), human chorionic gonadotrophin (10 IU/mL; Daesung Microbiological Labs;
Uiwang, Korea), and equine chorionic gonadotrophin (10 IU/mL; Daesung Microbiological
Labs) for 22 h. Then, the COCs were moved to the same culture conditions without the
presence of the hormones for 22 h. Matured COCs were harvested, and cumulus cells were
detached by gentle pipetting in hyaluronidase (0.6%) and then were washed in TLH-PVA
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and equilibrated in a pulsing medium consisting of mannitol (0.28 M), CaCl2 (0.1 mM),
HEPES (0.5 mM), and MgSO4 (0.1 mM). Oocytes were then activated with a single direct
current pulse of 1.5 kV/cm for 60 μs generated inside a glass chamber of two electrodes
in an activation medium. The electric current was generated through a BTX Electro-Cell
Manipulator 2001 (BTX Inc., San Diego, CA, USA). Activated oocytes were washed in TLH-
PVA and cultured for 7 days in microdrops of porcine zygote medium-5 (PZM-5, Functional
Peptides Research Institute Co. Ltd. (IFP), Yamagata, Japan) overlaid with mineral oil in a
humidified atmosphere at 38.5 ◦C (5% O2, 5% CO2, and 90% N2). Blastocysts were obtained
and washed in PBS and zona pellucida was removed by 0.1% pronase (w/v in PBS) to obtain
zona-free embryos ready for further experiments.

2.3. Endometrium Culture

Uterine tissues of diestrus multiparous sows were collected from the slaughterhouse
and transported to the lab within 4 h. Endometrium was separated aseptically under a lam-
inar flow hood [23]. Endometrium was chopped into 1 mm pieces and seeded on 100 mm
tissue culture dishes with a minimal volume of culture medium that comprised DMEM,
10% fetal bovine serum, and penicillin/streptomycin (100 U/mL penicillin, 100 μg/mL
streptomycin) at 38.5 ◦C in a humidified atmosphere of 5% CO2. Tissue attachment and
primary cell outgrowths were observed on day-5 of culture and the culture medium was
then changed to a fresh one. Primary culture monolayer was maintained until day-8, and
the tissue remnants were mechanically discarded.

2.4. Extracellular Vesicles Isolation and Characterization

On day-8, endometrial cell monolayers were cultured in a serum-free culture medium
for 24 h and the conditioned medium was aspirated and centrifuged at 300× g to discard cell
debris pellets [24]. EVs were isolated through targeted protein binding and nanofiltration
using PureExo Exosomes Isolation kits (101 Bio, Palo Alto, CA, USA) [25] to yield 100 μL of
EVs in phosphate-buffered saline (PBS) solution. EVs were characterized through ZetaView
PMX 110 (Particle Metrix, Meerbusch, Germany) nanoflow fluorescence cytometry and
nanoparticle tracking analysis instrument associated with ZetaView 8.05.14 SP7 software
and Microsoft Excel 365 (Microsoft Corp., Seattle, WA, USA) [26]. After calibration with
100 nm polystyrene particles (ThermoFisher Scientific), one mL of the sample (diluted 20X
in 1× PBS) was loaded into the machine and eleven different positions and two reading
cycles per position were automatically set to measure the mean, median, and mode sizes
(indicated as diameter), concentrations, and outlier removal in each sample. EVs were
examined through transmission electron microscopy (TEM) [4,27]. In brief, 4 μL of isolated
EVs solution was stained with 2% uranyl acetate, mounted on the center of 200-mesh
copper grids, dried, and visualized through an OMEGA-energy filtering TEM (ZEISS LEO
912, Carl Zeiss, Jena, Germany) at 120 kV. The EVs cargo contents of some selected mRNAs,
miRNAs, and proteins were analyzed through reverse-transcription polymerase chain
reaction and proteomics as discussed below.

2.5. Embryo Attachment Model

Embryo attachment in feeder-free culture condition was established according to our
previous method [28] with some modifications. Fifty μL microdrops of Matrigel basement
membrane matrix (BD Biosciences, San Jose, CA, USA) were placed on 4-well dishes
(Nunc) and incubated for 30 min at 38.5 ◦C. Matrigel was removed and replaced with
50 μL of culture medium that was composed of DMEM/F-12 supplemented with 10%
fetal bovine serum, β-mercaptoethanol (0.1 mM), 1% nonessential amino acids (Invitrogen,
Waltham, MA, USA), and 1% penicillin/streptomycin (100 U/mL penicillin, 100 μg/mL
streptomycin). The microdrops were covered with mineral oil and incubated for 30 min
before embryo placement. On day-7, embryos were collected and zona pellucidae were
removed by pronase (0.1% in PBS) for 1 min at 38.5 ◦C. Embryos were washed with
the culture medium before placing them into the Matrigel-coated microdrops. Embryos
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were then incubated in a humidified atmosphere of 5% CO2 at 38.5 ◦C and monitored for
attachment and outgrowths on days 2–5 from culture.

2.6. Experimental Design
2.6.1. Effects of Endometrial-EVs and ROCK Inhibitor on Embryo Development
and Attachment

First, embryos (n = 20 for 3 replicates) were divided into 4 groups: control, 10 μM
ROCK (Rho-associated coiled-coil containing kinases) inhibitor (RI, Y-27632) [29], Endo-EVs
(1.5 × 107 particles/mL) [25,30], or combined supplementation of RI and Endo-EVs for
different durations (i.e., 36 h and extended to 5 days). The control group was cultured in a
plain culture medium without supplementation. Embryos were monitored for attachment,
cell number, apoptosis, outgrowths, immunofluorescence staining of pluripotency marker
(Oct4) and trophoblast marker (Cdx2), and relative quantitation of some miRNA and
mRNA transcripts’ expression that are related to apoptosis, cell attachment, cell cycle, and
embryo development.

2.6.2. Effect of miR-155 on Embryo Development and Attachment

Based on the findings of EVs analysis, we designed experiments to explore the roles of
miR-155 in maternal-embryonic communications. The mir-155 inhibitor was supplied to
examine its effect on Endo-EVs supplementation on embryonic development and attach-
ment. Moreover, the effects of miR-155 mimic on embryonic development and attachment
were studied in combination with or without RI.

2.6.3. Effect of Targeting PERV on Embryo Development and Attachment

Based on the findings of EVs analysis, we targeted PERV with CRISPR/Cas9 to
explore the role and impact of EVs derived from PERV-depleted endometrium on embryo
development and attachment.

2.7. EVs Labeling and Uptake

Before EVs isolation, a serum-free conditioned medium was mixed with the PKH26
lipophilic fluorescent stain (Invitrogen) according to the manufacturer’s instructions, and
EVs were isolated to remove the excess free PKH67 dye following the manufacturer’s
recommendations [31,32]. EVs were then supplemented (1.5 × 107 particles/mL) [25,30]
with cultured embryos for 24 h to monitor their uptake through a fluorescent microscope
(MshOt, Guangzhou Micro-shot Technology Co., Ltd., Guangzhou, China). For negative
control staining, the plain conditioned medium was mixed with PKH26 and processed by
the same EV labeling procedure.

2.8. Immunofluorescence

Immunofluorescence staining of OCT4 and CDX2 was performed according to our
previous protocol [33] with some modifications as follows: attached embryos on day-5
were fixed in 4% paraformaldehyde (w/v in PBS), pH 7.4 for 15 min at room temperature.
Fixed embryos were washed in PBS, permeabilized with 0.1% Triton-X100 (v/v in PBS)
for 10 min, and then were blocked by 1% goat serum (v/v; Invitrogen) for 30 min at room
temperature. Primary antibodies specified against Oct4 (mouse monoclonal IgG2b, sc-5279,
Santa Cruz Biotech. Inc., Santa Cruz, CA, USA) and Cdx2 (rabbit monoclonal IgG, ab76541,
Abcam, Seoul, Korea) were diluted (1:100) and prepared in PBS. The attached embryos were
incubated with the primary antibodies (1 h at 38.5 ◦C), washed in PBS three times, then
incubated with the secondary antibodies (Alexa Fluor 488 goat anti-mouse IgG, A11001
and Alexa Fluor 568 goat anti-rabbit IgG, A11011; Invitrogen, Life Technologies Corp.,
Eugene, OR, USA), and the resulting solution was diluted (1:200) and kept in PBS for 1 h
at 38.5 ◦C before washing in PBS three times. Embryonic cell nuclei were counterstained
with Vectashield antifade mounting medium containing 40,60 -diamidino-2-phenylindole
(DAPI; Vector Laboratories, Vector Laboratories, Burlingame, CA, USA) for 5 min, and the
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fluorescence signals were examined with a fluorescent microscope at 488 nm, and 568 nm
for Oct4 and Cdx2, respectively. Images were captured and the fluorescence intensity pixel
analysis was analyzed with ImageJ 1.53k software (National Institute of Health, Bethesda,
MD, USA).

2.9. TdT-Mediated dUTP-X Nick End Labeling (TUNEL) Assay

Labeling of DNA strand breaks and detection of apoptotic cells were examined
through In Situ Cell Death Detection TUNEL assay Kit, Fluorescein (Roche Holding AG,
Basel, Switzerland) according to the manufacturer’s protocol. Embryos were fixed in 4%
paraformaldehyde and permeabilized in 0.1% TritonX and then incubated with the working
solution of an enzyme (TdT) and a label solution (fluorescein-dUTP) for 1 h at 38.5 ◦C.
Nuclei were counterstained with Vectashield antifade mounting medium as mentioned
above. Green fluorescence positive cells (apoptotic cells) were captured and counted with
ImageJ software.

2.10. MiR-155 Mimic, miR-155 Inhibitor, and CRISPR/Cas9 Transfection

We used Campylobacter jejuni CRISPR/Cas9 (cjCas9) vector to cleave PERV mRNA.
We cloned cjCas9-based sgRNA targeting env gene of PERV in our cjCas9 vector with slight
modification (D8A for inactivating RuvC domain) (Supplementary Figure S1). CRISPR/Cas9
vector (1 mg), miR-155 mimic (100 nM), and miR-155 inhibitor (100 nM) oligonucleotide
sequences (Table 1) [34] were transfected to the embryos [35] with some modifications.
The nucleic acids were incubated with Lipidofect-P transfection reagent (Cat # LDL-P001,
Lipidomia, Gachon University IT Center, Gyeonggi-do, Korea) for 30 min at room tempera-
ture, and then the mixture was supplemented to the embryo culture medium and incubated
for the attachment and further development.

Table 1. Sequences for miR-155 mimic and miR-155 inhibitor [21].

Name Sequence (5′ → 3′)

miRNA-155 inhibitor UUAAUGCUAAUCGUGAUAGGGG
miRNA-155 mimic sense UGGUGCAGGUUUAAUGCUAAUCGUGAUAGGGGUUUA

miRNA-155 mimic anti-sense GUGCUGAUGAACACCUAUGCUGUUAGCAUUAAUCUUGCGCUA

2.11. Conventional and Real-Time Polymerase Chain Reaction

Total RNA was extracted from the embryos (n = 5, 4 replicates) using RNeasy Micro
Kit (Qiagen GmbH, Hilden, Germany, Cat #74004) that included DNase I for removing any
of DNA residuals. NanoDrop 2000 (Thermo Scientific) was used to determine the quality
of the extracted RNA. Values of > 1.8 of OD 260/280 and 260/230 ratios were used for
the reverse transcription. Complementary DNA (cDNA) was synthesized using 2X RT
Pre-Mix of QuantiNova Reverse Transcription Kit (Qiagen) with a total volume of 20 μL
(1 μg of total RNA, 4 μL of 5× RT buffer, 1 μL of reverse transcriptase enzyme mix, 1 μL
of oligo dT primer for mRNA or universal stem-loop primer for miRNAs (Table 1), and
RNase-free distilled water to reach the volume of 20 μL). Pulsed reverse transcription
was conducted to generate complementary DNA (cDNA). Twenty nanograms of total
RNA in a 20 μL reaction volume was used as a template for cDNA synthesis in 60 cycles
of 2 min at 16 ◦C, 1 min at 37 ◦C, and 0.1 s at 50 ◦C, and a final inactivation at 85 ◦C
for 5 min [36,37]. For conventional PCR, cDNA was amplified by using 2X Taq PCR
Pre-Mix (BioFACT, Seoul, Korea) in the following conditions: initial denaturation (2 min
at 95 ◦C), 40 amplification cycles of denaturation (95 ◦C for 20 s), annealing (60 ◦C for
30 s), and extension (72 ◦C for 30 s), followed by a final extension step of 5 min at 72 ◦C.
The PCR products were analyzed by a Gel Doc XR+ UV transilluminator with Image
Lab Software (Bio-Rad, Berkeley, CA, USA) on a 2.5% agarose gel (Amresco, Cleveland,
OH, USA) stained with ethidium bromide (BioFACT). Gel electrophoresis was performed
using Mupid®-One (TAKARA, Tokyo, Japan) at 135 V for 25 min. Relative quantitative
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PCR was performed using the CFX Connect Real-Time PCR system (Bio-Rad) and SYBR 2X
Real-Time PCR Pre-Mix (BioFACT). Details about the target genes, housekeeping mRNA
and snRNA, primers, and product size are listed in Table 2. The reaction mixture (20 μL)
comprised 10 μL of SYBR® Premix (2×), 2 μL of cDNA (100 ng), 2 μL of forward and
reverse primers (10 μM), and 6 μL of distilled water. Cycling conditions were 95 ◦C
(1 min) followed by 40 PCR cycles of 95 ◦C (5 s, DNA denaturation), 60 ◦C (30 s, primer
annealing), and 72 ◦C (30 s, extension). Primer specificity was determined by melting
curve protocol ranging from 65 to 95 ◦C and was confirmed with single peaks in the melt
curves, gel electrophoresis, and cDNA-exempted samples. Transcripts of the target genes
were compared to those of housekeeping genes (GAPDH-mRNA and U6-snRNA). The
gene networks of these studied transcripts were analyzed through GeneMANIA webtool
(https://genemania.org/, accessed on 30 September 2022) [21].

Table 2. Primers used for RT-PCR and RT-qPCR.

Name
Sequence 5′ → 3′ Product

Size
Accession No.

Forward Reverse

miR-100-p AAACCCGTAGATCCGAACT CAAGCTTGTGCGGACTAATA 43 NR_029515.1
miR-132-p GTCTCCAGGGCAACCGTG CGACCATGGCTGTAGACTGT 70 LM608489.1
miR-155 GCGGTTAATGCTAATCGTGATA CGAGGAAGAAGACGGAAGAAT 65 LM608611.1

U6 GCTTCGGCAGCACATATACTAAAAT CGCTTCACGAATTTGCGTGTCAT 89 NR_004394.1
Bax GAGAGACACCTGAGCTGG AGTTCATCTCCAATGCGC 165 XM_013998624.2
Bcl2 GTTGACTTTCTCTCCTACAAG GGTACCTCAGTTCAAACTCAT 277 NM_214285.1

CDK2 GCTTCAGGGGCTAGCTTTTT AGCCCAGAAGGATTTCAGGT 197 NM_001285465.1
CTNNB1 CCATTCCATTGTTTGTGCAG GTTGCCACACCTTCATTCCT 175 NM_214367.1
GAPDH ACACTCACTCTTCTACCTTTG CAAATTCATTGTCGTACCAG 90 DQ845173.1

IFNG CCATTCAAAGGAGCATGGAT TTCAGTTTCCCAGAGCTACCA 76 NM_213948.1
PERV TCCGTGCTTACGGGTTTTAC TTTCTCCCAGAGCCTCCATA 388 XM_021074788.1

PTPN1 TCTCAAGAAACTCGAGAGAT TCAGCCAGACAGAAGGTC 194 XM_021077277.1
Zeb1 ACGGATGCAGCAGATTGTGA CCGGGTAACACTGTCTGGTC 71 XM_021064196.1
Zeb2 GACAATGTAGTGGACACGGGT GGGGAGCACTCCTGGTT 131 XM_021076508.1

Universal
stem-loop

primer
GAAAGAAGGCGAGGAGCAGATCGAGGAAGAAGACGGAAGAATGTGCGTCTCGCCTTCTTTCNNNNNNNN

U6: RNU6-1 RNA, U6 small nuclear 1 (house-keeping snRNA; https://www.ncbi.nlm.nih.gov/gene/26827,
accessed on 16 August 2022); Bax: BCL2-associated X, apoptosis regulator (causes apoptosis; https://www.ncbi.
nlm.nih.gov/gene/396633, accessed on 16 August 2022); Bcl2: BCL2 apoptosis regulator (antiapoptotic; https:
//www.ncbi.nlm.nih.gov/gene/100049703, accessed on 16 August 2022); CDK2: Cyclin-dependent kinase 2 (cell
cycle regulation [38]); CTNNB1: β-catenin (cell attachment molecule and trophoblast invasion [39,40]); IFNG:
interferon gamma (implantation signal produced by porcine embryo [41]); GAPDH: glyceraldehyde-3-phosphate
dehydrogenase (house-keeping gene); PERV: porcine endogenous retrovirus; PTPN1: protein tyrosine phosphatase
non-receptor type 1 (cell adhesion, migration, growth, differentiation, and mitotic cycle [42]); Zeb1: zinc finger E-
box binding homeobox 1 (epithelial–mesenchymal transition and trophoblast cell differentiation [43]); Zeb2: zinc
finger E-box binding homeobox 2 (epithelial–mesenchymal transition and trophoblast cell differentiation [44,45]).

2.12. Preparation of Endo-EVs Protein Fraction, In-Gel Digestion and Proteomic Analysis
by LC–MS/MS

The protocol was performed according to our recent report [27]. In brief, EVs pel-
lets were suspended and dialyzed against 10 volumes of 20 mM Tris-HCl (pH 8.0) (the
molecular mass cutoff of was 10,000 Da). Protein concentration was estimated through the
bicinchoninic acid method and then proteins were fractionated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). For Coomassie Brilliant Blue staining, the
gels were destained by 50% acetonitrile and 10 mM ammonium bicarbonate solution [46]
and then gels were rinsed twice with distilled water, followed by 100% acetonitrile, re-
spectively and then dried with a speed vacuum concentrator. The gels were treated with
mixture of 10 mM dithiothreitol and 100 mM ammonium bicarbonate at 56 ◦C, before
treatment with 100 nM iodoacetamide to minimize alkylate S–S bridges. The gels were
vortexed in three volumes of distilled water for washing and then dried with a speed
vacuum concentrator. The gels were incubated in 50 mM ammonium bicarbonate and
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10 ng/mL trypsin at 37 ◦C for 12–16 h for tryptic digestion. Tryptic peptides were retrieved
after treatment with 50 mM ammonium bicarbonate and 50% acetonitrile containing 5%
trifluoroacetic acid. Peptide extract was lyophilized and stored at 4 ◦C until further analysis.
Tryptic peptide extract was suspended in 0.5% trifluoroacetic acid and 10 μL from each
sample was loaded onto MGU30-C18 trapping columns (LC Packings) to concentrate pep-
tides and clear extra chemicals. Concentrated tryptic peptides were eluted from the column
and loaded onto a 10 cm × 75 μm I.D. C18 reverse-phase column (PROXEON, Odense,
Denmark) at adjusted flow rate (300 nL/min). Peptides were retrieved by a gradient of
0–65% acetonitrile for 80 min. MS and MS/MS spectrum was obtained by using LTQ-Velos
ESI ion trap mass spectrometer (Thermo Scientific, Waltham, MA, USA). MASCOT 2.4 was
used to analyze MS/MS data with a false discovery rate of 1% as a cutoff value. Protein
quantities were estimated through the exponentially modified protein abundance index
(emPAI) and were expressed as mol %. Three technical replicates were performed. Func-
tional analysis and gene ontology were performed through the Functional Annotation
Tool, DAVID Bioinformatics Resources (NIAID/NIH; https://david.ncifcrf.gov/home.jsp,
accessed on 16 August 2022) [36,47].

2.13. Statistical Analysis

For each experiment, an average of 20 embryos and at least 3 replicates were used for
the analysis. Lieven’s test and Kolmogorov–Smirnov test were used to confirm the homo-
geneity of variance and the normality of distribution, respectively. Data were expressed as
mean ± standard error of means (SEM) or standard deviation (SD) and examined through
using an unpaired Student t-test or with univariate analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test, respectively. Statistical significance was considered at
p <0.05 or p <0.01. GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA) was
used for the statistical analyses.

3. Results

3.1. Endo-EVs Isolation, Characteristics, and Cargo Contents

Endometrial cells were successfully cultured with the characteristic flattened epithelial
properties and were maintained in culture until day-8 (Figure 1A,B). Cells were cultured in
a serum-free culture medium for 24 h to retrieve the Endo-EVs. ZetaView analysis showed
a presence of 1.1 × 108 particles/mL of average particle size 115.6 ± 28.4 nm in the isolated
conditioned medium (Figure 1C). Furthermore, TEM images revealed the presence of lipid
bilayer vesicles (Figure 1D) that characterize the appearance of EVs. The isolated Endo-EVs
were analyzed with qPCR and showed the expression of certain miRNAs and mRNAs when
compared to those of corresponding endometrial origin (Figure 2). Endo-EVs contained
miR-100, miR-132, and miR-155, β-catenin, and PERV, but we could not observe GAPDH
mRNA in the isolated EVs. Endo-EVs were further characterized through the profiling of
protein contents by proteomics. We identified 82 proteins in the Endo-EVs (Supplementary
Table S1), of which the top 20 proteins that constituted around 65% of the total proteins
of the Endo-EVs included proteins associated with cytoskeleton structures (e.g., keratins),
extracellular matrix (e.g., plasminogen), and calcium metabolism (e.g., vitamin-D-binding
protein, and calcium-binding protein A2); however, they contain apoptosis-related proteins
such as procathepsin (Table 3). Detailed information about the proteins and their functions
are listed in Supplementary Tables S2 and S3.

3.2. Effect of Endo-EVs and ROCK-Inhibitor (RI) on Embryo Attachment and Outgrowths

The embryonic uptake of Endo-EVs was confirmed by the presence of intracytoplasmic
fluorescence signals after labeling Endo-EVs with PKH26 stain and their incubation with
the embryos for 30 h (Figure 3).
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Figure 1. Obtaining the endometrial-derived extracellular vesicles (Endo-EVs). (A) Porcine en-
dometrium (n = 6) was retrieved from the uterus (*) of diestrus sows (as indicated by corpora lutea,
the black arrow); (B) primary endometrium cell culture was established (white arrow) from the
endometrial tissue flakes (yellow arrow). On day-8 of primary outgrowths (Scale bar = 50 μm), the
tissue chops were removed, and the cells were cultured in a serum-free culture medium to collect the
conditioned medium for Endo-EVs isolation. (C) Endo-EVs were isolated by targeted nanofiltration
method and were characterized by ZetaView nanoflow cytometry and nanoparticle tracking analysis
and showed an average diameter of 115.6 ± 28.4 nm with a concentration of 1.1 × 108 particles/mL
(dilution factor is 20X). (D) Endo-EVs were visualized by transmission electron microscope and
showed bilipid vesicles (white arrow).

We then investigated the embryonic attachment and the development after supple-
menting the culture medium with EVs or with RI or with their combination together. When
compared with the control group, Endo-EVs supplementation for 36 h showed significant
improvement in embryo attachment (65.55% vs. 34.43%, p < 0.01), increased embryonic cell
number (26 vs. 21.8, p < 0.01), and a significant reduction in apoptosis (2.37% vs. 26.1%,
p < 0.01) (Figure 4A–D). Based on these preliminary experiments, we found that RI can
reduce apoptosis in embryonic stem cells (Figure 4D); however, it could not support the
embryonic development (Figure 4C) compared to control and Endo-EVs groups. Therefore,
we examined the beneficial effects of both Endo-EVs and RI to support the embryonic
development, which showed 100% embryonic attachment with a significant increase in cell
numbers (mean = 33.6) and a significant reduction in the ratio of apoptotic cells (1.57%)
when compared to those of the experimental groups (Figure 4A–D).
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Figure 2. Images of gel electrophoresis of mRNA and miRNA of the endometrium and their derived
extracellular vesicles (Endo-EVs). The PCR products were electrophorized in agarose gel (2%), and
the bands were visualized using a 100 bp DNA ladder as reference. The band expression of the
snRNA (U6) and GAPDH were used as housekeeping genes for miRNA and mRNA, respectively.
We contrasted the expression in Endo-EVs and found that some mRNAs were not expressed in the
Endo-EVs such as GAPDH and catenin. For more details about the PCR product size, please refer to
Table 1 in Section 2.

Table 3. The top 20 proteins identified in endometrium-derived extracellular vesicles.

UniProt Accession Description Mol %

A0A287B5W2 Trypsinogen isoform X1 6.0325
A0A287AEL2 Keratin 14 5.0814

F1SGG6 Keratin 5 4.831
A0A287A0Q6 Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation Protein zeta 4.6558
A0A287ANZ8 Thy-1 membrane glycoprotein 4.1051
A0A286ZT13 Albumin 4.03

P20112 SPARC 3.5544
Q28944 Procathepsin 3.0288

A0A5G2QTF5 Thioredoxin 2.8536
A0A287AHS0 Calmodulin 3 2.8285
A0A287BA49 Keratin 5 2.7785
A0A287A8S8 Phosphopyruvate hydratase 2.7284

F1SGG3 Keratin, type II cytoskeletal 1 2.7034
I3LDS3 Keratin 10 2.6783

A0A287AHK1 Vitamin D-binding protein 2.6283
K7GQ95 S100 calcium binding protein A2 2.3529

A0A5G2QSE8 Keratin 3 2.3029
A0A287BHY5 Keratin 2 1.7772
A0A5G2QUE0 Antithrombin-III 1.7522
A0A287ATD0 Keratin 75 1.577

We followed up the development of embryos supplanted with Endo-EVs and RI
for 5 subsequent days and compared that with the control group. The results showed a
significant increase in the embryonic outgrowths on day-5 in the embryos supplemented
with Endo-EVs and RI (72.9% vs. 32%) (Figure 5A,B).
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Figure 3. Cellular uptake of Endo-EVs. Endo-EVs were stained with a lipophilic live-imaging dye
PKH26, and the free dye was removed by washing during isolation. Plain conditioned medium was
processed in the same way as the isolated EVs and worked as negative control (Control). Attached
embryonic cells were incubated with the stained control and Endo-EVs for 24 h and then were
stained with DAPI and visualized by fluorescence microscope. White arrows indicate the presence of
cytoplasmic stained EVs surrounding the nuclei. Scale bar = 20 μm.

Figure 4. The effects of endometrial EVs (Endo-EVs) and ROCK inhibitor (RI) on porcine embryo de-
velopment. (A) Day-7 zona-free embryos (n = 20, 3 replicates) were cultured on Matrigel-coated dishes
in microdrops of culture medium in a humidified atmosphere of 5% CO2 for 36 h. The control group
was cultured in a plain culture medium while the RI group in a medium supplemented with Y-27632
(10 μg/mL) and EVs group in a medium supplemented with Endo-EVs of 2.6 × 106 particles/mL. In
the combined group, embryos were cultured in a medium supplemented with both RI and EVs of the
same working concentrations. Scale bar = 100 μm. All groups were imaged in a bright field before
staining with TUNEL assay and contrasted with DAPI stain. White arrows indicate the apoptotic
cells; (B–D) graphs show the embryo attachment, cell number, and apoptosis among the groups,
respectively. Values (mean ± SD) were compared with ANOVA followed by Tukey’s test to determine
the difference among the groups. Values denoted by ‡, #, §, and * were considered statistically
different (p < 0.05).
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Figure 5. The effect of combined treatment of Endo-EVs and ROCK inhibitor (RI) on embryonic
outgrowths. (A) Day-7 zona-free porcine embryos (n =18 for 3 replicates) were cultured on Matrigel-
coated dishes in microdrops of culture medium in a humidified atmosphere of 5% CO2 for 5 days.
Scale bar = 50 μm; (B) the averages of percentages of embryonic cell outgrowths were calculated on
day-2, day-3, and day-5 (mean ± S.E.M.) and compared with Student’s t-test. Asterisk (*) indicates a
significant difference (p < 0.05).

Furthermore, the expression of Oct4 and Cdx2 in the Endo-EVs and RI-treated embry-
onic cells was significantly increased by 2.45-fold and 3.48-fold, respectively, compared to
those of the control group (Figure 6A–C).
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Figure 6. The effect of combined treatment of Endo-EVs with ROCK inhibitor (RI) on OCT4 and CDX2
expression in cultured embryonic cells. (A) Day-7 zona-free porcine embryos (n = 18 for 3 replicates)
were cultured on Matrigel-coated dishes in microdrops of culture medium in a humidified atmosphere
of 5% CO2 for 5 days and then incubated with primary antibodies specific to OCT4 and CDX2 followed
by corresponding specific secondary antibodies. Scale bar = 50 μm. (B,C) Images of CDX2 and OCT4,
respectively, were analyzed with ImageJ software to compare the pixels of the fluorescence intensity
in the same exposure time, contrast, and area of analysis. The values were normalized to the control
group as an arbitrary unit to show the fold of change between the groups. Values (mean ± S.E.M.)
were analyzed with Student’s t-test. Asterisk (*) indicates a significant difference (p < 0.05).
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Additionally, the qPCR analysis showed that combined supplementation of Endo-EVs
with RI significantly reduced the expression of Bax (0.6-fold) and miR-155 (0.17-fold) but
increased the expression of Bcl2 (4.73-fold), Cdk2 (4.33-fold), PERV (2.55-fold), β-catenin
(7.13), interferon-gamma (1.7-fold), Zeb1 (1.9-fold), PTN mRNAs (9.83-fold), miR-100
(3.79-fold), and miR-132 (16.1-fold) compared to those of the control group (Figure 7).

Figure 7. Relative quantitative analysis (RT-qPCR) of mRNA transcripts expressed in the embryos
treated with Endo-EVs and RI. Five blastocysts from each group for 4 replicates were used for qPCR
analysis. The means were normalized to the control group and expressed as arbitrary units. Data
were expressed as mean ± S.E.M. and the difference between the two groups was compared with
Student’s t-test. Values denoted by an asterisk (*) were considered statistically significant (p < 0.05).

3.3. Impact of miR-155 on Embryo Attachment and Development

Based on the previous results, we speculated that the miR-155 contents of Endo-EVs
could exert a negative impact on embryo attachment, and therefore we specifically targeted
miR-155 with an inhibitor (miR-155 inhibitor). Treatment of embryos with Endo-EVs and
miR-155 inhibitor significantly improved the attachment (90% vs. 50%, p < 0.01), increased
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the cell number (30 vs. 12, p < 0.01) but had no effects on the apoptosis ratio (2% vs. 3.16%,
p = 0.27) as compared to those of Endo-EVs supplemented group (Figure 8A–D).

Figure 8. Investigating the effects of the miR-155 inhibitor on embryonic attachment and development.
(A) MiR-155 inhibitor was designed (Table 1) and transfected to day-7 zona-free porcine embryos.
Embryos were cultured on Matrigel-coated dishes in microdrops of culture medium containing Endo-
EVs in a humidified atmosphere of 5% CO2 for 5 days. Control Endo-EVs group was treated the same
as the miR-155 group except for the absence of RNA sequence during transfection. Scale bar = 50 μm.
All groups were imaged in a bright field before staining with TUNEL assay and contrasted with DAPI
stain; (B–D) graphs show the embryo attachment, cell number, and apoptosis among the groups, and
values (mean ± SEM) were compared with Student’s t-test to determine the difference among the
groups. Values denoted by an asterisk (*) were considered statistically significant (p < 0.05).

Additionally, individual treatment with miR-155 mimic showed a significant reduction
(p < 0.05) in the attachment (20.8%) and cell number (n = 6) and a significantly increased
apoptosis ratio (48.3%). Moreover, these effects were significantly alleviated with an
individual treatment of RI (45.6%, 14, and 14.66% for attachment ratio, cell number, and
apoptosis ratio, respectively; p < 0.01) (Figure 9A–D). Hence, we speculated that RI could
antagonize the negative impact of miR-155 on embryonic attachment and development.
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Figure 9. Investigating the effects of miR-155 mimic and ROCK inhibitor (RI) on embryonic attach-
ment and development. (A) MiR-155 mimic duplex was designed (Table 1) and transfected to day-7
zona-free porcine embryos. Embryos were cultured on Matrigel-coated dishes in microdrops of
culture medium in a humidified atmosphere of 5% CO2 for 5 days. The three groups were treated the
same as the miR-155 mimic group except for the absence of RNA sequence during transfection of the
RI group. Scale bar = 50 μm. All groups were imaged in a bright field before staining with TUNEL
assay and contrasted with DAPI stain. White arrows indicate the apoptotic cells; (B–D) graphs
show the embryo attachment, cell number, and apoptosis among the groups. Data were expressed
as means ± S.E.M. Values (mean ± SD) were compared with ANOVA followed by Tukey’s test to
determine the difference among the groups. Values denoted by symbols #, §, and * were considered
statistically significant (p < 0.05).

3.4. Effects of Endo-EVs PERV Depletion by CRISPR/Cas9 on Embryo Attachment
and Development

Furthermore, based on the Endo-EVs cargo contents of PERV, we targeted PERV with
CRISPR/Cas9 to examine the effects of PERV reduction on embryonic attachment and
development. The designed CRISP/Cas9 was successfully transfected and expressed in
the cells as indicated by the green fluorescence protein expression in Figure 10A,A’,A”.
PERV expression was significantly reduced (0.23-fold, p < 0.05) compared to that of control

125



Cells 2022, 11, 3178

endometrium cells. Surprisingly, miR-155 expression showed a 6.16-fold increase (p < 0.05)
in PERV-depleted endometrium compared with that of the control endometrium. Similarly,
the derived EVs from PERV-depleted cells showed a significant reduction in PERV mRNA
expression (0.27-fold, p < 0.05), and a significant increase in miR-155 (4.9-fold, p < 0.01).
Moreover, supplementation of embryos with EVs from PERV-depleted cells significantly
reduced the attachment and day-5 outgrowth ratios compared to those of control EVs (49%
vs. 65.8% and 18% vs. 31%, respectively, p < 0.05).

Figure 10. The impacts of targeting porcine endogenous retrovirus (PERV) expression in porcine
endometrium through CRISPR/Cas9 on the derived EVs and the subsequent embryo development.
(A) Endometrium was transfected with CRISP/Cas9 vector for 24 h;(A’,A”) to compare the green
fluorescence protein expression (white arrow, see Supplementary Figure S1 for the vector details)
in control and mutated cells, respectively. The resulting cells were used to isolate Endo-EVs as
mentioned previously. Scale bar = 50 μm. PERV targeted endometrium showed 5-fold and 4.5-fold
reduction in the mRNA expression in both endometrium (B) and their derived EVs (C), respectively,
while they showed upregulated miR-155 about 6-fold and 5-fold in endometrium (B) and their derived
EVs (C), respectively. (D); (E) On day-5, embryo treated with PERV-targeted and PERV-diminished
EVs showed low percentages of embryo attachment and outgrowths (F). Values were expressed as
means ± S.E.M. and the difference between the two groups was compared with Student’s t-test.
Values denoted by an asterisk (*) were considered statistically significant (p < 0.05).
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4. Discussion

In this study, as a continuation of our work [28], we generated a model of cultur-
ing porcine embryos in feeder-free culture conditions using Matrigel basement mem-
brane matrix but on a microdrop level. This model achieved 100% of blastocyst attach-
ment and embryonic outgrowths with the help of Endo-EVs supplementation and ROCK
pathway inhibition.

Recently, the interplay between EVs derived from the endometrium during the em-
bryo implantation in humans has been investigated [10–12]. Our results showed that
Endo-EVs enhanced embryonic attachment and adhesion to the Matrigel basement mem-
brane matrix, which is in accordance with previous studies [11,48–51]. This improvement
may be attributed to the transfer of proteins associated with cell attachment, cytoskeleton
integrity, calcium metabolism as revealed by proteomics analysis. Additionally, embryonic
development was improved because of β-catenin transfer through the Endo-EVs cargo
that increased the expression of β-catenin in embryos. β-catenin plays a crucial role in en-
dometrium functions and is considered an imperative signal in invasion and differentiation
of trophoblasts and embryo implantation [39,52]. Moreover, Endo-EVs cargo contained
miR-100, which is expressed in human endometrial cell-derived EVs and activates focal
adhesion kinase (FAK) and c-Jun N-terminal kinase (JNK) and promotes the invasion and
migration of human and goat trophoblasts [12,53,54]. Furthermore, Endo-EVs contained
miR-132 that is expressed temporally in porcine endometrium at the time of embryo im-
plantation [55] and is a potential factor for enhancing trophoblast invasion and embryo
implantation by targeting death-associated protein kinase 1 (DAPK-1) [56].

In our study, several mRNA transcripts (antiapoptotic gene (BCL2), zinc finger E-box-
binding homeobox 1 (Zeb1), β-catenin, interferon-γ (IFNG), protein tyrosine phosphatase
non-receptor type 1 (PTPN1), and cyclin-dependent kinase 2 (CDK2)) were increased in
the embryonic cells after EVs supplementation. Moreover, the pluripotency master Oct4
and the trophoblast associated gene CDX2 were also increased in the EVs supplementa-
tion which might be attributed to embryo developmental competence observed in this
group [4,28,57–59]. These genes are of important roles in embryonic development, im-
plantation, trophoblast attachment, and stem cell growth, as well as the cell cycle and
survival as we revealed in our previous reports [5,21]. Furthermore, bioinformatics analysis
indicated an existing physical interaction, shared protein domains, common pathways, and
co-expression of the studies genes (Supplementary Figure S2). Detailed functions of the
genes are listed in Table 2.

On the other hand, Endo-EVs contained miR-155, which inhibits trophoblast migration
and proliferation [60,61], increases preeclampsia in patients, and induces trophoblast
apoptosis by targeting BCL2 (apoptosis regulator) [62]. Furthermore, some of the cargo
proteins in the Endo-EVs included proapoptotic signals such as cathepsin and procathepsin.
Paradoxically, miR-155 showed a 1.6-fold increase in the mouse uterus during the receptive
phase of embryo attachment, which suggests a modulatory role of miR-155 during this
critical stage in mice [63].

In this study, the ROCK inhibitor (Y-27632) abolished all negative impacts of miR-155
on embryo attachment and development. RI remarkably reduces the tumor necrosis factor
(TNFα)-induced upregulation of miR-155 [64]. RI interferes with the cargo transfer from
microparticles and impairs their ability to mediate extracellular signaling [65]. Therefore,
we speculate the likelihood of other mechanisms that are associated with miRNA export
upstream to RhoA/ROCK signaling. Another mechanism is the antiapoptotic action of RI
can antagonize the apoptotic action of miR-155 on embryonic cells [18,66–69]. Additionally,
ROCK pathway inhibition enhances trophoblast adhesion and viability in humans. Para-
doxically, RI can reduce the trophoblast migration of human extravillous trophoblasts [70].
This is in accordance with our findings regarding the ameliorative effects of RI on the
negative impacts of both individual and EVs-transmitted miR-155; however, individual RI
improved the embryonic attachment and development. Therefore, RI synergize the actions
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of Endo-EVs through antagonizing the effects of the non-useful cargo contents of Endo-EVs,
such as miR-155.

Computational analysis of miR-155 targets (http://mirdb.org/, accessed on 16 August
2022) showed that they interfere with a cell-cycle-related gene (CDK2-associated cullin
domain 1 (CACUL1)) (target score 82%) and an antiapoptotic gene (BCL2-associated athano-
gene 5 (BAG5)) (target score 70%), which had correlation with other proteins involved in
cell apoptosis and growth, including BCL-2. Our qPCR data showed that RI ameliorates
the negative effects on mRNA expression of CDK2 and BCL2, which could help the cell
cycle and reduce apoptosis. Moreover, miR-155 targets catenin alpha 3 (CTNNA3) (target
score 67%) which belongs to the catenin family and encodes a protein that plays a role in
cell-to-cell adhesion. Similar findings in qPCR have been shown in β-catenin expression.
Furthermore, miR-155 targets protein tyrosine phosphatase, non-receptor type 2 (PTPN2)
(target score 84%), which regulates various cellular processes including cell growth, differ-
entiation, and mitotic cycle. Moreover, we found positive effects of RI on the expression of
PTPN1. Therefore, we inferred that miR-155 can interfere with several essential pathways
related to cell growth and differentiation and cause apoptosis.

The EVs cargo contained PERV mRNA, which coincides with some recent reports
showing exosomes that contain mRNAs for ovine endogenous jaagsiekte retroviruses
(enJSRV-ENV) [13] and human endogenous retroviruses [71]. There is a consensus about
the essential roles of endogenous retroviruses in the early stages of embryo attachment
physiological functions of trophoblasts and placentation [15,72–75]; however, the role of
PERV in porcine embryo attachment remains unclear. A recent report showed that targeting
PERV with CRISPR/Cas9 at the zygote stage impaired the blastocyst development and
indicated the essential roles of PERV for the preimplantation embryonic development [14].
Our results indicate that PERV targeting in EVs could have reduced the embryonic attach-
ment and development. This reduction might be due to the increased levels of miR-155 in
the transferred cargo contents of EVs. The reason behind these increased levels is unclear
and might be attributed to the essential roles of PERV in cellular viability, normal phys-
iological functions, and the indel mutations caused by CRISPR/Cas9 [14]. Furthermore,
avian endogenous retrovirus shows negative regulation with miR-155, which is suggestive
of the interplay between ERVs and miR-155 [76]. The human and zebrafish microRNA-155
target the corresponding HERV and ZFERV env sequence, which indicates that miR-155
targeting ERVs env is mostly conserved in animals and may regulate ERVs activity [76]. We
speculate that EVs can carry both useful and harmful cargo contents and ameliorating the
de trop cargo contents (such as miR-155) can maximize the useful effects of EVs, especially
during embryo implantation and maternal recognition of pregnancy.

5. Conclusions

To our knowledge, this is the first attempt to understand the roles of EVs cargo in de-
termining embryo developmental competence and mediating molecular signaling between
the embryo and the endometrium in the pig. Endometrial EVs improved embryo attach-
ment, increased cell numbers and reduced apoptosis, and the unwanted effects of their de
trop cargo contents of miR-155 can be alleviated through anti-apoptotic molecules such as
the ROCK inhibitor. This model would help in establishing an extended culture system to
understand early embryonic stem cell differentiation. The current model would provide a
paradigm for studying the embryonic–maternal crosstalk and to develop pharmaceutical
criteria for improving pregnancy outcomes in porcine species.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11193178/s1, Figure S1: The vector used for depletion of
PERV through Crispr/Cas9; Figure S2: GeneMANIAbioinformatics analysis of gene-to-gene network.
Table S1: The raw data of proteomics analysis. Table S2: The functional annotation of the Endo-EVs
proteins, as indicated by DAVID analysis. Table S3: The involvement of the Endo-EVs in biological
processes, as indicated by DAVID analysis.
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Abstract: The prevalence of metabolic diseases is increasing, leading to more women entering
pregnancy with alterations in the glucose-insulin axis. The aim of this work was to investigate
the effect of a hyperglycemic and/or hyperinsulinemic environment on the development of the
preimplantation embryo. In rabbit embryos developed in vitro in the presence of high insulin
(HI), high glucose (HG), or both (HGI), we determined the transcriptomes of the inner cell mass
(ICM) and the trophectoderm (TE). HI induced 10 differentially expressed genes (DEG) in ICM and
1 in TE. HG ICM exhibited 41 DEGs involved in oxidative phosphorylation (OXPHOS) and cell
number regulation. In HG ICM, proliferation was decreased (p < 0.01) and apoptosis increased
(p < 0.001). HG TE displayed 132 DEG linked to mTOR signaling and regulation of cell number.
In HG TE, proliferation was increased (p < 0.001) and apoptosis decreased (p < 0.001). HGI ICM
presented 39 DEG involved in OXPHOS and no differences in proliferation and apoptosis. HGI TE
showed 16 DEG linked to OXPHOS and cell number regulation and exhibited increased proliferation
(p < 0.001). Exposure to HG and HGI during preimplantation development results in common and
specific ICM and TE responses that could compromise the development of the future individual
and placenta.

Keywords: preimplantation embryo; diabetes; DOHaD; rabbit

1. Introduction

The worldwide prevalence of metabolic diseases such as diabetes is increasing at an
alarming rate [1]. In 2021, the International Diabetes Federation estimated that 1 in 10 adults
live with diabetes [1]. Type 2 diabetes (T2D) is a chronic metabolic disease characterized
by hyperglycemia, insulin resistance, and/or impaired insulin secretion and accounts for
90% of diabetes cases [1]. In prediabetes and the early stages of T2D, impaired glucose
tolerance, or hyperglycemia, is accompanied by compensatory hyperinsulinemia due to de-
creasing insulin sensitivity [1,2]. Unfortunately, these first signs of metabolic dysregulation
are often asymptomatic, resulting in nearly half of T2D patients going undiagnosed and
untreated [1]. Known before as adult-onset diabetes, the prevalence of T2D is increasing
in younger people, including women of childbearing age [1,3]. Type 1 diabetes (T1D),
an immune-related disease characterized by the destruction of insulin-producing cells,
affects a young population [4]. In T1D, the glucose-insulin axis is disrupted. Insulin is no
longer produced, and insulin-stimulated glucose uptake is reduced, resulting in persistent
hyperglycemia [4]. One in six pregnancies is estimated to be affected by hyperglycemia [1].
Exposure in utero to a perturbed glucose-insulin homeostasis increases the risk of birth
defects and metabolic deregulations such as enhanced growth, higher fasting glucose,
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and lower insulin sensitivity in the offspring [5]. These metabolic dysregulations can be
maintained throughout the life course of the individual, making it prone to developing
cardiometabolic diseases such as obesity and T2D [3]. This is described by the Developmen-
tal Origins of Health and Disease (DOHaD) concept, which highlights that exposure to a
suboptimal environment during critical periods of development predisposes the offspring
to poor health later in life [6]. One key period of development sensitive to environmental
insults is the preimplantation stage [7]. During the preimplantation stage, embryos un-
dergo tightly regulated essential events such as the maternal-to-zygotic transition with the
transcriptional activation of the embryonic genome (EGA) and the first lineage specification
giving rise to the inner cell mass (ICM), the progenitor of the embryo proper, and the
trophectoderm (TE), the progenitor of the embryonic portion of the placenta [8]. To sustain
their development, embryos take advantage of the nutrients and growth factors present
in the oviduct and uterine fluid [9,10]. The composition of these fluids varies according
to maternal metabolic and hormonal status, as is the case for glucose and insulin, whose
concentrations depend on maternal circulating plasma concentrations [9–11]. Preimplanta-
tion embryos are sensitive to perturbations in their surrounding microenvironment [7,8,11].
Variations in the environment of the early embryo, even restricted to the preimplantation
period, result in irreversible defects in the adult offspring [12]. Studies in vivo and in vitro
have demonstrated the susceptibility of preimplantation embryos to changes in glucose or
insulin levels [13]. In diabetes-induced rabbit and mouse models, preimplantation embryos
exposed to hyperglycemia resulted in perturbed insulin-mediated glucose metabolism,
decreased glucose transport and utilization, reduced developmental competence and cell
numbers, and increased apoptosis in the ICM [14–16]. In in vivo animal models, severe
hyperglycemia was obtained by the chemical destruction of pancreatic β-cells, thus mimick-
ing type 1 diabetes. Nevertheless, because insulin secretion was reduced or absent in these
animals, frequent insulin injections were needed, which may have resulted in oscillating
insulin levels in the intrauterine environment [15]. Unfortunately, insulin levels were not
quantified in these studies; thus, it is impossible to identify whether the phenotypes de-
scribed were the result of hyperglycemia or the combination of hyperglycemia and insulin.
In vitro, exposure to high glucose alone led to impaired blastocyst development, reduced
total cell numbers, decreased glycolytic activity, decreased insulin sensitivity, perturbed
TE differentiation, and impaired capacity of trophoblast outgrowth in vitro—a marker of
implantation potential [11,14,17]. Preimplantation embryos are exposed to insulin, which
is present in the oviductal and uterine fluids at concentrations that depend on maternal
insulin levels [14]. The extent of the cellular and molecular responses to insulin in early
embryos has been less investigated [13]. Glucose and insulin, through the activation of
signaling and metabolic pathways, are closely related [18]. In preimplantation embryos,
glucose is used as an energy source, reaching the highest consumption rate at the blastocyst
stage [19,20]. Furthermore, insulin receptors and insulin-responsive glucose transporters
are expressed in mouse, rabbit, and human preimplantation embryos [21].

We hypothesized that the deregulation of glucose and insulin homeostasis present
in an increasing number of women impacts the preimplantation embryo. Functionally
different from the blastocyst stage, ICM and TE differ in their epigenetic, transcriptomic,
and metabolic programs [20,22,23]. We hypothesized that exposure to this glucose-insulin
altered environment affects ICM and TE differently and induces short- and long-term
consequences not only in the future individual but also in the future placenta, a central
element for fetal nutrition regulation, and whose structure and/or function adapt to
suboptimal in utero environments [15,24,25]. Hence, to investigate the effects of high
glucose and/or high insulin on preimplantation development, we used the rabbit model,
a model with preimplantation development (i.e., EGA timing, gastrulation morphology),
glucose metabolism at early stages, and a placental structure close to that of humans [26].
We established a model of one-cell stage rabbit embryos developed in vitro until the
blastocyst stage with supplementation of glucose, insulin, or both to recreate a moderately
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hyperglycemic and/or hyperinsulinemic environment [11,14,17,27] and addressed the
specific gene expression responses of the ICM and TE.

2. Materials and Methods

2.1. Embryo In-Vitro Development

New Zealand White female rabbits (INRA line 1077) were superovulated as previously
described [28] and mated with New Zealand White male rabbits. At 19 h post-coïtum (hpc),
does were euthanized, and one-cell embryos were recovered from oviducts by flushing
with phosphate buffer saline (PBS, Gibco, Thermo Fisher Scientific, Waltham, MA, USA).
One-cell embryos were sorted in M199 HEPES (Sigma-Aldrich, Saint-Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco) and rinsed in Global medium
(LifeGlobal Group, Guilford, CT, USA) supplemented with 10% human serum albumin
(HSA, LifeGlobal Group). Embryos were then placed in 10 μL microdrops of Global-10%
HSA medium supplemented with either glucose (Sigma-Aldrich G6152) and/or insulin
(Sigma-Aldrich I9278) and covered with mineral oil (Sigma-Aldrich M8410) for a 72h culture
at 38 ◦C, 5% CO2, and 5% O2 until the blastocyst stage. Four experimental groups were
designed: Control (CNTRL): 0.18 mM of glucose without insulin; high insulin (HI): 0.18 mM
of glucose and 1.7 μM of insulin; high glucose (HG): 15 mM of glucose without insulin; and
high glucose and high insulin (HGI): 15 mM of glucose and 1.7 μM of insulin. After 72 h of
culture, to determine the embryo’s developmental competence in each group, embryos were
classified into three categories: (i) arrested embryos; (ii) compacted embryos; (iii) blastocysts
or cavitated embryos. The rate of arrested embryos (developmental arrest), compacted
embryos, and blastocysts/cavitated embryos reported in percentage was calculated in
fifteen to twenty-nine independent experiments from the total of one-cell embryos placed
in culture. Blastocysts were recovered to proceed to ICM and TE isolation by moderate
immunosurgery. To remove the zona pellucida, blastocysts were incubated for 1–3 min in
5 mg/mL Pronase (P5147, Sigma-Aldrich). Embryos were next incubated in anti-rabbit
goat serum (R5131 Sigma-Aldrich) for 90 min at 37 ◦C and then incubated in guinea pig
complement (S1639 Sigma-Aldrich) for 20 sec. The ICM was mechanically isolated from
the TE by pipetting with a small-bore glass pipette (60–70-μm diameter). To clean the ICM
to limit any contamination, several back and forth injections into the glass pipette were
perfomed. ICM and their corresponding TE were then immediately stored at −80 ◦C for
RNA sequencing analysis or fixed for microscopic analyses.

2.2. RNA Sequencing

ICM and their corresponding TE originating from the same blastocysts were used.
Only one biological replicate from the HI group did not include the corresponding TE due
to low total RNA quality. Total RNA was extracted from three biological replicates per
culture condition, corresponding to pooled samples (n = 11–16 ICM or TE per replicate)
using the Arcturus PicoPure RNA Isolation Kit (Applied Biosystems Life Technologies,
Waltham, MA, USA). RNA quality was assessed using RNA 6000 Pico chips with an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). All extracted samples
had an RNA Integrity Number (RIN) ≥ 8 value. Seven hundred and fifty pictograms of
total RNA were used for amplification using the SMART-Seq V4 ultra-low input RNA
kit (Clontech, Takara, Saint-Germain-en-Laye, France) according to the manufacturer’s
recommendations with nine PCR cycles for cDNA pre-amplification. The cDNA quality
was assessed with the Agilent Bioanalyzer 2100. Libraries were prepared as previously
described [29]. Reads were mapped to the rabbit transcriptome reference (Ensembl 98 Oryc-
tolagus cuniculus 2.0) using the splice junction mapper TopHat (v2.1.1) associated with
the short-read aligner Bowtie2 (v2.3.4.1). To generate the gene count table, featureCounts
(v1.6.0) was used. Hierarchical clustering was computed as previously described [29]. Data
normalization and single-gene level analysis of the differential expression were performed
using the DESeq2 package (v1.28.1) [30]. Differences were considered significant for ad-
justed p=values (Benjamini-Hochberg) < 0.05 and when the normalized expression counts
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were more than 20 in two of the three biological replicates. Heatmaps were generated with
the pheatmaps R package (v1.0.12), with the z-score calculation of the normalized expres-
sion counts obtained with DESeq2. Logarithm 2 Fold Change (Log2FC) of differentially
expressed genes (DEG) was used to generate horizontal bar plots with R studio software
(v1.2.5019). InteractiVenn [31] software was used for Venn diagram generation. Functional
annotation of DEG with their associated Gene ontology (GO) Biological Process (BP) terms
was performed using DAVID [32] (v6.8). Gene Set Enrichment Analysis (GSEA) [33] was
performed using the GSEA Java Desktop application (v4.0.3) from the Broad Institute.
Enrichment analysis was calculated using the normalized expression counts obtained with
DESesq2 and the Molecular Signature Database (MSigDB, v7.0) gene set collections (Hall-
marks [34], KEGG (Kyoto Encyclopedia of Genes and Genomes), Reactome [35], and GO
BP [36,37]) by gene-set permutation. Gene sets were considered significant when the false
discovery rate (FDR) was less than 0.05. Enrichment analysis results were analyzed with
the R package SUMER [38] (v1.1.5) for the reduction of redundancy and condensation of
gene sets. For cluster visualization, the clusterMaker2 [39] plugin from Cytoscape [40]
(v3.8.2) was used.

2.3. Quantification of Total Cell Number in Whole Embryos

To quantify the total cell number in whole embryos, DAPI staining was assessed in
in vitro-developed blastocysts. Blastocysts were recovered from in vitro culture, and the
zona pellucida was removed as detailed above. Blastocysts were fixed in 4% paraformalde-
hyde (PFA, EMS) in PBS at room temperature (RT) for 20 min. Permeabilization was
performed with 0.5% Triton X-100 (Sigma-Aldrich) in PBS with 0.5% polyvinylpyrrolidone
(PVP) for 1 h at 37 ◦C in a humidified chamber. DNA was counterstained with 0.2 mg/mL
DAPI (Invitrogen) in PBS for 15 min at RT. Blastocysts were analyzed by an inverted ZEISS
AxioObserver Z1 microscope (Zeiss, Rueil Malmaison, France) equipped with an ApoTome
slider (Axiovision software 4.8) using a 20X objective and a z-distance of 1.5 μm between
optical sections at the MIMA2 platform (https://doi.org/10.15454/1.5572348210007727E12,
accessed on 4 October 2022). The total number of DAPI-labeled nuclei was quantified
manually using ImageJ software (1.53.j). Each condition was analyzed in five to nine
independent experiments.

2.4. Quantification of Apoptotic and Proliferating Cells in ICM and TE

To quantify apoptotic and proliferating cells in ICM and TE, we first considered
distinguishing the ICM and TE on whole embryos by immunostaining of known lineage-
specific markers. CDX2 (CDX-2-88, Biogenex, Fremont, CA, USA), SOX2 (ab97959, Abcam,
Cambridge, UK), and NANOG (14-5761-80, Invitrogen, Thermo Fisher Scientific, Waltham,
MA, USA) antibodies were tested, but none showed sufficient specificity to consider
differential counting (data not shown). Thus, determination of apoptotic and proliferating
cell numbers was performed on isolated ICM and TE.

Detection of apoptotic cells was performed using the DeadEnd Fluorometric TUNEL
System (Promega, Madison, WI, USA) in two to six independent experiments. Isolated
ICM or TE were fixed in 4% PFA in PBS at RT for 20 min. Permeabilization was performed
with 0.5% Triton X-100 in PBS with 0.5% PVP for 1 h at 37 ◦C in a humidified chamber.
After rinsing in PBS with 0.5% PVP, a second fixation was performed in 4% PFA and
0.2% glutaraldehyde for 15 min at RT. As a positive control, ICM and TE were treated
with 2 units of RQ1 RNase-free DNase (Promega) for 30 min. The TUNEL reaction was
performed according to the manufacturer’s directions. DNA was counterstained with
0.2 mg/mL DAPI in PBS for 15 min at RT.

Detection of proliferating cells was performed using the Click-iT® Edu Imaging Kit
(Fisher Scientific, Waltham, MA, USA) in at least three independent experiments. Briefly,
the zona pellucida was removed as detailed above, and then blastocysts were incubated
with 10 μM EdU for 15 min at 38 ◦C, 5% CO2, and 5% O2. ICM and TE separation were
performed by moderate immunosurgery. ICM and TE were fixed with 4% PFA at RT
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for 20 min. EdU detection was performed according to the instructions provided by the
manufacturer. DNA was counterstained with 0.2 mg/mL DAPI in PBS for 15 min at RT.

ICM and TE were analyzed by an inverted ZEISS AxioObserver Z1 microscope
equipped with an ApoTome slider using a 20X objective and a z-distance of 1.5 μm between
optical sections at the MIMA2 platform. The number of DAPI-labeled nuclei, TUNEL-
positive nuclei, and EdU-positive nuclei were quantified manually using ImageJ software.

2.5. Statistical Analysis

Statistical analysis was carried out using the generalized linear mixed-effects model
(GLMM) with the glmer function and the lme4 R package (v1.1-28). The total cell number
was analyzed using the linear mixed-effects model (LMM) using the lmer function. The
glucose and insulin concentrations were considered as fixed effects. No significant inter-
action between glucose and insulin was detected. The models applied in the analysis of
developmental competence and total cell number did not include the interaction of glucose
and insulin. The in vitro culture experiments and rabbits were considered to have random
effects. Estimated marginal means (emmeans, also known as least-squares means) and
post-hoc tests between conditions were performed using the emmeans R package (v1.7.3)
with the emmeans and pairs functions. Results are shown as emmeans with standard errors.
Differences were considered significant when p-values were < 0.05.

3. Results

To determine the effect of high glucose and/or high insulin during preimplantation
development, one-cell rabbit embryos were cultured in vitro under control (CNTRL), high
insulin (HI), high glucose (HG), or high glucose and high insulin (HGI) until the blastocyst
stage (Figure 1). To evaluate the effect of these conditions on developmental competence,
the mean percentage of arrested embryos, compacted morula, or expanded blastocysts
at the end of the 72 h culture period was determined (Table 1). On blastocysts, ICM
and their corresponding TE were separated by moderate immunosurgery (Figure 1), and
specific transcriptomic responses to high glucose and/or high insulin were explored by
RNA-sequencing. RNA-seq of three biological replicates per culture condition generated
102–145 million raw reads per sample. Clustering of the transcriptome datasets by Eu-
clidean distance revealed a clear separation between the ICM and TE regardless of the
condition (Figure 2A). Without excluding minimal contamination, these results underline
the successful separation of these two compartments by immunosurgery. Principal com-
ponent analysis (PCA) was performed separately on ICM (Figure 2B) and TE (Figure 2C)
transcriptomic data. Comparison to the CNTRL resulted in the identification of differ-
entially expressed genes (DEG) between ICM or TE from embryos developed in HI, HG,
or HGI (Figure 3 and Supplementary Table S1). Functions of the identified DEGs were
explored using GO terms annotations (Supplementary Table S1). To determine coordinated
gene expression changes, we analyzed the gene expression datasets using GSEA with the
Hallmarks gene set collections, KEGG, Reactome, and GO BP databases (Supplementary
Table S2). Enrichment analysis results were then analyzed with SUMER for gene set con-
densation. The following paragraphs will describe the identified effects of high insulin or
high glucose alone and then in combination in the ICM and TE of exposed embryos.
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Figure 1. Schematic representation of the experimental workflow to analyze the in vitro exposure of
preimplantation embryos from 1-cell to blastocyst stage for control, high insulin, high glucose, and
high glucose and high insulin. The inner cell mass (ICM) and trophectoderm (TE) transcriptomes
were determined by RNA-seq. D1, day 1. D4, day 4.

Table 1. Developmental competence of rabbit preimplantation embryos developed in vitro in CNTRL,
HI, HG, or HGI conditions. Values are expressed as emmeans with standard errors in parenthesis.
Different superscript letters (a, b) indicate significant differences within the same column (p < 0.05).
CNTRL, control; HI, high insulin; HG, high glucose; HGI, high glucose and high insulin.

Condition N Rabbits N Embryos
Development

Arrest Rate
Compacted

Embryos Rate
Blastocyst Rate

CNTRL 60 1090 0.034 (0.009) a 0.303 (0.061) a 0.638 (0.057) a

HI 21 530 0.029 (0.009) a 0.309 (0.063) a 0.645 (0.059) a

HG 52 751 0.027 (0.008) a 0.228 (0.052) b 0.726 (0.051) b

HGI 35 519 0.023 (0.007) a 0.232 (0.053) b 0.732 (0.051) b

3.1. Impact of High Insulin In Vitro Exposure

The developmental competence of HI embryos showed no significant differences
when compared to the CNTRL condition (Table 1). Quantification of total cell number by
DAPI staining did not show significant changes in HI (262 ± 12, n = 54) versus CNTRL
(240 ± 7, n = 76) blastocysts (p < 0.05, Supplementary Figure S1).

3.1.1. In ICM, High Insulin Induced Changes in Cellular Energy Metabolic Pathways

Transcriptome analysis by PCA and hierarchical clustering did not show a clear sepa-
ration between HI ICM and CNTRL ICM (Figure 2). Differential analysis of HI ICM versus
CNTRL ICM transcriptomes identified 10 DEG (3 overexpressed and 7 underexpressed)
(Figure 3 and Supplementary Table S1). GSEA identified 37 significant positively enriched
pathways (2 Hallmarks, 3 KEGG pathways, 14 GO BP, and 18 Reactome gene sets) and
8 negatively enriched (5 Hallmarks and 3 GO BP) pathways (Figure 4A and Supplementary
Table S2).
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Figure 2. Transcriptome analysis of isolated ICM and TE from in vitro-developed blastocysts with
high glucose and/or high insulin. (A). Clustering by Euclidean distance of the transcriptomic datasets
of ICM and their corresponding TE developed in CNTRL, HI, HG, or HGI. Each group included three
biological replicates which consisted of n = 11-16 ICM or TE. (B). Principal component analysis (PCA)
of ICM groups. (C). PCA of TE groups. ICM, inner cell mass. TE, trophectoderm. CNTRL, control;
HI, high insulin; HG, high glucose; HGI, high glucose and high insulin. Samples are color-coded
according to the legend at the top (right).

Figure 3. Differentially expressed genes (DEG) in ICM and TE of in vitro-developed blastocysts with
HI, HG, or HGI compared to CNTRL. The number of overexpressed (red) and underexpressed (blue)
DEGs with p-adjusted < 0.05 are shown. ICM, inner cell mass. TE, trophectoderm.
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Figure 4. Significantly enriched gene sets (FDR < 0.05) in ICM and TE transcriptomes of in vitro-
developed blastocysts with HI compared to CNTRL. Significantly enriched gene sets were identified
by GSEA with the Molecular Signature Database (MSigDB) gene set collections: Hallmarks, KEGG,
Reactome, and GO BP. GSEA was followed by SUMER analysis for gene set condensation. (A). Pie
charts showing the enriched gene sets in HI ICM versus CNTRL ICM. (B). Pie charts showing the
enriched gene sets in HI TE versus CNTRL TE. ICM, inner cell mass. TE, trophectoderm.

Enriched pathways included gene sets implicated in translation and oxidative phos-
phorylation (OXPHOS) (Figure 4A). Analysis of DEG and enrichment results in HI ICM
transcriptomes compared to CNTRL ICM pointed out the perturbation of transcription and
translation. Gene-by-gene statistical analysis identified DEG implicated in the regulation of
transcription as RC3H1 (ring finger and CCCH-type domains 1RC3H1, log2FC = −0.86) and
ICE1 (interactor of little elongation complex ELL subunit 1, log2FC = −0.71)
(Supplementary Table S1). Concerning translation, enrichment analysis identified the
overrepresentation of the “ribosome” KEGG pathway (normalized enrichment scores
(NES) = 2.60), “translation” Reactome gene set (NES = 2.23), and the “translational elonga-
tion” and “translational termination” GO BP (NES = 1.98 and 2.06, respectively)
(Supplementary Table S2). Enrichment results also highlighted the perturbation in OX-
PHOS. GSEA identified the significant positive enrichment of “oxidative phosphorylation”
in Hallmark (NES = 1.98), KEGG (NES = 1.85), and GO terms (NES = 2.1), in addition to
Reactome gene sets linked to OXPHOS as “NADH dehydrogenase complex assembly”
(NES = 1.93) or “the citric acid cycle and respiratory electron transport” (NES = 2.22)
(Supplementary Table S2). In line with these results, enrichment in “mitochondrial fatty
acid (FA) β-oxidation” Reactome gene set (NES = 1.83) was also identified.

3.1.2. In TE, High Insulin Impacted Cellular Energy Metabolism and Oxidative
Stress Pathways

Transcriptome analysis by PCA and hierarchical clustering showed no separation
between HI TE and CNTRL TE (Figure 2). HI exposure resulted in the differential expression
of only one gene, PNLIP (pancreatic lipase; log2FC = 5.1) (Figure 3 and Supplementary
Table S1). However, GSEA analysis identified the significant positive enrichment of 83 gene
sets (3 Hallmarks, 5 KEGG pathways, 20 GO BP, and 55 Reactome) and the significant
negative enrichment of 7 gene sets (6 Hallmarks and 1 GO BP) (Supplementary Table S2).

Enriched pathways included gene sets implicated in translation and in OXPHOS
(Figure 4B). Enrichment results highlighted a few gene sets implicated in translation, such
as the “ribosome” KEGG pathway (NES = 1.82) or the “translation” Reactome gene set
(NES = 1.82) (Figure 4B and Supplementary Table S2). Enrichment results related to OX-
PHOS included the overrepresentation of the “oxidative phosphorylation” gene sets in
Hallmark (NES = 2.39), KEGG (NES = 2.27), and GO BP (NES = 2.11) or the Reactome gene
set “respiratory electron transport” (NES = 2.30) (Figure 4B and Supplementary Table S2).
In addition, reactive oxygen species (ROS) gene set “ROS and RNS production in phago-
cytes” (NES = 1.86) (Supplementary Table S2) and mitochondrial FA β-oxidation Reactome
gene set (NES = 1.77) were identified. HI TE also showed the overrepresentation of acti-
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vated NF-kB-related gene sets, including the Reactome FCERI-mediated NF-kB activation
(NES = 1.94) (Supplementary Table S2).

3.1.3. High Insulin Induced Common Responses in ICM and TE

Between ICM and TE of high insulin-exposed embryos, whereas no common DEG was
observed, 22 shared enriched GSEA gene sets were identified (Supplementary
Tables S1 and S3). All shared gene sets exhibited the same level of enrichment. Among
shared gene sets we highlighted translation, OXPHOS and FA β-oxidation. Enrichment of
ROS and NF-kB signaling was only observed in HI TE.

3.2. Impact of High Glucose In Vitro Exposure

High glucose exposure led to a significant increase in blastocyst rate, mirrored by
a significant reduction in the rate of compacted embryos compared to CNTRL embryos
(Table 1). No significant differences were observed in the rate of arrested embryos after
development with HG (Table 1). Quantification of total cell number showed a significantly
increased cell number in HG (263 ± 9, n = 75) versus CNTRL (240 ± 7, n = 76) blastocysts
(p < 0.05, Supplementary Figure S1).

3.2.1. In ICM, High Glucose Altered OXPHOS, Decreased Proliferation,
Increased Apoptosis

Transcriptome analysis by PCA and hierarchical clustering showed the separation
between HG ICM and CNTRL ICM (Figure 2). Differential analysis showed 41 DEG
(24 upregulated and 17 downregulated) in the ICM of embryos exposed to HG compared
to the CNTRL ICM (Figure 3 and Supplementary Table S1). GSEA analysis identified the
significant positive enrichment of 73 functional gene sets (2 Hallmarks, 2 KEGG pathways,
11 GO BP, and 58 Reactome) (Supplementary Table S2).

Enrichment analyses identified 3 main clusters: translation, regulation of the cell
number, and OXPHOS (Figure 5A). First, the protein translation cluster included KEGG “ri-
bosome” (NES = 2.67), Reactome “metabolism of amino acids and derivatives” (NES = 1.79)
and “translation” (NES = 2.51), and GO BP “translational initiation” (NES = 2.35) gene
sets (Figure 5A, Supplementary Table S2). In addition, perturbation of transcription was
also observed (Supplementary Table S1). Genes implicated in transcription were found
to be differentially expressed, such as KDM5A (lysine demethylase 5A, log2FC = −0.35)
and GATA3 (GATA binding protein 3, log2FC = 1.05) (Supplementary Table S1). The sec-
ond cluster highlighted alterations in the regulation of the cell number. GSEA revealed
the enrichment of Hallmark “myc Target v1” (NES = 2.26), Reactome pathways such as
“regulation of mitotic cell cycle” (NES = 1.89), and “regulation of apoptosis” (NES = 1.89).
The differential analysis identified the overexpression of LIN54 (lin-54 DREAM MuvB core
complex component, log2FC = 0.65) and the underexpression of CHP2 (calcineurin-like
EF-hand protein 2, log2FC = −2.3) and APC (APC regulator of WNT signaling pathway,
log2FC = −0.67) (Supplementary Table S1). To investigate cell proliferation and apoptosis
at the cellular level, we performed EdU incorporation and the TUNEL assay (Figure 6 and
Supplementary Figures S2–S5). Indeed, a reduced number of proliferating cells (Figure 6A
and Supplementary Figure S2) and an increased proportion of apoptotic cells (Figure 6B
and Supplementary Figure S4) were identified in HG ICM compared to CNTRL ICM.
The third identified cluster concerning perturbations in energy metabolism included Hall-
mark “oxidative phosphorylation” (NES = 1.70), Reactome “respiratory electron transport”
(NES = 2.23), GO BP “mitochondrial respiratory chain complex assembly” (NES = 2.02),
and Reactome “cellular response to hypoxia” (NES = 1.81) (Figure 5A and Supplementary
Table S2). In line with these results, HG ICM showed the overexpression of FH (fumarate
hydratase, log2FC = 0.45) compared to CNTRL ICM (Supplementary Table S1).
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Figure 5. Significantly enriched gene sets (FDR < 0.05) in ICM and TE transcriptomes of in vitro-
developed blastocysts with HG compared to CNTRL. Significantly enriched gene sets were identified
by GSEA with the Molecular Signature Database (MSigDB) gene set collections: Hallmarks, KEGG,
Reactome, and GO BP. GSEA was followed by SUMER analysis for gene set condensation. (A). Pie
charts showing the enriched gene sets in HG ICM versus CNTRL ICM. (B). Pie charts showing the
enriched gene sets in HG TE versus CNTRL TE. ICM, inner cell mass. TE, trophectoderm.

Figure 6. Quantification of proliferating and apoptotic cells in the ICM and TE of in-vitro-developed
blastocysts with CNTRL, HG, and HGI by EdU incorporation and TUNEL assays. (A) Barplots
showing the emmeans of proliferating cells in the ICM (n ICM = 16–38). (B) Barplots showing
the emmeans percentage of apoptotic cells in the ICM (n ICM = 13–59). (C) Barplots showing the
emmeans of proliferating cells in the TE (n TE = 16–24). (D) Barplots showing the emmeans of
apoptotic cells in the TE (n TE = 18–52). Values are presented as emmeans ± S.E. Significant p values
(p < 0.05) are shown. ICM, inner cell mass. TE, trophectoderm; CNTRL, control; HG, high glucose;
HGI, high glucose and high insulin.
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In addition to the main clusters, HG ICM transcriptomes showed perturbations in
signaling pathways. HG ICM showed the overexpression of REL (REL proto-oncogene,
NF-kB subunit, log2FC = 2.18) and the enrichment of gene sets related to NF-kB signal-
ing, such as Reactome “FCERI mediated NF-kB activation” (NES = 1.84) (Supplementary
Tables S1 and S2). Differential and enrichment analyses also showed dysregulations in the
WNT signaling pathway. These results included the downregulation of APC (log2FC = −0.67)
(Supplementary Table S1) and enrichment of Reactome “degradation of β-catenin by the
destruction complex” (NES = 1.73) (Supplementary Table S2). Furthermore, gene-by-gene
analysis of the HG ICM DEG revealed the overexpression of genes involved in the tro-
phoblast lineage, such as GATA binding protein 3 (GATA3, log2FC = 1.05) and placenta
expressed transcript 1 (PLET1, log2FC = 2.39) (Figure 7 and Supplementary Table S1).

Figure 7. Heatmap showing the differential expression of genes (DEG) implicated in the TE lineage
in HG and HGI ICM compared to CNTRL ICM. The mean normalized expression counts of n = 3
biological replicates, transformed to a Z-score, are represented by the color key. The gray color
indicates the gene is not a DEG in that group. ICM, inner cell mass. TE, trophectoderm.

3.2.2. In TE, High Glucose Impacted Metabolic Pathways, Increased Proliferation, and
Decreased Apoptosis

Transcriptome analysis by PCA and hierarchical clustering did not show a separation
between HG TE and CNTRL TE (Figure 2). HG TE showed 132 DEG compared to CNTRL
TE (53 overexpressed and 79 underexpressed) (Figure 3 and Supplementary Table S1).
GSEA identified the enrichment of 78 functional gene sets, 76 of which were positively
enriched (10 Hallmarks, 1 KEGG, and 65 Reactome), and 2 (GO BP) were negatively
enriched (Supplementary Table S2).

Enriched pathways identified clusters related to metabolism and cell number regu-
lation (Figure 5B). Concerning alterations in metabolism, enrichment results highlighted
perturbations in mTOR signaling by the overrepresentation of Hallmarks “mTORC1 sig-
naling” (NES = 1.68) and “PI3K-AKT-mTOR signaling” (NES = 1.61) (Figure 5B, Supple-
mentary Table S2). Alteration of numerous genes involved in glycolysis, glycine, and
lipid metabolism were identified such as HK1 (hexokinase 1, log2FC = 0.53), PHGDH
(phosphoglycerate dehydrogenase, log2FC = 0.85), AACS (acetoacetyl-CoA synthetase,
log2FC = −1.48), LDLR (low density lipoprotein receptor, log2FC = −1.40, GPAT3 (glycerol-
3-phosphate acyltransferase 3, log2FC = 1.22), and GPCPD1 (glycerophosphocholine phos-
phodiesterase 1, log2FC = 0.88) (Supplementary Table S1). The second main enrichment
concerned the regulation of cell number (Figure 5B). Enriched pathways included Hallmark
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“myc Target v1” (NES = 2.01), Reactome “mitotic G1-G1/S phases” (NES = 2.02), and “reg-
ulation of mitotic cell cycle” (NES = 2.08) gene sets (Supplementary Table S2). Consistent
with these results, the HG TE transcriptome showed the altered expression of cell cycle
progression genes, such as the underexpression of CDKL4 (cyclin dependent kinase like
4, log2FC = −1.82) or SMARCD3 (SWI/SNF related matrix associated actin dependent
regulator of chromatin subfamily d member 3, log2FC = −3.00) or the overexpression of
GADD45A (growth arrest and DNA damage inducible alpha, log2FC = 0.85) or WEE1
(WEE1 G2 Checkpoint Kinase, log2FC = 0.97) (Supplementary Table S1). Assessment of cell
proliferation by the EdU incorporation assay in HG TE further confirmed an increased num-
ber of proliferating cells compared to CNTRL TE (Figure 6C and Supplementary Figure S3).
In parallel, enrichment results showed the overrepresentation of apoptosis-related gene
sets such as Hallmarks “apoptosis” (NES = 1.73), “P53 pathway” (NES = 1.75), and the
Reactome “regulation of apoptosis” (NES = 1.77) gene set (Supplementary Table S2). HG
TE exhibited the differential expression of genes implicated in apoptosis, such as CASP7
(caspase 7; log2FC = 1.13), PDCD6 (programmed cell death 6; log2FC = 0.59), and TRADD
(TNFRSF1A associated via death domain; log2FC = −1.37) (Supplementary Table S1). In-
vestigation of apoptosis in HG TE by TUNEL assay showed a decrease in the number of
apoptotic cells compared to CNTRL TE (Figure 6D and Supplementary Figure S5).

Beyond these main clusters, HG TE transcriptomes exhibited several other pertur-
bations, as in the immune response. Enrichment and differential analysis identified the
Hallmark “TGF-β signalling” (NES = 1.64) and “TNF-α signalling via NF-kB” (NES = 1.52)
gene sets, and the underexpression of ERC1 (ELKS/RAB6-interacting/CAST family mem-
ber 1, log2FC = −0.91) (Supplementary Tables S1 and S2). The WNT signaling was iden-
tified as deregulated as highlighted by the enrichment of the Reactome “degradation of
β-catenin by the destruction complex” (NES = 1.81) and “β-catenin independent WNT
signaling” (NES = 1.79), and the underexpression of ANKRD10 (ankyrin repeat domain
10; log2FC = −1.13) (Supplementary Tables S1 and S2). In addition, HG TE showed the
enrichment of gene sets implicated in transcription and translation, such as the Reactome
“transcriptional activity of SMAD2 SMAD3:SMAD4 heterotrimer” (NES = 1.9) and “transla-
tion” (NES = 1.88) (Supplementary Table S2). Along with these gene sets, gene-by-gene
analysis and functional annotation by DAVID showed several DEG associated with tran-
scriptional regulation, chromatin remodeling, and epigenetic mechanisms (Figure 8 and
Supplementary Tables S1 and S4). Among the HG TE DEG, we highlighted the over-
expression of GADD45A, WEE1, and NPM3 (nucleophosmin/nucleoplasmin 3), and the
underexpression of SMARCD3, PADI2 (peptidyl arginine deiminase 2), MOV10L1, ATF7
(activating transcription factor 7), RESF1 (retroelement silencing factor 1), BPTF (bromod-
omain PHD finger transcription factor), and NSD3 (nuclear receptor binding SET domain
protein 3) (Figure 8 and Supplementary Tables S1 and S4).

3.2.3. High Glucose Induced Common and Specific Responses in ICM and TE

From the DEG identified in HG ICM (n = 41) and HG TE (n = 132), only 3 were
shared: ARRDC4 (arrestin domain containing 4) (log2FC = 2.07 and 2.02, respectively),
FAM3D (family with sequence similarity 3 member D) (log2FC = 0.96 and 0.54, respectively),
and MOV10L1 (Mov10 RISC complex RNA helicase like 1) (log2FC = −1.26 and −1.57,
respectively) (Supplementary Table S1). Despite the small amount of shared DEG, several
processes were common, as shown by the 37 shared gene sets identified by GSEA, which
are overrepresented in both ICM and TE (Supplementary Table S3). These gene sets were
mainly related to the regulation of cell number. However, we identified opposite responses:
the HG ICM exhibited decreased proliferation and increased apoptosis, whereas the HG
TE showed increased proliferation and reduced apoptosis. Specific responses included
transcriptome changes related to OXPHOS and lineage commitment in HG ICM and
metabolism and epigenetic regulation in HG TE.
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Figure 8. Heatmap showing the differential expression of genes (DEG) with a role in epigenetic
regulation in HG and HGI TE compared to CNTRL TE. The mean normalized expression counts of
n = 3 biological replicates, transformed to a z-score, are represented by the color key. The gray color
indicates that the gene is not a DEG in that group. ICM, inner cell mass. TE, trophectoderm.

3.3. Impact of High Glucose and High Insulin In Vitro Exposure

High glucose and high insulin exposure led to a significant increase in blastocyst
rate, mirrored by a significant reduction in the rate of compacted embryos compared to
CNTRL embryos (Table 1). No significant differences were observed in the rate of arrested
embryos after development with HGI (Table 1). Quantification of total cell number showed
a significantly increased cell number in HGI (285 ± 14, n = 50) versus CNTRL (240 ± 7,
n = 76) blastocysts (p < 0.05, Supplementary Figure S1).

As the development of HI embryos was not different from that of CNTRL embryos, a
comparison of HGI vs. HI resulted in similar observations to HGI vs. CNTRL: no difference
in the rate of arrested embryos, decrease in the rate of compacted embryos, and an increase
of the rate of blastocysts and blastocyst total cell number (Table 1 and Supplementary
Figure S1).

In comparison to high glucose, HGI embryos displayed similar development param-
eters: the rates of arrested, compacted, and blastocyst were similar in HGI compared to
HG embryos. The cell number was also similar in HGI blastocysts in comparison to HG
blastocysts (Table 1 and Supplementary Figure S1).

3.3.1. In ICM, Alteration of OXPHOS and ROS by High Glucose and High Insulin

Transcriptome analysis by PCA showed the separation between HGI ICM and CNTRL
ICM (Figure 2). Differential analysis showed 39 DEG (20 overexpressed and 19 underex-
pressed) in comparison to CNTRL ICM (Figure 3 and Supplementary Table S1). GSEA
analysis showed the significant positive enrichment of 107 gene sets (5 Hallmarks, 7 KEGG,
28 GO BP, and 66 Reactome) (Supplementary Table S2).

Enriched pathways highlighted two main clusters related to the regulation of gene
expression and cellular energy metabolism (Figure 9A). Firstly, concerning the regulation
of gene expression, several transcription factors were differentially expressed, such as
ELF2 (E74 like ETS transcription factor 2; log2FC = 0.71) and SREBF2 (sterol regulatory
element binding transcription factor 2; log2FC = −0.49). Overexpression of genes im-
plicated in mRNA processing, such as PTBP2 (polypyrimidine tract binding protein 2,
log2FC = 0.96), was observed (Supplementary Table S1). Coherent with this, enrichment
results highlighted transcriptome changes related to translation, including GO BP “trans-
lational initiation” (NES = 2.33), Reactome “mRNA splicing” (NES = 1.74), and KEGG
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“ribosome” (NES = 2.85) (Figure 9A and Supplementary Table S2). The second identified
cluster was related to OXPHOS. HGI ICM showed transcriptomic changes including Hall-
mark “oxidative phosphorylation” (NES = 2.02), KEGG (NES = 2.26), GO BP (NES = 2.55),
and Reactome “mitochondrial fatty acid β oxidation” (NES = 1.82) gene sets (Figure 9A and
Supplementary Table S2). Additionally, HG ICM showed the enrichment of ROS pathways,
including Reactome “cellular response to hypoxia” (NES = 1.78) and Hallmark “reactive
oxygen species” (NES = 1.73) (Figure 9A and Supplementary Table S2).

Figure 9. Significantly enriched gene sets (FDR < 0.05) in the ICM and TE transcriptomes of in vitro-
developed blastocysts with HGI compared to CNTRL. Significantly enriched gene sets were identified
by GSEA with the Molecular Signature Database (MSigDB) gene set collections: Hallmarks, KEGG,
Reactome, and GO BP. GSEA was followed by SUMER analysis for gene set condensation. (A). Pie
charts showing the enriched gene sets in HGI ICM versus CNTRL ICM. (B). Pie charts showing the
enriched gene sets in HGI TE versus CNTRL TE. ICM, inner cell mass. TE, trophectoderm.

In addition to these main clusters, HGI ICM exhibited DEG and enriched gene sets im-
plicated in cell number regulation. Among these, we can list the APC gene (log2FC = −0.74),
the Hallmark “myc target v1” (NES = 2.02), and the Reactome “regulation of apoptosis”
(NES = 1.73) (Supplementary Tables S1 and S3). We examined a possible imbalance in
proliferation and apoptosis in HGI ICM and did not detect significant changes in the
proportion of proliferating or apoptotic cells compared to CNTRL ICM (Figure 6A,B and
Supplementary Figures S2 and S4). HGI ICM transcriptomes also showed enrichment in
TNF-α signaling (Figure 9A and Supplementary Table S2). Among the DEG and gene sets
implicated in this pathway, we highlighted the differential expression of USP15 (ubiquitin
specific peptidase 15, log2FC = 0.47), enriched Hallmark “TNFA signaling via NFKB”
(NES = 1.70), and GO BP “cytokine metabolic process” (NES = 1.94) (Figure 9A and Supple-
mentary Tables S1 and S2). Among the DEG identified, we also highlighted the differential
expression of genes implicated in the trophoblast lineage and placenta development, such
as PLET1 (log2FC = 1.97) and PEG10 (paternally expressed 10, log2FC = 1.79) (Figure 7 and
Supplementary Table S1).

Then, the specific responses triggered by high glucose and high insulin in combi-
nation on the ICM were determined by the identification of common and specific tran-
scriptomic changes between HGI versus CNTRL ICM and HI versus CNTRL ICM and
between HGI versus CNTRL ICM and HG versus CNTRL ICM (Supplementary Figure S6A,
Tables S1 and S3).

HGI ICM and HI ICM shared 2 DEG, including the protein-coding gene RPS6KA3
(ribosomal protein S6 kinase A3) (log2FC = 0.77 and 0.88, respectively), and 29 gene sets,
all with the same expression pattern (Supplementary Figure S6A, Tables S1 and S3). Shared
changes in gene expression were related to the regulation of gene expression and OXPHOS
(Supplementary Table S3).

HGI ICM and HG ICM shared 16 DEG and 62 gene sets, all with the same expression
pattern (Supplementary Figure S6A, Tables S1 and S3). These shared transcriptome changes
were related to the regulation of gene expression, OXPHOS, NF-kB signalling, and the
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aberrant expression of TE genes. Despite the few shared gene sets involved in cell number
regulation, the increased apoptosis and decreased proliferation identified in HG ICM were
not found in HGI ICM. The enrichment in the ROS pathway was exclusively identified in
HGI ICM.

3.3.2. In TE, Alteration of OXPHOS, ROS, and Proliferation by High Glucose and
High Insulin

Transcriptome analysis by PCA and hierarchical clustering did not show a separation
between HGI TE and CNTRL TE (Figure 2C). HGI TE exhibited 16 DEG (10 overexpressed
and 6 underexpressed) in comparison to CNTRL TE (Figure 3 and Supplementary Table S1).
Enrichment analysis in HGI TE identified 108 gene sets positively enriched (8 Hallmarks,
2 KEGG pathways, 11 GO BP, and 87 Reactome) (Supplementary Table S2).

Enriched pathways included gene sets related to transcription, translation, cell num-
ber regulation, and OXPHOS, as highlighted by the three main clusters (Figure 9B and
Supplementary Table S2). Transcription and translation enriched gene sets included
the Reactome “transcriptional regulation by MECP2” (NES = 1.89), KEGG “ribosome”
(NES = 2.53), Reactome “translation” (NES = 2.10), and KEGG “proteasome” (NES = 2.17)
(Supplementary Table S2). Enriched pathways implicated in the regulation of cell number
included Hallmark “myc target v1” (NES = 2.30) and Reactome “regulation of mitotic
cell cycle” (NES = 2.22) (Figure 9B and Supplementary Table S2). In line with these en-
riched gene sets, the differential analysis identified the significant overexpression of TUBB
(tubulin beta class I, log2FC = 0.50) and WEE1 (log2FC = 0.92), 2 genes implicated in the
G2/M transition of the mitotic cell cycle (Supplementary Table S1). The EdU incorporation
assay in HGI TE confirmed a significant increase in the proportion of proliferating cells
compared to CNTRL TE (Figure 6C and Supplementary Figure S3). Despite identifying
a small enrichment of gene sets implicated in apoptosis (Supplementary Table S2), the
TUNEL assay in HGI TE did not detect significant differences in the proportion of apoptotic
cells compared to CNTRL TE (Figure 6D and Supplementary Figure S5). The third iden-
tified cluster was related to energy metabolism, as indicated by the Hallmark “oxidative
phosphorylation” (NES = 1.54), “ROS pathway” (NES = 1.79), Reactome “cellular response
to hypoxia” (NES = 2.00), and GO BP “regulation of transcription from RNA polymerase II
promoter in response to hypoxia” (NES = 2.04) (Figure 9B and Supplementary Table S2).
In line with these enrichments, DEG in HGI TE included the overexpression of TXNIP
(thioredoxin-interacting protein; log2FC = 1.81) (Supplementary Table S1).

Besides these clusters, transcriptome analysis showed perturbations in the immune
response in HGI TE. Enriched pathways included the Hallmark “TGF-α signaling via NF-
kB” (NES = 1.73), GO BP “positive regulation of cytokine biosynthetic process” (NES = 2.02),
and TGF-β signaling (NES = 1.67) (Supplementary Table S2). Additionally, enrichment
results showed perturbations of the WNT signaling pathway by the Reactome “degradation
of β-catenin by the destruction complex” (NES = 1.80) (Supplementary Table S2).

The combination of high glucose and high insulin triggered specific responses in the
TE. HI TE and HGI TE shared 1 DEG (PNLIP, log2FC = 5.08 and 4.71, respectively) and
43 overrepresented gene sets (Supplementary Figure S6B, Tables S1 and S3). These gene sets
were related to translation, OXPHOS, ROS, and NF-kB signaling (Supplementary Table S3).
In comparison to HG TE, 9 DEG and 53 gene sets shared the same expression pattern
(Supplementary Figure S6B, Tables S1 and S3). Corresponding pathways were related to
transcription and translation, NF-kB signaling and regulation of cell number. A higher
number of proliferating cells was detected in both HG TE and HGI TE. Decrease in HG TE,
apoptosis was not altered in HGI TE. The alteration of the metabolic pathway genes and the
altered expression of genes involved in epigenetic mechanisms detected in HG TE were not
identified in HGI TE. Inversely, OXPHOS and ROS pathways were only overrepresented in
HGI TE (Supplementary Table S3).
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3.3.3. High Glucose and High Insulin Induced Common and Specific Responses in ICM
and TE

Between HGI ICM and HGI TE, whereas only one DEG was shared (ARRDC4,
log2FC = 2.09 and 2.02, respectively), half (n = 54) of the enriched gene sets were shared and
exhibited the same enrichment pattern (Supplementary Tables S1 and S3). Transcription,
translation, OXPHOS, ROS, and NF-kB signaling were impacted in ICM and TE in response
to HGI (Supplementary Table S2). Specific responses between compartments can be noticed,
such as cell commitment dysregulations occurring exclusively in the ICM.

4. Discussion

Prediabetes and the early stages of T2D are characterized by hyperglycemia and
hyperinsulinemia [1,2]. Unfortunately, these first metabolic dysregulations are often asymp-
tomatic, resulting in nearly half of people with T2D being undiagnosed and untreated [1].
In the early stages of pregnancy, including the preimplantation period, women are not yet
aware of their gestational status; therefore, in undiagnosed diabetic women, pregnancies
are not adequately intervened. Increased glucose and insulin concentrations are reflected
in oviductal and uterine fluids [9,11]. Preimplantation embryos are responsive to glucose
and insulin through the activation of signaling and metabolic pathways [14,15,41–43]. The
preimplantation period corresponds to a critical window of susceptibility during which
variations in the environment can have a major impact on the offspring. Here, we have
established an in vitro model using the rabbit to study the effects of high glucose and/or
high insulin on preimplantation embryo development.

As growth factors, glucose and insulin are key regulators of proliferation and apoptosis.
In the present study, the presence of high glucose stimulated blastocyst development
and growth. Observations in mice and bovine embryos mainly described a negative
impact of glucose on blastocyst development, obtained with glucose concentrations above
20 mM [11,44]. Here, we have shown that high glucose exposure led to the alteration of
proliferation and apoptosis in mirror patterns. Consistent with our findings, mouse and rat
embryos exposed to glucose showed increased apoptosis in the ICM [45,46]. Inversely to
ICM, and to our knowledge first described here, proliferation was increased, and apoptosis
decreased in the TE of embryos exposed to high glucose. When embryos were exposed to
high levels of insulin alone, blastocyst rate and growth were not impacted, and changes in
the expression of genes involved in proliferation and apoptosis were not identified. The
mitogenic actions of insulin are well known [18]; however, in preimplantation embryos,
this remains controversial [47–50]. Our findings show that when high levels of insulin were
added in addition to high glucose, the increased rate and growth of blastocysts observed
in the presence of high glucose alone persisted. Despite changes in the proliferation and
apoptosis gene expression, only the proliferation rate remained increased in the TE. These
results suggest a crosstalk between glucose and insulin in mediating growth-related effects.

Glucose and insulin play a central role in regulating energy homeostasis and
metabolism [18,51]. Here, embryos developed in the presence of high glucose exhibited OX-
PHOS signatures in the ICM and mTORC1 signaling and glycolytic and lipid metabolism
signatures in the TE. Glucose, via glycolysis and OXPHOS, leads to the production of
cellular energy in the form of ATP [52]. Until the morula stage, preimplantation embryos
metabolize lactate and pyruvate preferentially as an energy source through OXPHOS [51].
Around the morula stage and onward, glucose is preferentially metabolized, although
the metabolic pathway used may differ between the ICM and TE [51,53]. Exposure to
hyperglycemia in vitro and in vivo led to hyperactivation of mTORC1 signaling in rabbit
blastocysts, especially in the TE [41]. The mTORC1 and mTORC2 complexes stimulate
anabolic processes such as protein, lipid, and nucleotide synthesis and regulate glucose
metabolism by favoring glycolysis over OXPHOS [54]. To sustain cell growth, the mTORC1
and mTORC2 complexes stimulate anabolic processes such as protein, lipid, and nucleotide
synthesis, regulate glucose metabolism by favoring glycolysis over OXPHOS, and promote
cell survival and proliferation [54]. In the present study, both ICM and TE developed
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in an insulin-rich environment and exhibited OXPHOS gene expression signatures. The
metabolic effects of insulin are well known, and insulin has been shown to stimulate the
oxidative capacity of mitochondria [18,55]. In addition, the TE of embryos developed with
high insulin showed ROS-related gene expression changes, suggesting insulin-mediated
oxidative stress. ROS, mainly produced as a by-product of OXPHOS, plays a role in physio-
logical cellular processes [56]. Here, in the presence of both high glucose and high insulin,
OXPHOS and ROS gene expression signatures were also identified in the ICM and TE. In
addition, transcriptome changes related to NF-kB and TNF-α signaling were identified in
the ICM and TE. NF-kB signaling, central regulator of inflammation and immunity, also
regulates multiple cellular processes, including mitochondrial respiration [57]. NF-kB is
induced by environmental cues, including insulin and ROS [58,59]. Here, gene expression
changes related to OXPHOS, ROS, and NF-kB suggest metabolic stress in the ICM and TE
of embryos exposed to both high glucose and high insulin.

Interestingly, we identified the deregulation of a subset of genes implicated in chro-
matin remodeling and epigenetic regulation in the TE. Emerging research has underlined
the crosslink between metabolism and chromatin dynamics and its influence on gene
expression [60,61]. A clear example of this is the generation of regulators of chromatin-
modifying enzymes through glucose metabolism [60,61]. Among the genes showing altered
expression in the TE exposed to high glucose, we highlighted GADD45A, BPTF, PADI2,
and ATF7. GADD45A mediates active DNA demethylation, facilitating transcriptional
activation, and also regulates trophoblast cell migration and invasion during placenta-
tion [62,63]. BPTF encodes the largest subunit of the Nucleosome Remodeling Factor
(NURF) chromatin remodeling complex and plays an essential role in extraembryonic
lineage development [64,65]. As for PADI2, a catalyzer of histone citrullination, it regulates
chromatin organization and transcriptional regulation of cell cycle progression, metabolism,
and proliferation genes [66]. ATF7, a stress-responsive chromatin regulator that recruits his-
tone methyltransferases to repress the transcription of metabolic genes, has been proposed
to mediate paternal low protein diet-induced intergenerational programming by reducing
H3K9me2 in target genes [67,68]. In the presence of both high glucose and high insulin, the
number of epigenetic genes with altered expression was less than in embryos exposed to
high glucose alone, whereas no gene with an epigenetic-related function showed differen-
tial expression in embryos exposed to high insulin alone. Thus, these results suggested a
crosstalk between insulin and glucose in terms of epigenetic regulation, especially in the
TE. Thus, the differential expression of these genes suggests alterations in the TE epigenetic
landscape, alterations that could compromise trophoblast differentiation.

In addition to the altered expression of epigenetic genes in the TE, the ICM exhibited
the overexpression of genes involved in the trophoblast lineage when exposed to high
glucose alone or in combination with high insulin. GATA3 is a well-known transcription
factor associated with TE initiation and trophoblast differentiation [69,70]. Overexpres-
sion of GATA3 was sufficient to induce trophoblast fate in mouse embryonic stem cells
(ESCs) [69]. PLET1 is an epigenetically-regulated cell surface protein essential to drive the
differentiation of the trophoblast lineage [71]. PEG10, a paternally expressed imprinted
gene highly expressed in the placenta, is essential for placenta formation in early devel-
opment [72]. In the mouse, it has been recently demonstrated that glucose metabolism
is required for the specification of the TE lineage through the hexosamine biosynthetic
pathway (HBP), the pentose phosphate pathway (PPP), and the activation of the mTOR
pathway [70]. Furthermore, when human ESCs were cultured with high glucose, the
differentiation of the definitive endoderm was impaired [73]. In addition, we observed the
enrichment of NF-kB signatures on the ICM of embryos exposed to high glucose alone or
in combination with high insulin, and the NF-kB signaling pathway is known to regulate
trophoblast differentiation and function [74,75]. Moreover, the ICM of embryos exposed
to high glucose alone or in combination with high insulin showed signatures of oxidative
rather than glycolytic metabolism, which in the mouse has been described to be character-
istic of the TE rather than of the ICM [20]. Our findings indicate a potential impairment
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in cell commitment in the ICM. Perturbations in ICM cell allocation could directly influ-
ence the TE lineage [46,76]. Blastocysts with different amounts of ICM cells led to limited
trophoblast proliferation, suggesting the necessity for cell allocation homeostasis between
these two compartments [46,76]. Moreover, the crosstalk between ICM and TE influencing
TE differentiation has been previously described [17].

In conclusion, exposure to high glucose and high insulin alone or in combination
during preimplantation development results in lineage-specific responses in the progenitors
of the future individual and the embryonic portion of the placenta. We showed here that
in the presence of high insulin, the impact of high glucose was lowered in some cases,
suggesting significant crosstalk between glucose metabolism and insulin signaling in
the early embryo. These results suggested that a mismatch in the glucose and insulin
axis represents a risk for early embryonic development and, thus, for offspring health.
Moreover, despite being present in the preimplantation maternal environment, insulin is
usually absent in in vitro culture systems. Integration of insulin may be useful in improving
embryo culture media.
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Abstract: Precise gene regulation is critical during embryo development. Long terminal repeat
elements (LTRs) of endogenous retroviruses (ERVs) are dynamically expressed in blastocysts of
mammalian embryos. However, the expression pattern of LTRs in monkey blastocyst is still unknown.
By single-cell RNA-sequencing (seq) data of cynomolgus monkeys, we found that LTRs of several
ERV families, including MacERV6, MacERV3, MacERV2, MacERVK1, and MacERVK2, were highly
expressed in pre-implantation embryo cells including epiblast (EPI), trophectoderm (TrB), and
primitive endoderm (PrE), but were depleted in post-implantation. We knocked down MacERV6-
LTR1a in cynomolgus monkeys with a short hairpin RNA (shRNA) strategy to examine the potential
function of MacERV6-LTR1a in the early development of monkey embryos. The silence of MacERV6-
LTR1a mainly postpones the differentiation of TrB, EPI, and PrE cells in embryos at day 7 compared
to control. Moreover, we confirmed MacERV6-LTR1a could recruit Estrogen Related Receptor Beta
(ESRRB), which plays an important role in the maintenance of self-renewal and pluripotency of
embryonic and trophoblast stem cells through different signaling pathways including FGF and Wnt
signaling pathways. In summary, these results suggest that MacERV6-LTR1a is involved in gene
regulation of the pre-implantation embryo of the cynomolgus monkeys.

Keywords: MacERV6-LTR1a; primitive endoderm; trophectoderm; epiblast; cynomolgus monkey;
embryos; ESRRB

1. Introduction

Mammalian embryogenesis begins with a zygote that develops into a morula, fol-
lowed by the formation of a blastocyst. At this stage, blastomeres undergo first lineage
segregation, giving rise to the trophectoderm (TrB) and inner cell mass (ICM) [1–4]. As
the embryo implants, second lineage segregation occurs and epiblast cells (EPI) in the
blastocyst develop into the embryo proper and the amnion [5–7], whereas cells of the TE
and primitive endoderm (PrE) of the ICM generate the placenta [8] and yolk sac [4,9,10],
respectively (Figure 1A). During pre-implantation, the pluripotent development of EPI
is transited from a naive to a primed state, and hypoblast cells lose pluripotent genes to
generate visceral/yolk-sac endoderm [11–13]. The precise transcriptional regulation of
EPI, PrE, and TrB is crucial for embryo development of pre-implantation in human and

155



Cells 2021, 10, 2710

mouse [1,14,15]. Furthermore, different mechanisms were noticed in different species. For
example, fibroblast growth factor/extracellular signal-regulated kinase (FGF/ERK) signal-
ing is essential for mouse hypoblast specification. However, previous research has shown
that FGF/ERK signaling is not the key factor for human hypoblast specification [16,17].

Endogenous retroviruses (ERVs) are transposable elements that have high copy num-
bers in mammalian genomes [18–25]. Complete ERVs are flanked by two long termi-
nal repeats (LTRs) that recruit transcription factors (TFs) to regulate the expression of
ERVs and nearby genes [26–28]. In recent years, the role of LTRs in embryonic cell fate
specification and determination has received increasing attention [29–32]. Since more
than 80% of LTRs are located in open chromatin regions in early-stage embryos [33], a
large number of LTR elements are dynamically transcribed in early human and mouse
embryos [22,29,34–36]. For example, many transcripts in two-cell human embryos are
initiated by LTR elements [29,37,38], which regulate long non-coding RNAs (lincRNAs)
such as HERVH-LTR7 to maintain the naive state of human embryonic stem cells [22,39].
Furthermore, HERVH-LTR7 regions recruit pluripotency factors, including OCT4, SOX2,
and NANOG to participate in cell type-specific gene regulatory networks [24,40,41]. Specif-
ically, human embryonic stem cells (hESCs), similar to EPIs at post-implantation stages,
may be converted to pre-implantation stage EPI-like cells when blastocyst-specific LTR7
elements are activated [34]. In contrast, the epigenetic mediator, the KRAB-ZFP/KAP1
system, has the ability to silence LTR elements activation in post-implantation embryos
in human and mouse [33,34,37,42]. These studies exemplify that specific LTR elements
act as crucial mediators in the early embryos of human and mouse. Although many LTR
elements have been identified and dynamically expressed in early embryos [24,34], certain
stage-specific LTR families have not yet been systematically investigated, especially in
the implantation stage of embryos. Moreover, the molecular mechanisms underlying the
temporal development of monkey pre-implantation embryos remain unclear [11].

Monkeys are important model species for studying human embryo development
because of their high similarity to the human reproduction system [43–45]. Here, we
examined the transcriptional dynamics of LTR elements in monkeys. Then, we knocked
down MacERV6-LTR1a and observed differentiation was postponed in embryonic cells
compared to control in the pre-implantation stage. We also validated that MacERV6-LTR1a
could recruit ESRRB, which plays an important role in the maintenance of self-renewal and
pluripotency of embryonic and trophoblast stem cells through different signaling pathways
including FGF signaling pathway and Wnt signaling pathways [46–51]. These results
suggest that MacERV6-LTR1a is involved in the regulations of the temporal development
of early TrB, EPI, and PrE cells in monkey embryos.

156



Cells 2021, 10, 2710

A

LTR13
LTR25-int
LTR28
MacERV3-int-int
MacERV3-LTR1
MacERV3-LTR2
MacERV3-LTR3
MacERVK1-int
MacERVK1-LTR1a
MacERVK1-LTR1b
MacERVK1-LTR1c
MacERVK1-LTR1d
MacERVK1-LTR1e
MacERVK2-LTR1a
MacERVK2-LTR1b
MacNERVK2a-int
MacNERVK2-int
LTR7B
LTR7-Rhe
MacERV2-int-int
MacERV2-LTR1
MacERV2-LTR2
MacERV2-LTR2a
MacERV6-int
MacERV6-LTR1a
MacERV6-LTR1b
MacERV6-LTR2a
MacERV6-LTR2b
MacNERV6a-int
MacNERV6b-int
HERV17-int
HERVH-int
HERVK-int
LTR5
LTR5B
LTR5-Hs
HERV3-int
HERVH48-int
HERVK11-int
LTR2
LTR32
LTR3A
LTR7
LTR70
MacERV1-int-int
MacERV1-LTR3a
MacERV1-LTR3b
MacERV1-LTR4d
MacERV4-int-int
MacERV4-LTR1a
MacERV4-LTR1b
MacERV4-LTR4
HERVFH21-int
LTR29
LTR2B
LTR48B
LTR19C
MacERV4-LTR2
LTR6A
LTR9B
MacERV6-LTR4
HERV30-int
HERVE-int
HERVS71-int

HERVFH21-int
LTR19C
LTR21A
LTR29
LTR32
LTR39
LTR48B
LTR7
MacERVK1-int
MacERVK1-LTR1a
MacERVK1-LTR1b
MacERVK1-LTR1c
MacERVK1-LTR1d
MacERVK1-LTR1e
MacERVK2-LTR1a
MacNERVK2a-int
MacNERVK2-int
MER102c
MER112
MER11D
MER34A1
MER4A1
MER58B
MER63D
MER65A
MER65C
MER70A
MER83
HERVE-a-int
HERVIP10FH-int
HERVK11-int
HERVK-int
LTR10G
LTR2
LTR22E
LTR25-int
LTR5
LTR54B
LTR5B
MacERV1-LTR4d
MacERV2-int-int
MacERV2-LTR2
MacERV2-LTR2a
MacERV3-LTR1
MacERV4-int-int
MacERV4-LTR2
MacERV6-LTR1b
MacERV6-LTR1a
MacNERV6a-int
MER11B
MER39B
MER4B
HERV30-int
HERVS71-int
LTR16
LTR2B
LTR37B
LTR40b
LTR49-int
MacERV1-LTR4a
MacERV1-LTR4b
MacERV6-LTR3
MacERV6-LTR4
MER101-int
MER117
MER20B
MER45A
MER4B-int
MER4D0
MER50
MER52C
MER58C
MER5B

D E

Primitive endoderm

GATA6+

Epiblast

NANOG+

Trophectoderm
CDX2+

ICM Hypoblast
VE/
YE

PreE
TE

PreL
TE

Postpa
TEICM

Pre
EPI

PostE
EPI

PostL
EPI

G
1

G
2a

G
2b

B
ICM
Pre_EPI
PostE_EPI
PostL_EPI
Gast1
Gast2a
Gast2b

F

Genes TEs

ICM
Pre_EPI
PostE_EPI
PostL_EPI
Gast1
Gast2a
Gast2b

C

LTR13
LTR28
LTR5-Hs
LTR67B
LTR7B
LTR7-Rhe
LTR8
MacERV1-LTR1
MacERV1-LTR2a
MacERV1-LTR4c
MacERV1-LTR4d
MacERV2-LTR1
MacERV3-int-int
MacERV3-LTR1
MacERV3-LTR2
MacERV3-LTR3
MacERVK1-int
MacERVK1-LTR1
MacERVK1-LTR1a
MacERVK1-LTR1b
MacERVK1-LTR1c
MacERVK1-LTR1d
MacERVK1-LTR1e
MacERVK2-int
MacERVK2-LTR1a
MacERVK2-LTR1b
MacNERVK2a-int
MacNERVK2-int
MER102c
MER11C
MER11D
MER34A1
MER4A1
MER58B
MER65C
MER83
HERVH48-int
HERVK11-int
HERVK-int
LTR25-int
LTR3A
LTR5
LTR5B
LTR6A
LTR7
MacERV2-int-int
MacERV2-LTR2
MacERV2-LTR2a
MacERV6-int
MacERV6-LTR1a
MacNERV6a-int
MacNERV6b-int
MER102a
MER11B
MER34B-int
MER39B
MER4D
MER87
HERVFH21-int
LTR10E
LTR21B
LTR2B
LTR35
LTR37B
LTR43
LTR47A2
LTR60
LTR70
MacERV1-LTR4a
MacERV4-LTR3
MacERV4-LTR4
MER101-int
MER103C
MER113
MER117
MER2
MER30
MER31-int
MER39
MER41-int
MER44C
MER4A
MER4-int
MER50
MER51A
MER57-int
MER58C
MER5A
MER5A1
MER5B
MER5C
MER63D
MER65-int
MER66A
MER66-int
MER68-int
MER81
MER90a

nes

-2 -1 0 1 2

-2 -1 0 1 2

-2 -1 0 1 2

Figure 1. The dynamic expression of LTR elements during the development of Macaca fascicularis
embryo from blastocysts to the E17 gastrulation stage. (A) Schematic view of three lineages of Macaca
fascicularis blastocyst. (B) Principal component analysis with gene expression levels during Macaca
fascicularis epiblast development with Seurat. (C) Principal component analysis with expression
levels of transposable element (TEs) during Macaca fascicularis epiblast development. (D) Heatmap
of LTR elements expression during epiblast development. The cell type include inner cell mass
(ICM) (n = 30), pre-implantation epiblasts (PreEPI) (n = 34), post-implantation early EPI (PostEEPI)
(n = 55), post-implantation late EPI (postLEPI) (n = 50), gastrulating cells (G1) (n = 18), (G2a)
(n = 13), and (G2b) (n = 13) stages. (E) Heatmap of LTR elements exoression during primitive
endoderm development. The cell type include inner cell mass (ICM) (n = 30), Hypoblast (also
named PrE) (n = 54), visceral/yolk-sac endoderm (VE/YE) (n = 5). (F) Heatmap of LTR elements
expression during trophectoderm (TrB) development. The cell type include pre-implantation early
trophectoderm (PreETE) (n = 23), pre-implantation late TE (PreLTE) (n = 52), post-implantation
parietal trophectoderm (PostpaTE) (n = 11).
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2. Materials and Methods

2.1. Animal Ethics

Female cynomolgus monkeys (Macaca fascicularis), ranging from 5 to 8 years and
weighing 4–6 kg were used in this study. All animals were housed at Yunnan Key Labora-
tory of Primate Biomedical Research and individually bred in an American standard cage
in a light/dark cycle of 12 h/12 h. All animal procedures were approved in advance by
the Institutional Animal Care and Use Committee, and protocols were performed in accor-
dance with the Assessment and Accreditation of Laboratory Animal Care International for
the ethical treatment of primates.

2.2. Calculation of the Expression Levels of LTR Elements and Genes

The 390 single cell RNA-sequencing (scRNA-seq) data relating to monkey pre- and
post-implantation embryos were downloaded from previously published studies (GEO
(Gene Expression Omnibus): GSE74767) [52]. RNA-seq reads were filtered by fast quality
control (QC) procedures and adaptors cut using Cutadapt software (v1.11). After this,
sequences were mapped to the Macaca fascicularis genome (macFas5) using HISAT2 soft-
ware. Then, we quantified transposable element (TEs) and gene expression of single-cell
sequencing data using the scTE software [53].

The single cells of monkey embryos were prepared according to smart-seq2 protocol,
and sequenced with 2 × 150 base pair (bp) end method using the HiSeq X Ten platform
(Illumina, San Diego CA, USA). Library construction and sequencing were performed
by Annoroad Gene Technology (http://www.annoroad.com/, accessed on 28 September
2021). The sequencing reads were mapped against the Macaca fascicularis genome (macFas5)
using HISAT2 (v2.2.1) software. Then, we quantified transposable element (TEs) and gene
expression of single-cell sequencing data using the scTE software as before.

2.3. Oocyte Collection and In Vitro Fertilization

Superovulation, oocyte collection, and fertilization procedures were previously de-
scribed [54]. In short, 10 healthy female cynomolgus monkeys aged 5–8 years with regular
menstrual cycles were selected as oocyte donors for superovulation. This was performed
by intramuscular injection with recombinant human follitropin-α (rhFSH) (GONAL-F,
Merck Serono, Darmstadt, Germany) for 8 days. Then, recombinant human chorionic
gonadotropin-α (rhCG) (OVIDREL, Merck Serono, Darmstadt, Germany) was injected on
day 9. Oocytes were collected by laparoscopic follicular aspiration approximately 32–35 h
after rhCG administration. Follicular contents were added to HEPES-buffered Tyrode’s
albumin lactate pyruvate (TALP) medium containing 0.3% bovine serum albumin (BSA)
(Sigma-Aldrich, Saint-Louis, MO, USA) at 37 °C. Oocytes were stripped of cumulus cells
by pipetting after a brief exposure (<1 min) to hyaluronidase (0.5 mg/mL) in TALP-HEPES
to visually select nuclear-based mature metaphase II (MII; first polar body present) oocytes.
The mature oocytes were immediately subjected to intracytoplasmic sperm injection and
then cultured in Connaught Medical Research Laboratories (CMRL) -1066 media (Thermo
Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (FBS, Gibco, USA)
at 37 °C in 5% CO2. Fertilization was confirmed by the presence of a second polar body
and two pronuclei. Zygotes were then cultured in chemically defined hamster embryo
culture medium-9 containing 10% FBS at 37 °C in 5% CO2 to allow embryo development.
The culture medium was replaced every other day until the blastocyst stage.

2.4. Lentivirus Production and Purification

293T cells in DMEM + 10% FBS + 1% NEAA were split into 6 × 10 cm dishes
(3 × 106 cells/dish) and incubated overnight at 37 °C in 5% CO2. Evolutionary analy-
ses were conducted in MEGAX [55]. The psicoR-EF1A-GFP-shRNA-scramble, psicoR-
EF1A-GFP-shRNA-109, psicoR-EF1A-GFP-shRNA-149, and psicoR-EF1A-GFP-shRNA-346
plasmids were prepared according to Jacks laboratory protocols (http://web.mit.edu/
jacks-lab/protocols/pSico.html, accessed on 28 September 2021) (Table S1). The psicoR-
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EF1A-GFP contain a GFP gene driven by EF1A promoter. Therefore, GFP expression could
be used as a signal of successful transfection of the plasmid. Per 1 × 10 cm dish, 11 μg
shRNA plasmids, and two lentiviral packaging plasmids (3 μg of pMD2.g, and 8 μg of
psPAX2) were used. Plasmids were mixed and added to 0.25 M CaCl2 (500 μL), mixed
gently in 500 μL BBS solution, incubated at room temperature for 15 min, and added to
293T cells (3 × 106 cells). Approximately 48 h later, the supernatants were collected, sieved
through a 0.45-μm filter (Millipore, Sigma-Aldrich, Saint-Louis, MO, USA), and centrifuged
(Beckman, Brea, CA, USA) at 100,000× g for 2 h at 4 °C. Viral pellets were then resuspended
in 50 μL PBS (pH 7.2–7.4) and infection titers were determined using the gradient dilution
method. Simply, a 10-fold serial dilution of the lentivirus solution was added to a 96-well
plate (1 × 105 293T cells/well) and GFP fluorescence was observed 48 h after infection.

2.5. Isolation of Green Fluorescent Protein (GFP) Positive Single Cell and scRNA-Seq

Embryos were dissected into single cells in 0.25% trypsin (Thermo Fisher Scientific,
Waltham, MA, USA), washed in Dulbecco’s Phosphate-Buffered Saline (DPBS) (Thermo
Fisher Scientific, Waltham, MA, USA), and aspirated using a Pasteur pipette under a
dissecting microscope. GFP-positive embryonic cells were collected for gene expression
analysis. The synthesis and amplification of full-length cDNAs were performed using
the Smart-seq2 protocol [56]. Reverse transcription reactions and pre-amplification steps
were performed using SuperScript II (Thermo Fisher Scientific, Waltham, MA, USA) and
KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Sigma-Aldrich, Saint-Louis, MO, USA),
respectively. The cDNA quality was evaluated using the Bioanalyzer 2100 instrument.
Library construction and sequencing were performed by Annoroad Gene Technology. GFP-
positive cells were first screened using our previously described PCR method using primers
for GAPDH. Then, MacERV6-LTR1a expression in GFP positive cells was determined by
qRT-PCR and it was performed with iTaq™ universal SYBR Green supermix (Biorad,
Hercules, CA, USA) (Table S2). In total, we used 166 single cells to perform pair-end
sequencing on the Illumina HiSeq X-Ten platform.

2.6. Single-Cell Cluster Analysis

The output of single-cell gene counts was used to create objects using the Seurat
package (v3.0) [57]. Principal component analysis (PCA) dimensional reduction techniques
were used to visualize gene expression and perform cluster analyses based on the principal
components (PCs) input. The VinPlot tool was used to show the probability distribution of
marker gene expression across clusters. Differentially expressed genes (DEGs) between
different cell types were detected by FindMarkers function of Seurat, test.use with DESeq2
(1.32.0) [58]. p-value < 0.05 and min.pct = 0.1 were used to denote significant differences
in gene expression. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses of DEGs were conducted using the Metascape website (https:
//metascape.org/, accessed on 28 September 2021) [59]. GO terms with a p-value < 0.05
were defined as significantly enriched.

2.7. TF Binding Site Predictions and Dual Luciferase Expression Assays

We first identified motifs that potentially bound to TFs based on conserved nucleotide
sequences of MacERV6-LTR1a using MEME algorithm [60]. We then predicted candidate
TFs recruited by MacERV-LTR1a based on potential motifs using Tomtom algorithm [61].
We performed Dual-Glo luciferase assays (Promega, Madison WI, USA) to estimate the
regulatory potential of MacERV6-LTR1a. We used 293T cells (ATCC CRL-3216) grown
in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS
(Thermo Fisher Scientific, Waltham, MA, USA) and 1% non-essential amino acids (NEAA)
(Thermo Fisher Scientific, Waltham, MA, USA). The MacERV6-LTR1a_39 element sequence
that contained multiple pluripotency TF-binding sites has cloned into PGL3-basic vector
and driven firefly luciferase activity (named pERV6-LTR1a_39). Then, pERV6-LTR1a_39
and pRL-TK vector (expressing renilla luciferase) (Promega, Madison WI, USA) were

159



Cells 2021, 10, 2710

co-transfected into 293T cells using Lipofectamine 2000 transfection reagent (Thermo Fisher
Scientific, Waltham, MA, USA) (2 μL for 1 μg plasmid DNA). All transfections were per-
formed in 24-well plates (Corning, Corning NY, USA). After 24–48 h, luciferase expression
levels were processed according to the Dual-Glo reporter assay protocol (Promega, Madi-
son WI, USA). We performed each luciferase experiment in triplicate and repeated each
experiment three times. Luciferase fold change was estimated as the ratio of firefly and
renilla luciferase for pERV6-LTR1a_39, and then normalized to the empty vector (pGL3
plasmid with no MacERV6-LTR1a_39 insert). We also individually cloned the coding
sequences of the genes, ESRRB, KLF4, POU5F1, SOX2, SMAD3, and HNF4A into the PM2
expression vector (pEASY-Blunt M2 Expression Kit, TransGen Biotech, Beijing, CHINA)
(Table S2). Furthermore, we synthesized the nucleotide sequences of MacERV6-LTR1a_39
which ESRRB binding site had mutated. Furthermore, then, cloned that sequences into
the PGL3-basic vector (named pmERV6-LTR1a_39). The firefly and renilla luciferase flu-
orescence intensity was measured using a GENios (TECAN, Männedorf, Switzerland).
Statistical parameters, including statistical analyses, statistical significance, and n values
were reported in figure legends. For significance analysis, Student’s t-test was used to
indicate a * p-value < 0.05 or ** p-value < 0.01.

2.8. Immunofluorescence

Monkey embryos at day 7 were fixed in 4% paraformaldehyde and 0.1% polyvinyl
pyrrolidone (PVP) in PBS (pH 7.2–7.4) for 20 min at room temperature. They were then
washed three times in PBS and incubated with 0.3% Triton X-100 and 0.1% PVP for 30 min
at room temperature. After washing three times in PBS, embryos were blocked for 2 h in
blocking buffer (3% BSA + 10% FBS + 0.1% PVP) and separately incubated overnight at
4 °C with the following primary antibodies: chicken anti-GFP (Abcam, ab13970, 1:500),
mouse anti-Oct4 (Santa Cruz, SC5279, C-10, 1:400), and goat anti-Gata6 (R&D Systems,
AF1700, polyclonal, 1:400). Embryos were washed three times in PBS/0.05% Tween-20 and
incubated with the following secondary antibodies for 2 h at room temperature Alexa Fluor
488 Donkey Anti-Chicken IgY† (IgG) (H + L) (Jackson Immunoresearch, 703-545-155, 1:500),
Alexa Fluor 568 donkey anti-mouse IgG Thermo Fisher Scientific, Waltham, MA, USA A-
10037, 1:600), and Alexa Fluor 647 donkey anti-goat IgG (Thermo Fisher Scientific, Waltham,
MA, USA, A-21447, 1:600). DAPI (Roche Life Science, Basel, Switzerland, 10236276001,
1:1000) was used to stain nuclei.

3. Results

3.1. Temporal Expression of LTR Elements during Monkey Embryo Development

Implantation is an important event during embryo development. To understand the
process, we analyzed the dynamic expression of transposable elements (TEs) in pre- and
post-implantation embryos of cynomolgus monkeys based on publicly available scRNA-
seq data for Macaca fascicularis (GEO accession: GSE74767) which covered embryonic EPI
from blastocyst to E17 gastrulation-stages [52]. These scRNA-seq data including ICM
(n = 30), pre-implantation EPI (pre-EPI, n = 34), early post-implantation EPI (postE-EPI,
n = 55), late post-implantation EPI (postL-EPI, n = 50), and three gastrulation cell types
(Gast1, n = 18, Gast2a, n = 13, and Gast2b, n = 13). In agreement with gene expression
profiles [52], EPI cells can be separated clearly into pre-implantation EPI (ICM and pre-EPI)
and post-implantation EPI (postE-EPI, postL-EPI, and gastrulation cells) by expression
levels of transposable elements in PCA analysis (Figure 1B,C), showing that the expression
of transposable element experienced a dramatic change during implantation. Then, we
were particularly interested in LTR elements and found that many LTR elements were
dynamically expressed in different stages of three lineages cell types. Firstly, there are
52 LTRs specifically activated in pre-implantation stages and others 13 LTR expressed in
post-implantation (Figure 1D). We also observed that the LTR elements of several families,
LTR5 (LTR5, LTR5B and LTR5-Hs), LTR7 (LTR7, LTR7B and LTR7-Rhe), and MacERV6-
LTR (MacERV6-LTR1a, MacERV6-LTR1b, MacERV6-LTR2a and MacERV6-LTR2b) were

160



Cells 2021, 10, 2710

specifically activated at ICM and Pre-EPI stages and found that MacERV6-LTRs were highly
expressed at Pre-EPI stages, but all of LTRs above were rapidly depleted after implantation
(Figure 1D). Of these LTR elements, the LTR7 (LTR7, LTR7B and LTR7-Rhe) and LTR5 (LTR5,
LTR5B and LTR5-Hs) were previously reported as templates for initiating stage-specific
transcripts in human embryonic cells [34].

To further evaluate whether MacERV6-LTR expression is stage-specific in other lin-
eages, we analyzed its temporal expression in primitive endoderm development (ICM
(n = 30), Hypoblast (n = 54), VE/YE (n = 5)). We noticed that MacERV6-LTR (MacERV6-
LTR1a, MacERV6-LTR1b) were activated in the Hypoblast cell (Figure 1E). Meanwhile,
we evaluated MacERV6-LTR expression in trophectoderm development (PreETE (n = 23),
PreLTE (n = 52), PostpaTE (n = 11)) and found that MacERV6-LTR (MacERV6-LTR1a,
MacERV6-int) were specifically expressed in the PreLTE stage of pre-implantation embryos
(Figure 1F), suggesting that MacERV6-LTR may have specific functions during monkey
embryo development. The function of the MacERV6-LTR in pre-implantation embryos is
obscure. We selected MacERV6-LTR1a as a family representative for further exprimental
validation, because MacERV6s have as many as eight different types of LTRs (Figure 2A).

3.2. MacERV6-LTR1a Knockdown in Cynomolgus Monkey Embryos

In order to further understand the conservation of MacERV6-LTRs in various species,
we aligned the sequences of MacERV6-LTRs, and other two control (LTR5RM and LTR7) to
the genomes of different species, and found that MacERV6-LTRs specifically exist in Macaca
fascicularis and Macaca mulatta (Figure 2B). Previous research suggests that several tran-
scripts in two-cell embryos are initiated by LTRs derived from endogenous retroviruses [29].
Then, we knocked down MacERV6-LTR1a expression to investigate the potential functions
of MacERV6-LTR1a during monkey embryo development. Firstly, we designed three
shRNAs (shRNA-109, shRNA-149 and shRNA-346) based on conserved regions in the
MacERV6-LTR1a, and one scramble shRNA (shRNA-scramble) as the control (Figure 2B,C).
Knockdown efficiency was verified using the MacERV6-LTR1a-driven luciferase assay.
We observed the luciferase activity has been significantly knocked down by shRNA-149
and shRNA-346 plasmids in 293T cells (Figure 2D). Secondly, the shRNA-346 and shRNA-
scramble were selected for virus packaging. To evaluate lentivirus toxicity, 50–100 pL virus
(shRNA-346) suspensions expressing shRNA-346 or the shRNA-scrambled control were
injected into the perivitelline space of mouse one-cell embryos. GFP fluorescence signals
were observed in 90% of embryos at 3–5 days after injection (Figure 2E). No differences
in development efficiency were observed in embryos, suggesting that these viral reagents
exerted no toxicity on embryo development (Figure 2F).

To further assess the functions of MacERV6-LTR1a in Macaca fascicularis embryos, we
injected shRNA-346 or the shRNA-scrambled lentivirus into fertilized one-cell cynomolgus
monkey embryos (Figure 3A,B). A similar development efficiency of blastocysts were
observed in embryos infected by these reagents (Figure 3C). We verified the knockdown
efficiency in GFP-positive single cells of embryonic blastocysts on day 7 using qRT-PCR.
MacERV6-LTR1a expression was significantly knocked down in shRNA-346-treated cells
compared with the shRNA-scramble treated embryonic cells (Figure 3D). Single-cell tran-
scriptome analyses also demonstrated the knockdown efficiency (Figure 3E). Meanwhile,
we stained embryos to evaluate the phenotypes on day 7 with specific lineage markers,
OCT4 for pre-EPI and GATA6 for hypoblasts to analyze cell fates. However, no significant
differences were observed in OCT4 EPI and GATA6 hypoblast development at the whole
embryonic level in both embryo groups (Figure 3F).
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Figure 2. MacERV6-LTR1a knockdown in pre-implantation monkey embryos. (A) Phylogenetic tree based on the MacERV6
family sequences. (B) The conservation of MacERV6-LTRs, LTR5RM, and LTR7 in selected mammals. The sequences of
MacERV6-LTRs, LTR5RM, and LTR7 were aligned to the genomes of different species. Blue circles represent there is the
annotated sequence in the genome and white circles are reverse. (C) The schematic view of shRNAs, including shRNA-109
(psicoR-EF1A-GFP-shRNA-109), shRNA-149 (psicoR-EF1A-GFP-shRNA-149) and shRNA-346 (psicoR-EF1A-GFP-shRNA-
346), targeting MacERV6-LTR1a_39 sites and the conserved sequences of MacERV6-LTR1a. (D) The knockdown efficiency
of shRNAs targeting MacERV6-LTR1a. PGL3-basic, control plasmid with no promoter. pERV6-LTR1a_39, luciferase reporter
was driven by the MacERV6-LTR1a_39 element. pERV6-LTR1a_39 plasmid was co-transfected with shRNA plasmids
(shRNA-346, shRNA-149, shRNA-109) into 293T cells. Data were presented as the mean ± standard deviation (SD), (n = 3).
* p < 0.05, ** p < 0.01. NS, not significant. Student’s t-test. (E) GFP signals in mouse embryos that were treated with
shRNA-scramble and shRNA-346 lentivirus, separately. Scale bar = 200 μm. (F) The development efficiency of mouse
embryo after injection with shRNA-scrambled and shRNA-346 lentivirus separately.
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Figure 3. The potential functions of MacERV6-LTR1a in preimplantation cynomolgus monkey
embryos. (A) Schematic representation of MacERV6-LTR1a functional assays during embryonic
development. The mature oocytes were immediately subjected to intracytoplasmic sperm injection
and then cultured in Connaught Medical Research Laboratories (CMRL) -1066 media containing 10%
fetal bovine serum at 37 °C in 5% CO2. Fertilization was confirmed by the presence of a second polar
body and two pronuclei. Zygotes were then cultured in chemically defined hamster embryo culture
medium-9 containing 10% FBS at 37 °C in 5% CO2 to allow embryo development. The lentivirus of
shRNA-346 and shRNA-scramble were injected at Day 1 of monkey embryos. The culture medium
was replaced every other day until the blastocyst stage at Day 7. The embryos were performed Im-
munofluorescence (IF) in part F and scRNA-seq. (B) The GFP signals in Macaca fascicularis blastocysts
with injection of shRNA-scrambled or shRNA-346 lentivirus. Scale bar = 200 μm. (C) Blastocyst de-
velopment efficiency in cynomolgus monkey embryos treated with shRNA-scrambled or shRNA-346
lentivirus. (D) The knockdown efficiency of MacERV6-LTR1a in embryonic GFP positive cells treated
with shRNA-scramble (n = 30 cells) or shRNA-346 (n = 30 cells) lentivirus. Quantitative RT-PCR was
used to evaluate MacERV6-LTR1a expression. ** p < 0.01, Student’s t-test. (E) Vlnplot showing the
expression of MacERV6-LTR1a in cynomolgus monkey embryonic cells at day 7. shRNA-346 (n = 86),
shRNA-scramble (n = 80). p-value was evaluated with DEseq2. (F) Representative embryo staining
images at day 7: GFP (green), OCT4 (red), GATA6 (white), and DAPI (blue). shRNA-scramble
(n = 3 embryos), shRNA-346 (n = 3 embryos). Scale bar = 40 μm.
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3.3. Transcriptomic Changes after MacERV6-LTR1a Knockdown

To further explore the functions of MacERV6-LTR1a in monkey embryos, GFP positive
single cells were collected from blastocysts which were treated with shRNA-346- and the
shRNA-scramble at day 7. We performed scRNA-seq using the Smart-seq2 protocol [56].
PCA analyses categorized these cells into three groups based on lineage marker expression
(Figure 4A–C). CDX2, GATA2 and ESRRB are highly expressed in trophoblast (TrB) popula-
tions, along with intermediate GATA6 expression. Meanwhile, NANOG, OCT4, PRDM14,
DPPA3, FGF4, FGFR1 and FGFR2 are heterogeneously expressed in EPI (Pre-implantation
epiblast) population. GATA4 and PDGFRA are enriched in primitive endoderm (also
named hypoblast or PrE) cluster, along with intermediate GATA6 expression (Figure 4D).
The presence of TrB, PrE, and EPI populations indicated that monkey embryos at day 7
exhibit the segregations of the three lineage. We observed the shutdown state of MacERV6-
LTR1a in three lineages cell types, and also found MacERV6-LTR1b, MacERV6-LTR2a
and MacERV6-LTR4 were knocked down when treating with shRNA-346 (Figure 4D,E).
Interestingly, we observed that the expression of ESRRB has significantly changed when
treating with shRNA-346 (Figure 4F).

Next, we evaluated the DEGs (different expression genes) between shRNA-346 and
shRNA-scramble embryonic cells. We noted that 247 and 423 genes were significantly
upregulated and downregulated in shRNA-346-treated TrB cells when compared to shRNA-
scrambled control (Figure 5). The upregulated genes were mainly associated with stem cell
population maintenance, oxidative phosphorylation, DNA methylation or demethylation,
positive regulation of apoptotic signaling pathway, and cell fate specification. The downreg-
ulated genes were mainly related to trophectodermal cell differentiation, the establishment
of cell polarity, establishment or maintenance of apical/basal cell polarity, placenta devel-
opment, and regulation of canonical Wnt signaling pathway (Table S3). These data suggest
that MacERV6-LTR1a potentially regulates the development of TrB cells.

We also compared EPI cells treated with shRNA-346 and shRNA-scramble. We
observed that 310 and 298 genes were significantly upregulated and downregulated in
shRNA-346-treated EPI cells, respectively (Figure 5). Upregulated genes were mainly asso-
ciated with oxidative phosphorylation, epithelial cell migration, regulation of embryonic
development, insulin signaling pathway, regulation of cell adhesion, and reproductive
structure development. Whereas downregulated genes were related to signaling pathways
regulating pluripotency of stem cells, I-kappaB kinase/NF-kappaB signaling, epithelial cell
proliferation, epithelial cell development, regulation of canonical Wnt signaling pathway,
and epithelial cell differentiation (Table S3), these results suggest that MacERV6-LTR1a is
required for regulation of the pluripotency of EPI cells.

We also compared PrE cells treated with shRNA-346 and shRNA-scramble. We noted
that 160 and 174 genes were significantly upregulated and downregulated in shRNA-346-
treated PrE cells, respectively (Figure 5). The upregulated genes were mainly enriched for
insulin-like growth factor receptor signaling pathway, phosphatidylcholine biosynthetic
process, DNA-templated transcription, initiation, positive regulation of gene expression,
epigenetic, histone modification. Whereas downregulated genes were mainly associated
with stem cell differentiation, regulation of hematopoietic stem cell differentiation, positive
regulation of programmed cell death, positive regulation of collagen biosynthetic process,
regulation of MAP kinase activity (Table S3). These data suggest that MacERV6-LTR1a
mainly participates in the transcriptional activity and stem cell differentiation of early
embryo development.
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Figure 4. Transcriptional changes in shRNA-346- and shRNA-scramble-treated cynomolgus monkey embryos at day 7.
(A–C) Principal component analysis (PCA) of single cells of embryos according to the expression of genes and TEs. (A) The
distribution of single cells from six embryos, of which three were the control group (treated with shRNA-scramble, embryo1,
embryo2, embryo3) and three were the experimental group (treated with shRNA-346, embryo4, embryo5, embryo6).
(B) The distribution of single cells of embryos treated with shRNA-scramble (blue triangle) or shRNA-346 (red circle).
shRNA-346 represents embryonic cells infected by shRNA-346 lentivirus, whereas shRNA-scramble represents embryonic
cells infected by shRNA-scramble control lentivirus. (C) Single cells of embryos were annotated as three lineages: TrB,
EPI, and PrE, according to the expression of the marker gene in part D. (D) Heatmap of selected marker genes. NANOG,
OCT4, PRDM14, and DPPA3 for epiblast (EPI), GATA4 and PDGFRA for primitive endoderm/hypoblast (PrE), CDX2 and
GATA2 for trophectoderm (TrB). (E) Vinplots of MacERV6-LTR1a expression in TrB, EPI, and PrE cells that were treated with
shRNA-346 and shRNA-scramble lentivirus. (F) Vinplots of ESRRB expression in TrB, EPI, and PrE cells that were treated
with shRNA-346 and shRNA-scramble lentivirus. NS, not significant. Furthermore, see Figure S2.
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Figure 5. Differentially expressed genes (DEGs) and their corresponding gene ontology (GO) terms in TrB, EPI, and PrE
from shRNA-346- or shRNA-scramble-treated embryos. DEGs were identified with function of FindMarkers in Seurat,
test.use with DEseq2. p-value < 0.05, min.pct = 0.1. Significant upregulated and downregulated genes were used to identify
enriched GO terms with the Metascape website (https://metascape.org/, accessed on 28 September 2021).
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3.4. The Interaction between MacERV6-LTR1a and Pluripotency Factors In Vitro

Several LTR elements have been reported as tissue-specific enhancers or promoters in
a variety of mammalian cell types, including early mouse embryos, placenta, pluripotent
stem cells [29,35,62], and the initiation of transcriptional activity in specific cell lineages [37].
So, we hypothesized that MacERV6-LTR1a may act as a promoter or enhancer to recruit
ICM, pre-EPI-specific TFs.

To address this hypothesis, we identified motifs and predicted candidate TFs recruited
by MacERV6-LTR1a. By integrating these candidate TFs with TFs specific for ICM and
Pre-EPI cells, we identified ESRRB, KLF4, POU5F1, SOX2, SMAD3, and HNF4A, which
were highly expressed in ICM and PreEPI cells, and may be recruited by MacERV6-LTR1a
(Figures 6A,B and S1A).

Figure 6. In vitro MacERV6-LTR1a interactions with pluripotency factors. (A) A Venn diagram showing overlapping
transcription factors (TFs) specifically activated in ICM and pre-EPI cells and potentially recruited by MacERV6-LTR1a.
Overall, 193 active genes in ICM and preEPI cells were reported in [52]. Additionally, 386 MacERV6-LTR1a accommodated
TFs were predicted with MEME [60] and Tomtom [61]. (B) The motif of ESRRB in MacERV6-LTR1a and its E-value were
predicted and calculated by MEME, respectively. The height of the nucleotide (Y-axis) is information content (in bit) and
the X-axis is the position in the motif (nt). (C) ESRRB binding sites mutation in MacERV6-LTR1a.The MacERV6-LTR1a_39
element sequence that contained multiple pluripotency TF-binding sites have cloned into PGL3-basic vector and driven
firefly luciferase activity (named pERV6-LTR1a_39). The nucleotide sequences of MacERV6-LTR1a_39, which the ESRRB
binding site had mutated and cloned into the PGL3-basic vector (named pmERV6-LTR1a_39). (D) ESRRB interacting with
MacERV6-LTR1a by luciferase assay in 293T cells. PM2-ESRRB, the PM2 vector containing coding sequence of ESRRB.
pmERV6-LTR1a_39, pERV6-LTR1a_39, the plasmid contains luciferase reporter driven by ESRRB binding sites mutated
MacERV6-LTR1a_39 and MacERV6-LTR1a_39, respectively. * p-value < 0.05 or ** p-value < 0.01. NS, not significant. Student’s
t-test. (E) The protein–protein interaction network of ESRRB protein and others identified with the STRING web tool
(https://string-db.org/, accessed on 28 September 2021).
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To further investigate the interaction between MacERV6-LTR1a and TFs, we performed
luciferase assays. After transfecting the MacERV6-LTR1a-driven luciferase plasmid (pERV6-
LTR1a_39) into 293T cells, we detected strong luciferase signals suggesting MacERV6-LTR1a
had a strong promoter activity. Next, we co-transfected TF expressing vectors and pERV6-
LTR1a_39 plasmid into 293T cells and observed that the KLF4, POU5F1, SOX2, SMAD3,
and HNF4A co-transfections did not induce a significant increase in luciferase activity
(Figure S1B–E). In contrast, the luciferase activity has significantly increased when added
ESRRB, suggesting MacERV6-LTR1a recruited ESRRB. Since ESRRB induced the highest
luciferase activity, we then mutated putative ESRRB binding sites in MacERV6-LTR1a to
block ESRRB binding (pmERV6-LTR1a_39). We observed pmERV6-LTR1a_39 had lost
their ability to enhance luciferase activity even in the presence of ESRRB (Figure 6C,D),
suggesting ESRRB was recruited by MacERV6-LTR1a through the identified motif. Finally,
we predicted functional associations between ESRRB and other proteins with STRING [63],
and found that it is associated with self-renewal and pluripotency regulating genes, in-
cluding KLF4, SOX2, NANOG, TFCP2L1, and POU5F1 (Figure 6E). These results may
imply MacERV6-LTR1a recruited ESRRB to regulate gene expression, transcription activity,
maintenance of self-renewal, and pluripotency of embryonic cells in an indirect way.

4. Discussion

The precise temporal development of embryonic cells is key to normal embryo devel-
opment. At the beginning of the pre-implantation period, the embryo undergoes major
transcriptional changes that establish a base for subsequent developmental phases. For
example, FGF-4 ligands and FGF/ERK signaling are considered as the key cell-fate deter-
mination factors during this process in mice, but not in humans [64,65]. As mouse and
primate embryogenesis are significantly diverse during successive stages, it is vital to
investigate temporal development directly in monkey embryos.

In this study, we identified a large number of LTR elements, including HERVH,
LTR7, LTR7B, LTR7-Rhe, LTR5 and LTR5-Hs, which are highly expressed in monkeys
pre-implantation embryos but rapidly shutdown in post-implantation which was similar
to mouse and human embryos [30,34]. A close relationship between LTR elements and
embryonic development has been reported in human and mouse embryos [30,66,67].
However, it is unknown whether monkey-specific LTR elements are involved in the precise
development of earlier pre-implantation embryos.

In humans, the embryo forms a blastocyst consisting of the ICM (inner cell mass),
trophectoderm, and blastocoelic cavity at embryonic day 5-6 [68]. Similarly, the blastocysts
of cynomolgus monkey can be observed at embryonic day 5-6 [52]. After blastocyst
maturation in humans, the process of adhesion and implantation is occurring between
embryonic days 7 and 8 [69], and cynomolgus monkey occurred in 7–9 days [45,52]. Lineage
segregation occurred, but incompletely in human day 6, and cell fates of embryos became
more fixed on day 7–9 [70]. While the cynomolgus monkeys began on day 7 [52], the
lineage separation was not completed until day 10 [45]. Generally, the pregnancy period
of cynomolgus monkeys is 24–30 weeks, while that of humans is 38–40 weeks. These
results suggest that the early development of monkey embryos is different from that of
human embryos.

In our research, we observed some monkey-specific LTRs (MacERV6-LTR, MacERVK1-
LTR, MacERVK2-LTR, MacERV3-LTR, MacERV2-LTR, and MacERV1-LTR) were specifi-
cally expressed in blastocyst of pre-implantation stages and rapidly diminished in post-
implantation stages. Even though blastocysts appeared morphologically identical between
shRNA-scrambled and shRNA-346-treated embryos at day 7, changes in the differentiation
of embryonic cells were noticed at the transcriptomic level. Importantly, we observed that
knockdown of MacERV6-LTR1a can postpone the differentiation of TrB, EPI, and PrE cells.

MacERV6-LTR1a can recruit ESRRB, which plays an important role in the self-renewal,
pluripotency of embryonic and trophoblast stem cells through different signaling pathways
including FGF signaling pathway and Wnt signaling pathways [46–51]. In addition, ESRRB
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interacts with other important stem-cell TF, such as OCT4, NANOG, SOX2, KLF4, and
TFCP2L1 (Figure 6E). We observed that NANOG, POU5F1, and KLF4 were significantly
highly expressed in TrB cells of shRNA-346 treated (Figure S2A–C, respectively), which may
prevent TrB differentiation during embryonic development [71,72]. TBX3 and KLF4 are usu-
ally act as a transcriptional repressor in embryonic developmental processes, which highly
expressed in EPI of shRNA-346 treated (Figure S2C,F, respectively), that means the gene
relate differentiation may be inhibited in EPI cells of shRNA-346 treated embryos [73–75].
TFCP2L1, SALL4, and NCOA3 play a key role in facilitates establishment, self-renewal,
and transcriptional activities of embryonic stem cells, which have the tendency highly
expressed in PrE of shRNA-346 treated (Figure S2D,E,G, respectively), suggesting that the
changes of pluripotency in PrE may relate to MacERV6-LTR1a [75]. Thus, these might give
us a new mechanism controlling early development in monkey embryos.

In this study, we observed that many LTRs of ERVs, including MacERV6-LTR1a,
are activated in ICM and preEPI cells of monkey embryos, suggesting that other LTRs
may involve in embryonic development via compensatory mechanisms. Therefore, it
will be interesting to identify the function of other LTR elements during monkey embryo
development in the future.

In summary, our results suggest that MacERV6-LTR1a is involved in precise gene
regulation in the early developmental stages of monkey embryos. Because ERV6 is monkey
specific, the activation of MacERV6-LTR in pre-implantation stages may contribute to
different developmental patterns of monkey embryos.
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Abbreviations

The following abbreviations are used in this manuscript:

TF Transcription factor
TrB Trophectoderm
TE Transposable Element
ICM Inner cell mass
EPI Epiblast
preEEPI Pre-implantation early epiblast
preETE Pre-implantation early trophectoderm
Pre-EPI Pre-implantation epiblast
postE-EPI Post-implantation early epiblast
postL-EPI Post-implantation late epiblast
PrE Primitive endoderm
ERV Endogenous retroviruse
LTR Long terminal repeat
hESC Human embryonic stem cell
KRAB-ZFP KRAB-containing zinc finger protein
rhFSH Recombinant human follitropin alpha
rhCG Recombinant human chorionic gonadotropin alpha
TALP Tyrode’s albumin lactate pyruvate
BSA Bovine serum albumin
MOR Morula
DEGs Differentially expressed genes
Gast1 Gastrulating cells 1
Gast2a Gastrulating cells 2a
Gast2b Gastrulating cells 2b
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Abstract: The role of the pluripotency factor NANOG during the second embryonic lineage differen-
tiation has been studied extensively in mouse, although species-specific differences exist. To elucidate
the role of NANOG in an alternative model organism, we knocked out NANOG in fibroblast cells
and produced bovine NANOG-knockout (KO) embryos via somatic cell nuclear transfer (SCNT). At
day 8, NANOG-KO blastocysts showed a decreased total cell number when compared to controls
from SCNT (NT Ctrl). The pluripotency factors OCT4 and SOX2 as well as the hypoblast (HB)
marker GATA6 were co-expressed in all cells of the inner cell mass (ICM) and, in contrast to mouse
Nanog-KO, expression of the late HB marker SOX17 was still present. We blocked the MEK-pathway
with a MEK 1/2 inhibitor, and control embryos showed an increase in NANOG positive cells, but
SOX17 expressing HB precursor cells were still present. NANOG-KO together with MEK-inhibition
was lethal before blastocyst stage, similarly to findings in mouse. Supplementation of exogenous
FGF4 to NANOG-KO embryos did not change SOX17 expression in the ICM, unlike mouse Nanog-KO
embryos, where missing SOX17 expression was completely rescued by FGF4. We conclude that
NANOG mediated FGF/MEK signaling is not required for HB formation in the bovine embryo and
that another—so far unknown—pathway regulates HB differentiation.

Keywords: NANOG; SOX17; bovine preimplantation development; MEK; second lineage differentiation

1. Introduction

Before implantation, mammalian embryos undergo two consecutive lineage specifica-
tions. First, outer and inner cells in the morula form the surrounding CDX2-expressing
trophectoderm (TE) and the inner cell mass (ICM), respectively, during blastocyst develop-
ment. Second, within the ICM, NANOG-expressing cells form the pluripotent epiblast (EPI)
and exhibit a mutually exclusive expression pattern with differentiated cells expressing
GATA6 and SOX17 from the primitive endoderm (PE) or hypoblast (HB) in bovine and
human embryos. Consequently, three distinct cell lineages arise: the EPI, which will give
rise to the embryo proper, the PE/HB, which will form the yolk sac, and the TE, responsible
for extraembryonic tissues and implantation [1–8], reviewed in [9]. While these landmarks
of preimplantation embryonic development are conserved between mammalian species,
fundamental differences exist regarding the regulation of the second lineage segregation.
Human and bovine OCT4-knockout (KO) embryos lose NANOG and maintain GATA6
expression, whereas mouse Oct4-KO embryos still express NANOG and fail to develop a
PE [10–13]. Additionally, FGF4 signaling via the mitogen-activated protein kinase (MAPK)
pathway, also called MEK pathway, has different roles in the regulation of the second

175



Cells 2021, 10, 2232

lineage differentiation between species. It is known that in mouse, EPI precursor cells
express FGF4, which via the FGF receptors 1/2 (FGFR) and the MEK-pathway induces and
regulates the formation of the PE (reviewed in [14]). Inhibition of the MEK pathway or the
FGFR in mouse embryos results in an ICM only expressing NANOG, while GATA6 expres-
sion is completely lost [15–17]. In both human and bovine embryos, inhibition upstream of
MEK via FGFR inhibitors has no effect on EPI or HB formation [18]. In bovine embryos,
MEK inhibition increases NANOG expression and reduces HB markers, but HB marker
expression is still present. In human embryos, MEK inhibition has no effect, suggesting
that bovine and human HB formation is partly or completely independent of this pathway,
and that these species regulate the second lineage differentiation differently [18–21].

Recently, a dosage-dependent effect of the MEK-inhibitory compound PD0325901
(PD032) was found in bovine embryos. A concentration of 2.5 μM eliminated expression of
the later HB-marker SOX17 completely [22], while previous studies observed maintenance
of the early marker GATA6 at concentrations of 0.5 and 1 μM [18,20], challenging the
hypothesis of a partly MEK-independent HB formation in bovine.

Supplementing exogenous FGF4 from morula to blastocyst stage leads to ubiquitous
GATA6 expression in mouse, bovine, pig and rabbit embryos (reviewed in [23]), revealing
a non-cell-autonomous role for FGF4.

NANOG is a member of the homeobox family of DNA binding transcription factors that
is known to maintain the pluripotency of embryonic stem cells (ESCs) together with OCT4 and
SOX2 [6,24]. In mouse, Nanog-KO does not affect the formation of the blastocyst, but during
the second lineage differentiation, the EPI lineage fails. Thereby, ubiquitous expression of the
early PE marker GATA6 within the ICM was reported, whereas the late PE markers SOX17
and GATA4 were lost [1,2,25]. SOX17 expression in mouse Nanog-KO embryos is rescued by
supplementing exogenous FGF4, confirming the crucial role of FGF4 expressed by EPI cells for
PE differentiation [2]. Mouse Nanog-KO embryos and ESCs lose viability in the presence of
MEK inhibitors, resulting in early cell death [2,26]. So far, the phenotype of NANOG-KO in
human embryos or ESCs has not been investigated, but a NANOG-knockdown experiment
in human ESCs showed that, while NANOG represses embryonic ectoderm differentiation,
it does not influence the expression of OCT4 or SOX2 [27]. In bovine embryos, NANOG is
first expressed at the morula stage and becomes specific to EPI precursor cells in the ICM at
day 7 [18,28,29]. Only recently, a NANOG-KO via zygote injection was first described in bovine,
displaying pan-ICM GATA6 expression and reduced transcript levels for the pluripotency
factors SOX2 and H2AFZ [30].

In the present study, we addressed the role of NANOG in bovine preimplantation
embryos using a reverse genetics approach. After induction of a NANOG frameshift
mutation in fibroblasts and production of embryos via somatic cell nuclear transfer (SCNT),
we characterized the NANOG-KO phenotype by immunofluorescence staining of day
8 blastocysts for markers of EPI and HB precursor cells. We further addressed the roles of
FGF4 and the MEK pathway by treating NANOG-KO embryos with exogenous FGF4 and
with an inhibitor of the MEK pathway, respectively, revealing new insights into the second
lineage differentiation in bovine embryos.

2. Materials and Methods

2.1. CRISPR/Cas9-Mediated KO of NANOG in Adult Fibroblasts

We induced a frameshift mutation in a non-homologous end joining approach with an
sgRNA (5′-CTCTCCTCTTCCCTCCTCCA-3′) designed by Synthego software (V2.0) using
ENSBTAT00000027863 (NANOG) as reference gene (design.synthego.com, accessed on 15
July 2021). The sgRNA targeting exon 2 of NANOG was cloned into pSpCas9(BB)-2A-Puro
(PX459) V2.0, a gift from Feng Zhang [31]. All experiments are based on a cell line with ori-
gin in bovine adult ear fibroblast cells that were isolated in the laboratory in the Chair for
Molecular Animal Breeding and Biotechnology, Ludwig-Maximilians-Universität München,
85764 Oberschleissheim, Germany. Bovine fibroblasts were transfected with the Nucleofec-
tor device (Lonza; Basel, Switzerland) according to the manufacturer’s instructions. After
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selection with 2 μg/mL puromycin (Sigma-Aldrich; St. Louis, MO, USA) for 48 h, we pro-
duced single-cell clones as described previously [32]. After PCR amplification with primers 5′-
GGAAGGGATTCCTGAAATGAG-3′ (forward) and 5′-GTGGGATCTTAGTTGCGACAT-3′ (re-
verse), gene editing-induced modifications in the NANOG alleles and naturally occurring SNPs
were examined by Sanger sequencing using the primers 5′-AAGGTCTGGGTTGCAATAGG-3′
(forward) and 5′-CCACCAGGGAAATCCCTTATTT-3′ (reverse). All primers were synthesized
by Biomers.net (Ulm, Germany; accessed on 15 July 2021).

2.2. Production and Analysis of SCNT and IVP Embryos

SCNT and in vitro production (IVP) procedures were performed as described pre-
viously [33]. Briefly, bovine ovaries were collected at a slaughterhouse, and retrieved
cumulus-oocyte-complexes were matured in vitro. After SCNT or fertilization of the
oocytes (day 0), fused complexes and presumptive zygotes were cultivated in synthetic
oviductal fluid including Basal Medium Eagle’s amino acids solution (BME, Sigma-Aldrich),
Minimum Essential Medium (MEM, Sigma-Aldrich) and 5% estrous cow serum (OCS) from
day 0 or day 1 up to day 8 for SCNT or IVP zygotes, respectively. After 8 days of culture,
the zona pellucida was removed enzymatically using Pronase (Merck Millipore; Burlington,
MA, USA), and embryos were fixed in a solution containing 2% paraformaldehyde [34].

2.3. Modulation of Signaling Pathways

Growth factors or inhibitors were supplemented from day 5 morula stage until day
8 blastocyst stage. The MEK1 and MEK2 inhibitor PD032 (Tocris; Bristol, UK) was used
at 0.5 or 2.5 μM, and controls were cultured in equal amounts of DMSO (Sigma-Aldrich).
1 μg/mL human recombinant FGF4 (R&D Systems; Minneapolis, MN, USA) was added to
synthetic oviductal fluid with 1 μg/mL heparin (Sigma-Aldrich).

2.4. Immunofluorescence Staining and Confocal Laser Scanning Microscopy

Before staining, embryos were incubated for 1 h at room temperature in a blocking
solution containing 0.5% Triton X-100 (Sigma-Aldrich) and 5% donkey serum (Jackson
ImmunoResearch; West Grove, PA, USA) or fetal calf serum (Thermo Fisher Scientific;
Waltham, MA, USA) or both sera sequentially, depending on the species origin of the
secondary antibodies. Double staining for either NANOG/GATA6, NANOG/SOX17,
SOX17/SOX2, OCT4/SOX2 or GATA6/CDX2 was achieved by incubation overnight at
4 ◦C in primary antibody solution and transfer to secondary antibody solution at 37 ◦C for
1 h after washing 3 times. The antibodies used and the applied dilutions are presented in
Supplementary Table S1. Labeled embryos were mounted in Vectashield mounting medium
containing 4′,6-diamidino-2-phenylindole (DAPI, Vector Laboratories; Burlingame, CA,
USA) in a manner that conserved the 3D structure of the specimen [35]. Z-stacks of optical
sections with an interval of 1.2 μm were recorded using an LSM710 Axio Observer confocal
laser scanning microscope (CLSM; Zeiss, Jena, Germany) with a 25× water immersion
objective (LD LCI Plan-Apochromat 25×/0.8 Imm Korr DIC M27) or a Leica SP8 CLSM
(Leica; Wetzlar, Germany) with a 40× water immersion objective (Leica; 1.1NA), respec-
tively. DAPI, Alexa Fluor 488, 555, and 647 were excited with laser lines of 405 nm, 499 nm,
553 nm, and 653 nm (LSM710), respectively, or with a white light laser (SP8).

2.5. Statistical Analysis

Statistical analysis was performed using Graphpad Prism 5.04. After checking normal
distribution of data with a Kolmogorov–Smirnov test, we performed nonparametric tests.
For pairwise comparisons, a two-tailed Mann–Whitney U test was performed, whereas
for three experimental groups, a Kruskal–Wallis test and subsequent Dunn’s multiple
comparisons test as post hoc test was applied. The level of significance was set to p < 0.05.
Data are presented as mean ± standard deviation (SD). For quantitative image analysis, the
ImageJ (V 1.53c) cell counter plugin was used [36]; control embryos with less than 8 cells in
the ICM were excluded from the analysis.
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3. Results

3.1. NANOG-KO Has No Effect on Blastocyst Rate but Results in Reduced Total Cell Number

After selection with puromycin, we generated 57 single-cell clones and achieved a
mutation rate of 54.4% including 8 homozygous mutations (14.0%). Two different cell
clones with an identical homozygous insertion of a single nucleotide, which induces a
frameshift mutation, were used for SCNT to produce embryos without NANOG (NANOG-
KO). SCNT embryos from two different cell clones with no mutation from the same
transfection experiment (NT Ctrl) and embryos produced by in vitro fertilization (IVP
Ctrl) served as controls. There were no differences regarding blastocyst rates between
embryos from all four cell clones. SCNT embryos from both NANOG-KO cell clones
showed consistent alterations as described below. The group of NT Ctrl embryos derived
from the two NANOG-intact cell clones was phenotypically homogeneous. To verify the
absence of NANOG protein, NANOG-KO blastocysts (n = 9) were stained for NANOG
using two different antibodies, and no positive cells were observed (Supplementary Figure
S1A). There was no significant difference between NANOG-KO and Ctrl embryos regarding
blastocyst rates. NANOG-KO embryos were able to expand but appeared to be smaller than
NT Ctrl blastocysts (Supplementary Figure S1B), with significantly decreased diameters
of day 8 NANOG-KO compared to NT Ctrl blastocysts ( Supplementary Figure S1C). We
analyzed the total cell number and the number of ICM and TE cells using SOX2 and CDX2
as markers, respectively. We found a significant reduction in both lineages in NANOG-KO
embryos, while no significant difference in the ratio of ICM to total cell number was seen,
showing a proportionally normal distribution of cells to ICM and TE during the first lineage
differentiation in the absence of NANOG (Table 1).

Table 1. Developmental rates and cell numbers of day 8 NANOG-knockout (NANOG-KO), nuclear
transfer control (NT Ctrl), and in vitro-produced control (IVP Ctrl) embryos. Data are presented
as mean ± standard deviation. Different superscript letters (a, b) within a row indicate significant
differences (p < 0.05). Data were analyzed by Kruskal–Wallis test with Dunn’s multiple comparisons
test as post hoc test.

Experimental Group NANOG-KO NT Ctrl IVP Ctrl

No. of experiments 8 5 17
Blastocysts/zygotes [%] 29.0 ± 12.9 36.1 ± 9.9 28.3 ± 4.2

No. of analyzed embryos 25 32 51
Total cell number 66.4 ± 27.3 a 148.6 ± 65.6 b 177.4 ± 52.2 b

ICM/total cell number [%] 23.8 ± 11.3 29.2 ± 11.0 29.0 ± 7.3
ICM number 15.8 ± 10.5 a 43.5 ± 24.5 b 51.3 ± 20.0 b

TE cell number 50.6 ± 22.6 a 105.1 ± 47.2 b 126.1 ± 40.5 b

3.2. NANOG Is Dispensable for Expression of Pluripotency Factors and Hypoblast Markers

We stained NANOG-KO, NT Ctrl, and IVP Ctrl day 8 blastocysts for GATA6/CDX2
(Figure 1A) and SOX17/SOX2 (Figure 1B). In both control groups, embryos showed con-
sistent co-expression of CDX2 with GATA6, and a subset of the CDX2 negative ICM cells
was also GATA6 negative. Staining of NT Ctrl (n = 9) and IVP Ctrl blastocysts (n = 18) for
NANOG and GATA6 (Supplementary Figure S2A) confirmed that GATA6 negative cells
express NANOG, resulting in the previously reported mutually exclusive expression of
these lineage markers [16,18]. SOX2 was expressed in the entire ICM, and a subset of cells
already expressed the late HB marker SOX17. In NANOG-KO day 8 blastocysts, an ICM
was clearly discernible by CDX2 negative cells, while GATA6 was expressed ubiquitously
with no negative cells in the ICM or TE.
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Figure 1. Expression of hypoblast and pluripotency markers in NANOG-KO and control groups. Representative confocal
planes of day 8 blastocysts stained for GATA6/CDX2 (A) and SOX17/SOX2 (B). Sample sizes of GATA6/CDX2 were n = 5,
9, 14 and of SOX17/SOX2 n = 16, 18, 10 for NANOG-KO, NT Ctrl, and IVP Ctrl, respectively. White arrows indicate ICM
cells with GATA6 expression (A) or exclusive SOX2 expression (B), red arrows indicate GATA6/CDX2 double negative cells
(A) in the ICM. (C) Expression of pluripotency factors OCT4 and SOX2. Sample sizes were n = 4, 9, 4 for NANOG-KO, NT
Ctrl, and IVP Ctrl, respectively. Color codes were: Grey (DAPI), cyan (GATA6), orange hot (CDX2), yellow (SOX17), red
(SOX2), and cyan hot (OCT4). (D) The ratio of GATA6, SOX17, and SOX2 positive cells within the ICM of NANOG-KO
(black) and NT Ctrl (red) embryos. SOX2 served as ICM marker in the quantification of SOX17. SOX2 exclusive expression
represents cells positive for SOX2 while negative for SOX17. Data were analyzed using a two-tailed Mann–Whitney U
test and are presented as mean (%) ± standard deviation. Asterisks (**) indicate significant differences between groups
(p < 0.01). Sample sizes of GATA6 were n = 5, 9; of SOX17 n = 16, 19; and of SOX2 exclusive n = 15, 18 for NANOG-KO and
NT Ctrl embryos, respectively. Scale bars indicate 100 μm.
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The ratio of SOX17 positive cells within the ICM increased significantly compared to NT
Ctrl (61.6% ± 25.7% vs. 38.6% ± 19.6%, respectively) but not IVP Ctrl (56.1% ± 13.5%), while
cells with exclusive SOX2 expression were still present, albeit at reduced numbers (Figure 1D).
We conclude that NANOG is required for the repression of GATA6 in the ICM. In contrast
to mouse Nanog-KO embryos that show complete loss of SOX17 [2], we still found SOX17
positive cells in the ICM. However, absence of NANOG and a ubiquitous GATA6 expression is
not sufficient to induce a pan-ICM expression of SOX17 in bovine blastocysts.

Staining for OCT4 and SOX2 showed that in NT Ctrl and IVP Ctrl embryos, both
factors are co-expressed throughout the entire ICM and that in the absence of NANOG,
this pattern is maintained (Figure 1C). None of the embryos showed OCT4 expression in
the TE at day 8.

3.3. Inhibition of MEK Induces Cell Death in NANOG-KO Embryos

In the next step, we aimed to investigate the effect of NANOG-KO while inhibiting the
MEK signaling pathway. Because previous reports on the effect of the MEK 1/2 inhibitor PD032
in bovine embryos are in conflict [18,22], we first set out to test the effect of different dosages on
the expression of NANOG and GATA6 in IVP Ctrl embryos. There was no difference between
the DMSO control (n = 11) and the dosages 0.5 (n = 4) and 2.5 μM (n = 10) PD032 regarding the
blastocyst per morula rate (45.6% ± 12.5%, 46.8% ± 6.1%, 50.0% ± 16.3%, respectively) and
the ratio of ICM to total cell number (30.4% ± 5.8%, 29.2% ± 7.8%, 32.5% ± 8.2%, respectively).
The number of ICM cells was determined without a specific staining on the basis of the
embryos’ morphology. In agreement with Kuijk, et al. [18], the proportion of NANOG positive
cells was markedly increased, while the expression of GATA6 was reduced but not completely
switched off at both concentrations (Figure 2A). Similarly to GATA6, SOX17 was significantly
reduced but still present at a concentration of 2.5 μM (Figure 2B). At 2.5 μM, both HB markers
were always co-expressed with NANOG and thus failed to establish a mutually exclusive
expression pattern.

Figure 2. Cont.
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Figure 2. The effect of different dosages of MEK-inhibitor PD0325901 (PD032) on the expression of
NANOG, GATA6, and SOX17. (A) The ratio of ICM/Total, NANOG/ICM, and GATA6/ICM in the
presence of 0.5 and 2.5 μM PD032 in IVP Ctrl embryos. The proportion of ICM to total cell number
(Total) is shown, and the number of NANOG and GATA6 expressing cells was set in relation to the
number of ICM cells. Embryos were cultured from day 5 morula to day 8 blastocyst in the presence
of 0.5 and 2.5 μM PD032. Data were analyzed by Kruskal–Wallis with Dunn’s multiple comparisons
test as post hoc test and are presented as mean ± standard deviation. Different superscripts (a, b)
indicate significant differences between groups (p < 0.0001), n.s. = not significant. Sample sizes of
ICM/Total and NANOG/ICM were n = 49, 30, 19 and of GATA6/ICM n = 40, 30, 7 for DMSO (grey),
0.5 μM (red) and 2.5 μM (blue) PD032, respectively. (B) Representative confocal planes of NANOG
and SOX17 expression in IVP Ctrl and NT Ctrl blastocysts cultured with DMSO or 2.5 μM PD032.
Sample sizes of embryos stained for NANOG (magenta) and SOX17 (yellow) were n = 49 for IVP Ctrl
DMSO, n = 19 for IVP Ctrl PD032, n = 8 for NT Ctrl DMSO, and n = 9 for NT Ctrl PD032. DAPI = grey;
arrows indicate SOX17 expression in the presence of 2.5 μM PD032; scale bar indicates 100 μm.

As a higher dosage (2.5 μM) of PD032 did not affect blastocyst development or cell
numbers, we performed inhibition of the MEK pathway in SCNT embryos using this
concentration. We found similar blastocyst per morula rates (p > 0.05) of NT Ctrl in DMSO
(n = 3; 52.4% ± 16.7%) and PD032 (n = 4; 42.5% ± 14.8%). The expression pattern of NT Ctrl
embryos incubated with the MEK inhibitor was comparable to that of IVP Ctrl embryos
that underwent the same treatment, as HB markers were still present (Figure 2B). Although
treatment of NANOG-KO embryos with DMSO did not affect the blastocyst per morula
rate (n = 3, 57.8% ± 16.2%) when compared to NT Ctrl treated with DMSO, incubating
NANOG-KO embryos in the presence of PD032 (n = 5) resulted in severely compromised
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viability, and all embryos died. This agrees with findings in mouse embryos and mouse
ESCs, where loss of NANOG and inhibition of MEK also result in cell death [2,26].

3.4. FGF4 in NANOG-KO Embryos Does Not Convert the Entire ICM to Hypoblast
Precursor Cells

Subsequently, we investigated whether exogenous FGF4 can induce full SOX17 ex-
pression in NANOG-KO bovine embryos. In IVP Ctrl and NT Ctrl embryos, treatment with
FGF4 completely switched off the expression of NANOG (Figure 3D), and most ICM cells
expressed SOX17 (Figure 3E, Supplementary Figure S2B). FGF4 had no effect regarding
blastocyst per morula rate and total cell number, while the ratio of SOX2 positive cells,
i.e., the ICM, to total cell number was significantly reduced in both groups (Figure 3A–C).
Treatment of NANOG-KO embryos with FGF4 did not affect the blastocyst per morula
rate or the ICM to total cell number ratio, but the total cell number increased significantly
with NANOG-KO embryos (117.6 ± 48.7 vs. 66.4 ± 27.3 without FGF4 treatment) reaching
a total cell number similar to that of untreated NT Ctrl (148.6 ± 65.6, Table 1). In all
embryos treated with FGF4, the ubiquitous expression of SOX2 in the ICM was maintained
(Figure 4). As the SOX17 expression increased in FGF4 treated Ctrl groups, the exclusive
expression of SOX2 was significantly reduced, whereas in mutant embryos, SOX2 exclusive
expression remained unchanged (Figure 3F, Figure 4). The percentage of SOX17 positive
cells in the ICM did not increase in NANOG-KO embryos (Figure 3E), which is in contrast
to mouse Nanog-KO embryos, where exogenous FGF4 induces SOX17 expression in most
of the ICM cells [2]. We conclude that in bovine, NANOG is required for FGF4 mediated
expression of SOX17, as FGF4 alone was not sufficient to convert all ICM cells to SOX17
expressing HB precursor cells.

Figure 3. Cont.
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Figure 3. Developmental rates and cell number ratios of NANOG, SOX17, and exclusive SOX2
in NANOG-KO, NT Ctrl, and IVP Ctrl day 8 embryos treated with exogenous FGF4 and heparin.
(A) Blastocyst per morula rate, (B) total cell number, (C) proportion of ICM to total cell number,
(D) ratio of NANOG-positive cells in the ICM, (E) ratio of SOX17-positive cells in the ICM, and
(F) ratio of cells exclusively expressing SOX2 in the ICM of NANOG-KO (black), NT Ctrl (red),
and IVP Ctrl (blue) embryos without (−) and with (+) FGF4 and heparin are presented. ICM cells
were determined by staining of SOX2. Data were analyzed by two-tailed Mann–Whitney U test
and are presented as mean (%) ± standard deviation. Asterisks indicate significant effects of FGF4
treatment within embryo group. N = number of analyzed embryos, * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001; n.s. = not significant.

Figure 4. Expression of pluripotency and late hypoblast markers in NANOG-KO, NT Ctrl, and IVP Ctrl day 8 embryos treated
with exogenous FGF4 and heparin. Representative confocal planes of day 8 blastocysts stained for SOX17/SOX2. Embryos
without (−) and with (+) FGF4 and heparin treatment are presented. Arrows indicate ICM cells with exclusive SOX2 expression
(SOX17 negative). Color codes are: Grey (DAPI), yellow (SOX17) and red (SOX2). Scale bar indicates 100 μm.
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4. Discussion

To investigate the regulation of differentiation and maintenance of pluripotency during
mammalian preimplantation development, it is vital to examine models other than mouse,
as species-specific differences exist. The bovine embryo is a very suitable alternative, as
IVP procedures are highly developed and similarities to human embryo development have
been reported (reviewed in [23]).

In this study, we focused on NANOG, because it is not clear whether the role of this
pluripotency factor during the second lineage segregation is conserved between mammals.
In order to achieve uniform modification of all cells of the embryo, we used SCNT to
produce NANOG-KO embryos instead of zygote injection, where mosaicism may hamper
analyses. To exclude the effects of the SCNT procedure on the phenotype, we implemented
two control groups: SCNT embryos generated from transfected cells that maintained the
wildtype genotype (NT Ctrl) and embryos from in vitro fertilization (IVP Ctrl). NT Ctrl
did not vary from IVP Ctrl embryos in any of the examined parameters, except for the
proportion of SOX17 cells in the ICM, which was decreased in NT Ctrl embryos. We set the
number of cells expressing lineage marker proteins in relation to the number of ICM cells
in order to account for variations due to the different sizes of the embryos, especially the
reduced size of NANOG-KO embryos. Staining embryos with markers for TE and ICM,
i.e., CDX2 and SOX2, respectively, enabled us to quantify reliably the cell numbers in each
lineage after the first differentiation. We found that the ratio of ICM to total cell number
did not change in NANOG-KO embryos, showing that NANOG is not required for proper
segregation of TE and ICM, as reported in mouse. On the other hand, we found a significant
reduction in total cell numbers, which is in contrast to mouse Nanog-KO embryos, where
the loss of NANOG does not impede cell proliferation until the E3.5 blastocyst stage [1].
Interestingly, the reduced total cell number in NANOG-KO embryos reached normal levels
when the embryos were cultivated with exogenous FGF4, where the proliferative impact of
FGF4 [17,37–39] evidently alleviated the reduction of total cell numbers in the absence of
NANOG. We hypothesize that in NANOG-KO embryos, the absence of FGF4 expressing
EPI precursor cells causes the reduced cell number. This suggests that EPI cells express
FGF4, which to our knowledge has not been shown yet in bovine but is known in mouse [1].

Although Ortega, et al. [30] found a reduction of SOX2 transcripts in bovine NANOG-
KO embryos, we detected SOX2 and OCT4 expression in the absence of NANOG on the
protein level. To our knowledge, this is the first report on SOX2 expression in the absence
of NANOG in a mammalian embryo. We were not able to detect OCT4 in the TE of
day 8 blastocysts using a monoclonal antibody, which is in contrast to Berg, et al. [40]
and Simmet, et al. [11], who detected OCT4 in the TE of ex vivo day 11 or in vitro day
7 blastocysts using a different polyclonal antibody, respectively.

In bovine NANOG-KO embryos, the ICM ubiquitously expresses the early HB marker
GATA6, which agrees with previous reports on bovine and mouse NANOG deficient
embryos [2,30]. Interestingly, in bovine NANOG-KO embryos, expression of the later HB
marker SOX17 was still present, but the absence of NANOG and a ubiquitous GATA6
expression was not sufficient to induce a pan-ICM expression of SOX17, as some cells in
the ICM still showed exclusive SOX2 expression, making the regulation of SOX17 in the
bovine embryo partly independent of NANOG and GATA6.

This is in sharp contrast to the mouse Nanog-KO, where expression of the late PE mark-
ers GATA4 and SOX17 completely fails but can be rescued in a chimeric complementation
assay or fully induced by exogenous FGF4 [1,2,25].

We further investigated the second lineage segregation in bovine blastocysts by in-
hibiting the MEK pathway with PD032. In line with previous reports, MEK-inhibition did
not completely ablate GATA6 positive cells [18,20], and also SOX17 was still expressed in
the ICM. Canizo, et al. [22] found a dosage-dependent effect of PD032 with the concen-
tration also applied in this study abolishing all SOX17. The reasons for these contrasting
results remain unclear, and we can only speculate that the different embryo culture media
have an effect on SOX17 expression in the presence of PD032. Bovine embryos were cul-
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tured in PD032 concentrations of up to 100 μM, and reduction of SOX17 transcripts was
already achieved at 10 μM, while higher dosages did not further decrease transcript abun-
dance [19]. Treating bovine embryos with a broad-spectrum inhibitor of receptor tyrosine
kinases (RTKs) including MEK (BI-BF1120) increased the abundance of SOX17 transcripts,
suggesting that SOX17 does not depend on direct activation via the MEK pathway [41]. We
further found that HB markers were generally co-expressed with NANOG when the MEK
pathway was blocked. Therefore, we suggest that NANOG mediated repression of HB
markers is dependent on MEK signaling. Our data and previous reports indicate that, in
bovine embryos, GATA6 and SOX17 are partly independent of the MEK pathway and that
a so far unknown factor plays an important role in the regulation of HB differentiation.

When combining inhibition of MEK with loss of NANOG, we found that the viability
of those embryos was severely compromised, resulting in cell death. Similar reports exist
in NANOG deficient mouse embryos and ESCs, where cell death is observed after adding
inhibitors of the MEK-pathway [2,26]. We conclude that HB formation, i.e., expression of
GATA6 and SOX17, in the absence of both NANOG and a functioning MEK pathway is
associated with cell death. We speculate that apoptosis is induced during the cell sorting
process to eliminate cells that do not commit to either EPI or HB, as selective apoptosis
was described for appropriate segregation of PE and EPI in mouse blastocysts [5,42].
Nevertheless, our hypothesis cannot explain why the TE is also affected by cell death.

In the mouse, the loss of FGF4 expressing EPI precursor cells leads to complete ablation
of late PE marker expressing cells that can be rescued with exogenous FGF4 [2,43]—evidence
that FGF4 alone is sufficient to induce PE differentiation. The regulation of SOX17 expression
in bovine embryos appears to be different, as FGF4 alone without functional NANOG was not
sufficient to convert all ICM cells to SOX17 expressing HB precursor cells. Thus, we conclude
that NANOG is required for FGF4 mediated expression of SOX17.

Our results show that in the bovine embryo, the establishment of HB precursor cells is
independent of EPI-cell mediated FGF/MEK signaling. This is in sharp contrast to mouse
but similar to human, where the FGF/MEK pathway does not regulate the second lineage
differentiation [18,21]. An unknown factor induces HB differentiation, and it is of utmost
interest to further investigate this pathway and whether it also exists in human embryos
as well.
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Abbreviations

BME Basal Medium Eagle’s amino acids solution
CLSM Confocal laser scanning microscope
EPI Epiblast
ESCs Embryonic stem cells
FGFR FGF-receptor
HB Hypoblast
ICM inner cell mass
IVP In vitro production
KO Knockout
MAPK Mitogen-activated protein kinase
MEM Minimum Essential Medium
OCS Estrous cow serum
PD032 PD0325901
PE Primitive endoderm
RTK Receptor tyrosine kinase
SCNT Somatic cell nuclear transfer
SD Standard deviation
TE Trophectoderm
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Abstract: Chromatin undergoes drastic structural organization and epigenetic reprogramming during
embryonic development. We present here a consistent view of the chromatin structural change,
epigenetic reprogramming, and the corresponding sequence-dependence in both mouse and human
embryo development. The two types of domains, identified earlier as forests (CGI-rich domains) and
prairies (CGI-poor domains) based on the uneven distribution of CGI in the genome, become spatially
segregated during embryonic development, with the exception of zygotic genome activation (ZGA)
and implantation, at which point significant domain mixing occurs. Structural segregation largely
coincides with DNA methylation and gene expression changes. Genes located in mixed prairie
domains show proliferation and ectoderm differentiation-related function in ZGA and implantation,
respectively. The chromatin of the ectoderm shows the weakest and the endoderm the strongest
domain segregation in germ layers. This chromatin structure difference between different germ layers
generally enlarges upon further differentiation. The systematic chromatin structure establishment
and its sequence-based segregation strongly suggest the DNA sequence as a possible driving force
for the establishment of chromatin 3D structures that profoundly affect the expression profile. Other
possible factors correlated with or influencing chromatin structures, including transcription, the germ
layers, and the cell cycle, are discussed for an understanding of concerted chromatin structure and
epigenetic changes in development.

Keywords: sequence; domain segregation; epigenetic modification; ZGA and implantation

1. Introduction

In mammals, chromatin undergoes drastic organizational and epigenetic reprogram-
ming after fertilization [1,2]. These processes are essential for gene regulation, either
globally or specifically, by generating a chromatin environment that is permissive or re-
pressive to gene expression [3]. The chromatin of mouse zygotes and two-cell embryos has
obscure high-order structures, existing in markedly relaxed states, which undergo the con-
solidation of TADs (topologically associating domains, that is, self-interacting domains in
the 3D space) and segregation of chromatin compartments through development [4,5]. The
TAD structure and compartmentalization are also gradually established following human
fertilization [6]. Along with the remodeling of the 3D chromatin architecture, genome-wide
epigenetic reprogramming also takes place during embryonic development [2,7–12]. The
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global hypomethylation of the genome occurs, and histone modifications are globally reset,
changing from a non-canonical distribution to a canonical one [13–15] during early embry-
onic development, leading to the specification of the germ layers and cell differentiation.

The progression of the mammalian embryo from fertilization to germ-layer formation,
concurrent with transcriptional changes and cell fate transitions [3], involves an ordered
series of hierarchical lineage determinations that ensures the establishment of a blueprint
for the whole animal body. One of the most notable transcriptional changes is the zygotic
genome activation (ZGA), during which the embryo changes from a state where there
is little transcription to another state in which thousands of genes are transcribed [16].
The ZGA is mechanistically coordinated with changes in the chromatin state and cell
cycle [17]. Mammalian ZGA may primarily prepare for differentiation toward the inner
cell mass (ICM) and the trophectoderm (TE), which begins at the morula stage, then the
TE can further develop into the extraembryonic tissue necessary for embryo implantation
and receiving nutrients. After implantation, the ICM then gives rise to three germ layers
(ectoderm, mesoderm and endoderm) through gastrulation, generating founder tissues for
subsequent somatic development [18,19].

Thanks to recent developments in low-input chromatin analysis technologies, the
chromatin structural, epigenetic and transcriptional properties have been roundly explored
in the early embryonic development process [20]. Assuming that chromatin structural
properties at the mouse pre-implantation stages have been investigated, analysis on the
latest Hi-C data describing chromatin structural properties at post-implantation stages in
mice and embryonic development in humans ought to be able to provide a fairly complete
view of the structural change during development. On the other hand, the relationship
between global genome structural changes, epigenetic reprogramming, and the DNA
sequence remains largely unknown and, therefore, needs to be investigated further.

In our previous study, we analyzed the DNA sequence dependence in the formation of
3D chromatin structures for different cell types [21]. Based on CpG island (CGI) densities,
the genome was divided into alternative forest (high CGI density, F) and prairie (low CGI
density, P) domains with average lengths of 1 to 3 million bases (forest and prairie domains
are therefore cell type-invariant in one species). CGI forests and prairies effectively separate
the linear DNA sequence into domains with distinctly different genetic, epigenetic and
structural properties. 78.5% of human genes (and 91.3% of human housekeeping genes)
reside in forest domains. Besides, compartments A and B are mainly composed of forest
and prairie regions, and the segregation of the two domains tends to intensify during
embryonic development, cell differentiation and senescence as a result of sequence-based
thermodynamic stabilization. However, the segregation degree of some somatic cells is less
than that of ICM, implying that the chromatin structure changes in a non-monotonic way
from zygote to differentiated somatic cells. The way that chromatin conformation gradually
changes to establish cell identity during development is thus an interesting open question.

In the present study, we conducted an analysis of global chromosome structural
changes during early embryonic development. Two specific stages, ZGA and implantation,
during which gene activation and lineage specification occur, respectively, were both
found to involve the mixing of the two types of genomic domains, with the latter showing
a more significant change than the former. The segregation level positively correlates with
the proportion of prairie domains residing in compartment B, the larger value of which
suggests a more segregated chromatin structure. We also found that, compared to prairie
regions constantly residing in compartment B, genes in switchable prairie regions tend
to be tissue-specific. The DNA methylation distribution in early embryonic development
also correlates with the trend of domain segregation in this process, which indicates that
the chromatins of the endoderm and mesoderm are more segregated than that of the
ectoderm. Moreover, the domain segregation levels of the earliest fate-committed germ
layers correlate with those of the differentiated cells. We further investigated in detail
the chromatin structure changes at different scales during ZGA and found a correlation
between LAD mixing and domain mixing in ZGA, which was related to the functions of
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cell proliferation. The detailed functions of genes residing in more mixed domains during
implantation were then analyzed, all of which are ectoderm-related. Finally, we present
a consistent view of the structural change of chromatin from birth to senescence and discuss
possible factors influencing global chromatin structure, such as transcription, germ layers,
and cell division.

2. Materials and Methods

2.1. Overall Segregation Ratio

Based on the Hi-C contact matrix, the inter-domain contact ratio between the same
domain types was calculated as:

Rs
f =

∑i, j∈F, i �=j Dij

∑i∈F, j∈A Dij
and Rs

p =
∑i, j∈P, i �=j Dij

∑i∈P, j∈A Dij

for forests and prairies, respectively. In the above equations, Dij represents the sum of
contacts between the two domains i and j, which is further divided by the product of
domain length of i and j. F is the collection for all forest domains, P is the collection for all
prairie domains, and A is the union of sets F and P.

The inter-domain contact between different types was calculated similarly as:

Rd
f =

∑i∈F, j∈P Dij

∑i∈F, j∈A Dij
and Rd

p =
∑i∈P, j∈F Dij

∑i∈P, j∈A Dij

The overall segregation ratio ORs was then defined as the ratio of inter-domain
contacts between the same types and different types:

ORs =
Rs

f

Rd
f

or ORs =
Rs

p

Rd
p

for forests and prairies, respectively. All Hi-C data in this calculation were normalized by
ICE normalization [22].

2.2. 3D Chromatin Structure Modeling

Detailed information can be found in our previous work [23]. Briefly, we first coarse-
grained a chromosome as a string of beads. The equilibrium distance between two beads
was obtained by converting the contact frequency to the spatial distance. A randomly
generated initial structure was then used for further structure optimization using MD
(Molecular Dynamics) simulations until the RMSD (root-mean-square deviation) of the
modeled structure became convergent.

2.3. Domain Segregation Ratio Calculation

For each forest/prairie domain i, the domain-segregation ratio DRs was defined as the
ratio between its inter-domain contacts with the same types and its inter-domain contacts
with different types:

DRi∈F
s =

∑j∈F,j �=i Dij

∑j∈P Dij
and DRi∈P

s =
∑j∈P,j �=i Dij

∑j∈F Dij

In the above equations, Dij represents the sum of contacts between the two domains i
and j, F is the collection of all forest domains, and P is the collection of all prairie domains.
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2.4. Distance-Dependent Segregation Ratio Calculation

The segregation ratio at each distance d was calculated as the ratio of contacts with
that distance apart between the same types and different types:

R f
s (d) =

∑i∈F,j=i±d∈F Cij

∑i∈F,j=i±d∈P Cij
and Rp

s (d) =
∑i∈P,j=i±d∈P Cij

∑i∈P,j=i±d∈F Cij

for forests and prairies, respectively. In the above equations, Cij is the normalized Hi-C
contact probability between bins i and j, F is the collection for all forest domains, and P is
the collection for all prairie domains.

2.5. Open-Sea Methylation Difference Index (MDI) between Forest and Prairie

We quantified the methylation difference between adjacent forests and prairies by:

MDIi =

(
qi − qi−1 + qi+1

2

)
/
(

qi−1 + qi + qi+1

3

)

where qi, qi−1 and qi+1 are the average open-sea methylation levels for the i th domain and
its two flanking domains.

2.6. Overall Relative Segregation Ratios

Overall relative segregation ratios (Ror) between one tissue and another were identi-
fied as:

Ror = ln

(
No

ij

No
ji

)

where No
ij is the number of domains possessing higher DRs value in tissue i, compared

to tissue j. A positive value of Ror indicates that the chromatin of the former tissue is
more segregated than that of the latter. Thus, the parameter Ror is used to generally reflect
domain-segregation behavior differences between two tissues.

2.7. Significantly More Segregated or More Mixed Domains

To identify forest or prairie domains that are significantly more (or less) segregated in
one tissue when compared to another, we first identified the threshold values to distinguish
more (or less) segregated domains at certain stages. We calculated the logarithm ratio of
DRs values between the two ICM replicates from the same laboratory. Significantly more
strongly segregated domains are taken as those where the variation of DRs values are in
the top 2.5-percent tier of all domains, and more mixed domains in the bottom 2.5 percent.
The corresponding threshold values of DRs variation Tlog

DRs
for segregation, and mix are

then 0.1469 and −0.1469, respectively.
We calculated the logarithm ratio of DRs between early and late 2-cell embryos for

ZGA, ICM and E6.5 epiblast for implantation, respectively. Significantly more strongly seg-
regated domains were identified as those with a logarithm ratio of DRs that is higher than
0.1469, and significantly more mixed domains were defined as those with a logarithm ratio
of DRs that is lower than −0.1469. For convenience, we denoted more strongly segregated
and more mixed domains in forest and prairie as Fseg, Pseg, Fmix, and Pmix, respectively.

2.8. Compartment Index Calculation

To quantify the degree of compartmentalization, we defined a compartment index
(C-index) Ii for 200-kb bin i as the logarithm ratio of the average contact between this bin
and all A compartments, over that between this bin and all B compartments:

Ii = ln

(
∑j Cijδj

)
/NA(

∑j Cij(1 − δj)
)

/NB

δj =

{
1, if bin j is in compartment A
0, if bin j is in compartment B
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where Cij is the distance-normalized Hi-C contact probability (normalized by dividing each
contact by the average contact probability at that genomic distance) between bins i and j.
NA and NB are the total number of bins belonging to compartments A and B, respectively.
For each region, a higher value of Ii indicates a more compartment A-like environment,
and a lower one, a compartment B-like environment.

2.9. Gene Function Analysis

We analyzed the functional enrichment of genes located in various selected regions
using ClusterProfiler and DAVID (https://david.ncifcrf.gov, accessed on 16 March 2021),
which yielded similar results. The results were demonstrated via GO terms with p-values.
The functional annotation clustering was analyzed using DAVID, and the results were
shown via GO terms with enrichment scores.

2.10. Identification of Lineage-Specific Genes

To identify lineage-specific genes, we used a Shannon-entropy-based method [24].
Genes with an entropy score of less than 1.7 were selected as candidates for stage-specific
genes. Among them, we selected E6.5 epiblast-specific genes that satisfied the following
conditions: the gene is highly expressed in E6.5 epiblast (FPKM ≥ 1); its relative expression
is higher than 1/7; and its expression level in epiblast is higher than that in ICM. These
genes were then reported in the final lineage-specific gene lists.

2.11. Comparison of Segregation Extent between SINE and CpG Density

For each 40 kb bin (the resolution corresponds to Hi-C matrix resolution), we calcu-
lated its CpG and SINE density. Bins where the CpG (SINE) density was larger than the
median value of CpG (SINE) density were regarded as high-CpG (SINE) bins, and the
remaining bins were low-CpG (SINE) bins. For the two groups of bins, such as hChS and
hClS, the segregation extent was calculated as the average contact probability between
hChS and hChS, divided by hChS and hClS, and the average contact probability between
hClS and hClS, divided by hChS and hClS, respectively.

3. Results

3.1. Domain Segregation in Early Embryonic Development

Previous studies on chromatin structures during early embryonic development were
mainly about changes to structural elements, such as compartments and TADs [4,5]. Here
we present a structural analysis based on two types of genomic domains, to show domain
segregation behaviors in different scales. We analyzed chromatin structural changes
by calculating the overall segregation ratio ORs (one parameter used to globally reflect
chromatin segregation behavior), the domain segregation ratio DRs (which was used to
reflect segregation behavior of individual forest/prairie domains), the segregation ratio
regarding genomic distances Rs(d) and the F–F (forest–forest)/F–P (forest–prairie)/P–P
(prairie–prairie) spatial interaction ratio at each stage.

In our previous study [21], based on the division of the mammalian genomes into
forest and prairie domains, ORs was defined as the inter-domain contact ratio between
domains of the same types and different types, regarding each domain as one unit (see
“Methods”, for instance, ORs for forest is calculated as forest–forest interactions divided
by forest–prairie interactions). A higher ORs for a sample indicates a stronger segregation.
Here, we calculated ORs using Hi-C data [4,6,20] of 21 mouse cells and 5 human cells (see
Additional File 2: Data Sources), which allowed us to investigate the chromatin structure
changes following early embryonic development. The calculated ORs for each stage of
mouse and human embryo development is given in 1A and 1B, respectively. We also
constructed the modeled 3D chromatin structures following our previous work [23] to
show visually the degree of segregation at each stage (see “Methods”).

As seen from Figure 1A, ORs increases during the development of early mouse
embryonic cells, except for two dips. Such a trend suggests the increased segregation of

193



Cells 2021, 10, 2521

forest and prairie domains from each other, in line with our previous observation that more
inter-compartment interactions occur at early stages than late stages [4]. The two dips
observed along the ORs curve correspond to the early to late 2-cell, and ICM to E6.5 epiblast
transitions, respectively. The decrease during the former transition is seen in both alleles
(Figure S1A). For the latter transition, the modeled chromatin structure clearly changes from
a domain-separated state to a forest–prairie (F–P) mixed state (Figure 1A). Interestingly,
these two processes (that is, early to late 2-cell, and ICM to E6.5 epiblast) exactly coincide
with ZGA [25] and implantation [26], respectively. The domain-level F–P chromatin mixing
suggested by the decrease in ORs is possibly related to LAD (lamina-associated domains)
mixing at the ZGA stage, as well as germ layer differentiation following implantation,
which is analyzed below.

The overall chromatin segregation follows a similar trend in human embryonic de-
velopment (Figure 1B). The ORs for prairies generally increases except for the blastocyst-
to-6-week transition, in accordance with the observed trend of global segregation and
domain-level mixing after the ICM stage in the mouse sample. These changes of domain
segregation are also reflected by the 3D structures reconstructed via Hi-C data (Figure 1B).
Again, these results suggest that forest and prairie domains tend to segregate from each
other before implantation, and domain mixing is observed at the post-implantation stage,
showing an increased interaction of the prairie with forest domains.

Besides the overall structure parameter ORs, we also calculated the domain seg-
regation ratio DRs on each forest/prairie domain during embryonic development (see
“Methods”; a higher value indicates that the corresponding domain is more segregated),
and the variation trend is similar to ORs (Figure 1C (mouse) and Figure 1D (human)).
Interestingly, for the mouse embryo, the change in DRs is more significant for the ICM to
E6.5 epiblast transition P = 3.7 × 10−96 by Welch’s unequal variance test) than the early to
late 2-cell transition P = 1.9 × 10−16 by Welch’s unequal variance test) for prairie domains,
while for forest domains the former one is less pronounced (P : 2.4 × 10−5 VS 2.1 × 10−54,
Welch’s unequal variance test).

Furthermore, to investigate chromatin segregation at different genomic distances, we cal-
culated the segregation ratio as a function of genomic distance Rs(d) (Figures 1E, S1B–D and S2,
see “Methods”). It can be seen from Figure 1E that in early mouse embryo development,
prairies are characterized by elevated segregation at genomic distances of several million
bases (Mb). The segregation becomes more pronounced at long distances (>1 Mb) after
the 2-cell stage for both forests and prairies, as is again consistent with an enhancement
in domain segregation. Besides, Figure S1B shows a slight decrease of Rs(d) for forests at
the early to late 2-cell stage and a conspicuous decrease of Rs(d) for prairies at the ICM
to E6.5 epiblast stage for mouse embryos; the underlying biological significances behind
these phenomena will be discussed below. Enhanced segregation at a several-Mb scale also
occurs during human embryonic development (Figure S1C), and an obvious drop in Rs(d)
for prairies at the blastocyst-to-6-week transition in human embryos was also observed
(Figure S1D).

Finally, the top 10% of contact probabilities under the genomic distance d (that is, the
top 10% of elements of one diagonal of the Hi-C matrix), TC10(d), were extracted, within
which the proportions of F–F, F–P and P–P interactions were calculated (notably, the premise
of such a calculation is that all elements in the TC10(d) should be non-zero, otherwise the
proportions of F–F, F–P and P–P are assigned zero). The genomic distance, after which the
proportions of F–F/F–P/P–P remain at zero, is named the critical genomic distance. During
the development of mouse embryos, the critical genomic distance gradually increases
(Figure 1F), showing the gradual establishment of long-range chromatin contact. At the
same time, the F-P ratio descends, while the P–P ratio increases from the PN3 to ICM
stages, again hinting that forest and prairie become more spatially segregated, along with
the development (Figure 1G). These phenomena were also observed in human embryo
development (Figure S1E).
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Figure 1. Domain segregation in early embryonic development. (A,B) The chromatin overall segregation ratio ORs of forest
and prairie domains at each stage in mouse (A) and human (B) embryonic development. Modeled chromatin structures
are also shown at corresponding stages. The upper structures are colored by the sequence from blue to red, and the lower
structures are colored by forest/prairie domains. (C,D) The domain segregation ratio DRs of forest and prairie domains at
each stage in mouse (C) and human (D) embryonic development. (E) The distance-dependent segregation ratio Rs(d) of
forest and prairie at each stage in mouse embryonic development. (F) The change of critical genomic distance during mouse
embryonic development. (G) The proportions of F–P and P–P spatial interactions within the top 10% contact probabilities
under one certain genomic distance, at each stage in mouse embryonic development.
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3.2. Compartment Changes Related to Domain Segregation

By means of the Hi-C measurement, chromatin can be partitioned into two spatial
compartments (Figure 2A,B) [27]. It was also found that forest domains reside mainly in
compartment A and prairie domains mainly in compartment B in different cells, manifest-
ing that DNA with similar sequence properties tends to spatially interact [21]. Based on
these findings, we calculated the proportion for the two sequential domains (forests and
prairies) as distributed in the two spatial compartments A and B during development.

 

Figure 2. Compartment changes related to domain segregation. (A) The proportions of four sequence components, Af,
Bf, Ap, Bp (calculated according to the positioning of forests and prairies in compartments A and B), for each stage in
mouse embryonic development. (B) The dynamic partition of prairie into compartments A and B in mouse embryonic
development. (C) Function annotation clustering of genes located in switch p, stable Ap and stable Bp regions, respectively.
(D) The PC1 values of stable Bp (i.e., prairie regions constantly remaining in compartment B in both 8-cell and ICM) and
switchable p (i.e., prairie regions located in compartment B in 8-cell while switching to compartment A in ICM) regions in
8-cell. (E) From 8-cell to ICM, the ATAC-seq, H3K4me3 and H3K27me3 signals of stable Bp and switchable p regions (see
notes for Figure 2D) in 8-cell and ICM.
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The corresponding four types of DNA sequences are named as Af, Bf, Ap, and Bp,
respectively, with the first letter denoting the compartments and the second, the forest
(f) or prairie (p) domain. One can see from Figure 2A that, during mouse development,
the proportion of prairies in compartment B (Bp) changes in the same trend as the overall
segregation ratio, which increases from the PN3 to ICM stage, except for the early to late
2-cell stage, then decreases from ICM to E6.5 epiblast, and slightly increases when the
E6.5 epiblast develops into the E7.5 ectoderm. The ratio of Ap changes in a direction
opposite to that of Bp. A similar phenomenon was also observed in human embryos,
where the changes of ORs are in accordance with the size of Bp (Figure S3A). A recent
study also found that the attractions between heterochromatic regions are crucial for the
compartmentalization and domain segregation of the active and inactive genome [28].
Similarly, we found here that, during embryo development, the aggregation behavior of
prairie domains (low CpG density region) strengthens, and more and more prairie regions
belong to compartment B.

Since the genome compartmentalization is weak at the early stages of development [4],
for the robustness of the compartment partition, we calculated the distribution of the
compartment index (C-index, a parameter to quantify the degree of compartmentalization,
a larger value of which corresponds to a more compartment-A-like environment; see
“Methods”) at each stage of mouse embryo development for compartments A and B,
respectively. The gradually increased discrepancy of the C-index between compartment sA
and B supports the global structure segregation from zygote to ICM (Figure S3B). Then, we
identified compartment-A regions with a positive C-index as strict compartment A (sA), B
regions with a negative C-index as strict compartment B (sB), and calculated the length of
the genome located in sAf (forest regions in sA), sAp, sBf and sBp, respectively. The result
(Figure S3C) showed a trend similar to Figure 2A; that is, the proportion of prairies in strict
compartment B (sBp) changes in the same trend as the chromatin segregation level, which
rules out the possibility that the growth of Bp is an artifact due to compartment definition.

In comparison with stable Bp regions, the prairie domains that switch the compart-
ment type are particularly interesting, as they may be regarded as mediators of nuclear
architecture establishment during development. The analysis of compartment transforma-
tion during mouse preimplantation development shows that 7.7% of prairies belong to
compartment A (stable Ap), 26.3% of prairies always reside in compartment B (stable Bp),
and the remaining 66.0% switch compartment type at least once (switchable p) (Figure 2B).
Genes in the stable Ap and switchable p regions are enriched in immune- and ectoderm-
related functions, while those in the stable Bp regions are not (Figure 2C). Previous analyses
showed that forest and prairie domains tend to spatially segregate (and mainly correspond
to compartment A and B, respectively), but to a different extent in different cells [21].
Moreover, forest–prairie spatial intermingling is cell-type specific, which is thought to be
associated with prairie tissue-specific gene activation and the establishment of cell identity.
Therefore, compartment B (heterochromatin) provides a silent environment for prairie
genes, which wait to be activated through spatial interactions with forest/compartment
A in the following differentiation stages (as seen in their spatial contact and expression
properties in differentiated cells [29]). The function of genes in the stable Ap and switchable
p regions thus supports that the gene expression in prairie domains plays an important
role in cell fate determination. Indeed, our earlier analysis shows that prairie genes in
compartment A are highly tissue-specific and, by examining the functions of the related
genes, one can deduce the tissue type of the associated sample [21]. Besides, compared
to forest genes, the expression of genes in prairie domains is more likely to be highly
correlated with the compartment environment in which they reside [29].

Next, to further investigate the differences between switchable prairie and stable
prairie regions, we compared the chromatin features of these two kinds of regions between
two adjacent stages. The cells we analyzed here include PN5, early 2-cell, late 2-cell, 8-
cell and ICM, due to the availability of mouse Hi-C data. For every two adjacent stages
(i.e., PN5 vs early 2-cell, early 2-cell vs late 2-cell, late 2-cell vs 8-cell, 8-cell vs ICM), we
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identified stable Bp regions and switchable p regions (p regions located in compartment B
in the earlier stage, then switched to compartment A in the later stage). Although these
two kinds of prairie regions are both located in compartment B in the cell of the earlier
stage, the PC1 value of switchable p regions was significantly more positive than stable
Bp regions (Figure 2D and Figure S3D); accordingly, switchable p regions are significantly
closer to A–B compartment boundaries (Figure S3E), indicating that Bp regions near the
A–B boundary are more likely to switch. The analyses on ATAC-seq signal, H3K4me3 and
H3K27me3 also support this observation (Figure 2E). For example, from 8-cell to ICM, the
ATAC-seq and H3K4me3 signals of switchable p regions are significantly higher than stable
Bp regions in both the 8-cell and ICM, while the H3K27me3 signal of switchable p regions
is weaker than stable Bp regions.

3.3. The Association between Domain Segregation and DNA Methylation

In the earlier study, we showed that differences in the methylation levels between
forests and prairies correlate well with chromatin spatial packing [21]. In the following,
we analyzed methylation data for early mouse embryonic cells obtained by four different
research groups (see Additional File 2: Data Sources). These data all show that the open-sea
(defined as the genomic regions excluding CGIs, CGI shores and CGI shelves [30]) methy-
lation differences between forest and prairie domains in different cell types correlate well
to their corresponding chromatin structural segregation behaviors (Figures 3A and S4A–C).
During mouse embryonic development, the absolute value of MDI (F–P open-sea methy-
lation difference index, see “Methods”, where a domain possessing a positive (negative)
value indicates the methylation level of this domains is generally higher (lower) than its
two flanking domains; therefore, a higher absolute value indicates the larger methylation
level difference) increases from 2-cell to ICM stages, decreases at the ICM to E6.5 epiblast
stage, and increases again in the further development to the E7.5 stage (especially for the
E7.5 endoderm stage, Figure 3A). The variation of DNA methylation difference resembles
that of the chromatin structural segregation. The correspondence between methylation
difference and segregation degree during mouse embryonic development further supports
a connection between this epigenetic mark and the chromatin structure. In fact, such a cor-
relation might have a simple explanation: since forests contribute dominantly to the more
accessible chromatin regions, they are presumably more prone to both DNA demethylation
and methylation than prairies.

Following such an observation, the extent of domain segregation of three germ layers
can be inferred from the DNA methylation difference between the forest and prairie
domains. As can be seen from Figure 3A, the calculated absolute value of MDI for the
endoderm is greater than that for the mesoderm (the corresponding value of the ectoderm
is slightly less than that of the mesoderm). This result suggests that the forest–prairie
domains of the endoderm are more segregated than those of the mesoderm and ectoderm,
which is indeed in accordance with the analysis on mouse Hi-C data (unpublished results).
Interestingly, the domain segregation levels of the different tissues can be seen to reflect the
germ layers from which they originate, as shown below from the analyses of both DNA
methylation and the structural data.
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Figure 3. The association between domain segregation and DNA methylation. (A) The average forest–
prairie open-sea methylation level difference (MDI) at different stages during mouse embryonic
development. (B) The box plots of the average MDI for human differentiated cells originating from
endoderm, mesoderm and ectoderm, respectively, for forest domains. (C) The box plots of the overall
relative segregation ratio Ror (see “Methods”) of one tissue over another for forests in human embryos.
The three categories are tissues derived from endoderm and mesoderm over those derived from
ectoderm, and endoderm over mesoderm. The parameter Ror was used to evaluate the differences in
domain segregation behaviors between two tissues. For example, as for tissues 1 and 2, N12 and N21

represent the number of domains showing a higher DRs in tissues 1 and 2, respectively. The overall
relative segregation ratio for tissues 1 and 2 is then defined as ln(N12)− ln(N21), a positive value of
which thus indicates that the chromatin structure of tissue 1 is more segregated, compared to tissue 2.
(D,E) The scatter-plots of age and methylation difference for brain cells (D) and mature neutrophil
cells (E) for forest domains in human embryos.

It was found, based on the Hi-C data, that ectoderm-derived cortex chromatin is less
segregated than that of the endoderm-derived liver [21]. Since the above analysis suggests
chromatin in the ectoderm to be less segregated than endoderm (Figure 3A), we decided
to examine whether chromatin structures of differentiated tissues also show such a trend,
therefore exhibiting a germ-layer dependence. We analyzed the average methylation
difference levels of 138 mouse differentiated cells and 45 human differentiated cells (38,
34, 66 cells originate from endoderm, mesoderm and ectoderm, respectively, for mouse
embryos and 13, 19, 13 for human embryos, see Additional File 2: Data Sources) [31–33].
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As shown in Figure 3B, the absolute values of MDI for forest domains for human ectoderm-
derived tissues are significantly smaller than those for mesoderm- (P = 4.938 × 10−7 by
two-sample t-test) and endoderm-derived P = 5.696 × 10−4 by two-sample t-test) tissues,
in the same as the segregation degree of the three embryonic germ layers. The data on
the prairie domains of human tissues show the same trend, as do those on both the forest
and prairie domains of mouse tissues (Figure S4D–F). To further validate this finding, we
analyzed the Hi-C data of 14 human tissues [34] (see Additional File 2: Data Sources) and
compared the segregation ratio of these tissues, derived from different germ layers. To
quantify the difference between two tissues, we defined and calculated the overall relative
segregated ratios Ror) of one tissue over another, a positive value of which represents that
chromatin in the former is more segregated than that in the latter (see “Methods”). For
human tissues derived from the endoderm and mesoderm, their overall relative segregated
ratios over those originating from the ectoderm (cortex and hippocampus) are generally
positive (Figure 3C), indicating that the chromatin of the former indeed tends to be more
segregated than that of the latter. Similarly, the overall relative segregation ratios of tissues
derived from the endoderm over those derived from mesoderm also tend to be positive
(Figures 3C and S4G). Together, these results are all consistent with the notion that the
segregation level of a differentiated cell shows the corresponding germ layer signature,
that is, the order of segregation degrees for the three germ layers is in accordance with that
of differentiated tissues.

More interestingly, we found that the absolute values of MDI for the brain decrease
with aging, and the trend is opposite for mature neutrophil cells in humans, as shown in
Figure 3D,E. Earlier studies have found that DNA hypomethylation, which is more likely
to occur in prairie domains, correlates with the cell cycles. Partially methylated domains
(PMDs) in tumor cells are mainly composed of prairies [35], and PMD hypomethylation
increases with age, which appears to track the accumulation of cell divisions [36]. Xuan
Ming et al. also found that solo-WCGW sites display aging- and cancer-associated hy-
pomethylation, which exhibits low maintenance efficiency during the cell cycle [37]. For
chromatin structural changes, we compared the segregation ratio in the G1 stage to that in
the late S~G2 stage, and found that forests and prairies tend to become more separated in
the late S~G2 stage [35]. The enhanced segregation supports the hypothesis that mitosis is
conducive to a more segregated chromatin structure. Therefore, we speculate that the dif-
ferent methylation patterns associated with aging among different tissues may reflect their
different cell division patterns: the ectoderm-originating brain cells hardly divide, while
liver cells constantly undergo cell cycles. The observed MDI differences between these
cells are consistent with their different dividing patterns in life. Such consistency makes
an understanding of the mechanistic connection between methylation and cell-division
patterns highly desirable.

3.4. ZGA and Associated 3D Genome Architecture Change

To further investigate how transcription is associated with chromatin structure, we
analyzed the chromatin structure changes from mouse early 2-cell to late 2-cell at different
genomic distance scales, since ZGA typically occurs at this period. At small genomic
distances (<500 kb), the F–P ratio for the late 2-cell is larger than that for early 2-cell,
while the P–P ratio is smaller for the former (Figure 4A, upper two figures). Our previous
work has revealed that prairie–forest intermingling was associated with prairie gene
activation [21]; therefore, we speculate that the increase of F–P ratio may be associated
with ZGA. At large distances (500 kb~20 Mb), the P–P ratio (F–P ratio) of the late 2-cell
was larger (smaller) than the early 2-cell (Figure 4A, upper two figures), indicating that at
such a scale, the forest–prairie separation is enhanced, in accordance with the increase of
compartmentalization degree [4] (given that compartment A and B are mainly composed
of forest and prairie regions, respectively). Furthermore, compared to the early 2-cell,
the chromatin of a late 2-cell establishes more spatial interactions over longer distances
(>50 Mb, Figure 4A, down two figures). However, the compartmentalization is weak at
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this scale (compared to the F–P/P–P ratio of ICM in the same range (i.e., >50 Mb) and the
late 2-cell itself in a small range (i.e., <50 Mb), Figure 4A, down two figures).

Figure 4. ZGA and associated 3D genome architecture change. (A) The upper two figures represent the proportion of F–P
and P–P spatial interactions within the top 10% contact probabilities under one certain genomic distance, for normal mouse
early 2-cell, late 2-cell. The lower two figures were the amplifications of the partial regions of two upper figures and ICM
was also included for comparison. The inner plot represents the critical genomic distance of early 2-cell and late 2-cell.
(B) The domain segregation ratio (DRs) of prairie domains that are/are not in LAD regions in mouse embryos. (C) The
domain segregation ratio of forest domains switching from iLAD to LAD during mouse ZGA, in early 2-cell and late 2-cell.
(D) The proportion of four components (AA: A→A, AB: A→B, BA: B→A, BB: B→B) in each transition of mouse embryos
(e.g., from early 2-cell to late 2-cell). The length ratios of, e.g., AA for PN3 -> PN5 indicates the ratio between the genome
length of stable A regions (between PN3 and PN5) and the entire genome length. (E) Function annotation clustering of
prairie genes switching from B to A during mouse ZGA.
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LAD domains, which resemble compartment B, are established quickly after fertiliza-
tion. More than 75% of LAD domains are prairies across preimplantation development in
mouse embryos, and the domain segregation ratio (DRs) of prairie domains overlapping
with LAD is significantly larger than those that are not (Figure 4B, P = 2.9 × 10−34 and
0.01 for mouse zygote and 2-cell, respectively, Welch’s unequal variance test). We further
analyzed the correlation between LAD mixing and prairie/forest mixing at the ZGA stage
in mouse embryos. LAD/iLAD (inter-LAD) regions in the zygote and 2-cell stages were
obtained from previous studies [38]. We then identified forest/prairie domains that become
significantly more intermingled or segregated (i.e., FmixFseg/Pmix/Pseg, see “Methods”) dur-
ing mouse ZGA. The number of forest domains switching from an iLAD to LAD state is
139, half of which (70 domains) belong to Fmix. In contrast, the proportion of Fmix domains
within forest domains remaining in the iLAD state is only 24.8% (P = 1 × 10−7 by Fisher’s
exact test). Accordingly, forests that change from iLAD to LAD regions show a significant
decrease in domain segregation ratios (Figure 4C, P = 6.7 × 10−5 by two-sample t-test).
Such a result indicates that the forests changing from iLAD to LAD gain contacts with
prairies, and a correlation does exist between LAD-mixing and forest-mixing during ZGA.

We next examined how a compartment switch is associated with ZGA. Firstly, we
examined the compartment change during mouse embryonic development. The overall
length of genomic domains changing from compartment A to B is shorter than those switch-
ing from compartment B to A in ZGA (Figure 4D). Such a phenomenon was also observed
in implantation (from ICM to E6.5Epi). In addition, the prairie genes that move from
compartment B to A in ZGA were found to be rich in the functional annotation of “defense
response”, “signal transduction”, “cell membrane”, “negative regulation of cell differ-
entiation” and “positive regulation of cell proliferation,” identified using DAVID [39,40]
(see “Methods”, Figure 4E). These results indicate that the domain mixing during ZGA is
heavily related to the functions of cell proliferation.

3.5. Implantation-Related Domain Mixing in Differentiation

Since it was shown that the forest–prairie inter-domain interaction coincides with
tissue-specific gene activation in differentiation [21], one wonders how the achievements
of tissue-specific functions are reflected by domain mixing in implantation. We again
calculated the domain segregation ratio DRs for each forest/prairie domain at related
mouse embryonic developmental stages (i.e., ICM and E6.5Epi), and observed that DRs
decreases for 89.0% of prairie domains at implantation (Figure 5A). To be more specific,
we identified those DNA domains that undergo significant changes of segregation, and
denoted more strongly segregated and more mixed domains in forest and prairie as Fseg,
Pseg, Fmix, and Pmix, respectively (see “Methods”). In the implantation stage, 71.0% of prairie
domains belong to Pmix, while 21.3% of forest domains become more mixed (Figure 5B).

As for Pmix regions following mouse implantation, we first examined their structural
changes by calculating the compartment index (C-index) changes, a larger value of which
corresponds to a more compartment A-like environment (see “Methods”). Along with
the ICM to E6.5 epiblast transition, 86.9% of Pmix domains have an increase in the C-index
(entering a more compartment A-like environment), implying that genes in these regions
move to a more active environment (Figure 5C). Next, we analyzed the functional enrich-
ment for genes located in the Pmix domains using ClusterProfiler [41] and DAVID [39,40]
(see “Methods”). The associated Pmix genes are characterized by “sensory perception of
taste”, “regulation of lactation”, “keratinocyte differentiation”, “epidermal cell differentia-
tion”, “epidermis development”, “skin development”, “mammary gland development”
and “long-term synaptic potentiation” (Figure 5D). Interestingly, these terms are related
to mammary glands, the epidermis and nervous system, all of which are differentiated
from the ectoderm [42]. In fact, chromatin structures of E6.5 epiblast and E7.5 ectoderm
are also similar, as seen by their similar DRs values (Figure 5E). In addition, during the
mouse implantation process, the expression level of 309 prairie genes increased, while
162 prairie genes showed a decreased expression level. Here, we further found that
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prairie domains harboring genes with elevated expression levels tend to become more
forest–prairie-mixed from ICM to E6.5Epi, compared to genes with lowered expression
(Figure S5A, P = 4.163 × 10−4 by two-sample t-test), as is consistent with our previous
finding on the vital role of forest–prairie spatial interactions in prairie gene activation [21].
Moreover, we found that Pmix genes with increased expression tend to be enriched in
neuro-related functions (Figure S5B), indicating that the neuroectoderm may differentiate
ahead of the epidermal ectoderm. Finally, to confirm the roles of domain segregation
changes on biological functions, we analyzed the structural changes of domains containing
lineage-specific genes. We identified 552 lineage-specific genes for the E6.5 epiblast stage
(see “Methods”, i.e., genes specifically and highly expressed in the E6.5 epiblast stage),
among which 474 genes locate in forest domains and 78 genes in prairie domains. Ninety-
seven percent of the prairie lineage-specific genes were located in Pmix, suggesting that the
mixing of prairies into forests does associate with lineage specification during implantation.
Meanwhile, the prairie genes that move from compartment B to A during implantation are
also functionally enriched in ectoderm differentiation and in utero embryonic development
(Figure S5C), in accordance with the above analysis on Pmix regions.

Figure 5. Implantation-related domain mixing in differentiation. (A) The scatter diagrams of the domain segregation ratio
DRs for forests and prairies during mouse implantation. (B) The distribution of the logarithm ratio of DRs between mouse
E6.5Epi and ICM for forests and prairies. The plot, the legend of which is “standard”, represents the logarithm ratio of DRs

between two ICM replicates from the same lab. Significantly more strongly segregated domains are taken, as those whose
logarithm ratio of DRs values exceed the 97.5th percentile of the “standard” distribution; accordingly, domains where the
logarithm ratio of DRs is smaller than the 2.5th percentile of the “standard” distribution are regarded as significantly more
mixed domains. The corresponding threshold values are 0.1469 and –0.1469, respectively, which was labeled using two
black dotted lines. (C) The change of compartment index (C-index) for less-segregated prairies, Pmix, from the mouse ICM
to E6.5 epiblast stage. (D) Functional assignment of genes in the Pmix during mouse implantation. (E) The scatter plot of
DRs for forests and prairies between the mouse E6.5 epiblast and E7.5 ectoderm.
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4. Discussion

4.1. Sequence-Based Chromatin Domain Segregation

In the present study, we described the chromatin structural changes during embryonic
development from the zygote to the post-implantation stages and, in particular, how the
DNA sequence is associated with the chromatin structural changes. We also investigated
the relationship between DNA domain segregation and genetic/epigenetic properties.
Earlier studies have shown a gradual compartmentalization in embryonic development [4].
Here, we connect the 3D structure change to DNA sequence properties and perform
a functional analysis of these structural changes. The sequence-structure-function analysis
provides a common ground for the understanding of different biological processes.

In particular, two types of genomic domains as defined earlier, forests and prairies, are
shown to generally undergo an enhanced spatial separation in early embryonic develop-
ment in both mouse and human embryos, which is also reflected in the DNA methylation
and gene expression difference between the two domain types. In fact, it is possible that
the different behaviors of DNA with different sequence properties could be a result of the
different epigenetic events and different proteins differentially enriched at forest/prairie
domains, which are DNA-sequence dependent. It was reported that L1 and B1 became
gradually segregated during early embryonic development [43]. Herein, we divided the
human genome into four parts: high-CpG-high-SINE (hChS), high-CpG-low-SINE (hClS),
low-CpG-high-SINE (lChS) and low-CpG-low-SINE (lClS) (see “Methods”) and compared
the segregation behaviors among hChS and hClS, lChS and lClS, hChS and lChS, hClS and
lClS (see “Methods”), aiming to identify the fundamental sequence factors in chromatin
segregation. The results revealed that the segregation extent of the latter two groups
(that is, hChS and lChS (1.238 and 1.115), hClS and lClS (1.257 and 1.224)) was generally
higher than the former groups (hChS and hClS (1.164 and 0.939), lChS and lClS (1.127 and
0.983)), indicating that compared to interspersed elements, CpG density variation may play
a fundamental role in chromatin compartmentalization.

Interestingly, noticeable domain mixing does occur at two important stages, ZGA,
when zygotic genes begin to express, and implantation, during which differentiation starts
to form germ layers. During the mouse ZGA process, short-range (<500 kb) forest–prairie
spatial interactions increase, which event was thought to be associated with gene activation
since our previous work has revealed that prairie genes tend to move to a more forest
environment for activation [29]. Besides, we also investigated in detail the chromatin
structural changes during the ZGA process at different scales. Notably, from human 2-
cell to 8-cell, we did not observe domain mixing (Figure 1B). It is believed that human
ZGA begins at ~4-8-cell stage; unfortunately, the Hi-C data of the human 4-cell is not
available. Structural analyses between the 2-cell and 4-cell, as well as between 4-cell and
8-cell, may help us to gain more insights into the relationship between the human ZGA
and chromatin structure. During implantation, we observed a conspicuous decrease in the
segregation ratio Rs(d) for prairies at large genomic distances (>3 Mb). Intriguingly, almost
all mouse E6.5 epiblast-specific prairie genes resided in Pmix domains, again emphasizing
the intimate link between domain mixing and gene activation (lineage specification). Genes
in the prairie domains that become more mixed in implantation are prominently associated
with ectoderm differentiation.

An analysis of Hi-C data in differentiated and senescent cells [44] showed a con-
sistently enhanced segregation of chromatin structures, with a gradual establishment of
long-range DNA contacts from zygote to senescence. At the zygotic stage, few high-
order structural features exist, and the chromatin is organized similarly to a random coil
(Figure 6A). As the embryo develops, local structures (loops and TADs) become more
prominent and the two different types of domains segregate from each other to form
compartments. Such a trend continues through ICM (Figure 6B). After implantation and as
differentiation starts, a subset of prairie domains tends to mix into the active environment,
activating associated genes (Figure 6C). During senescence, prairie domains congregate
further, some of which detach from nuclear membranes and cluster inside the nucleus, per-
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mitting long-range contact establishment [45] (Figure 6D). Our previous analysis showed
that chromatin domain segregation continues in cell differentiation and senescence [44]. It
appears that the overall trend of chromatin structure change follows the establishment of
long-range contacts from birth to senescence, as seen from the segregation level change
(Figure S6A–C). In this process, intra-domain contacts are established first, followed by
long-range inter-domain contact formation, and then the establishment of lineage-specific
inter-domain contacts, which relates to cell differentiation (Figure S6D–G).

Figure 6. Schematic pictures of chromatin structural patterns at different stages. (A) In the beginning zygotic stage,
chromatin has few long-range structural features. Here, the red lines represent CGI forest domains, and the blue ones
represent CGI prairie domains. (B) In ICM stage, the two different types of domains segregate from each other to form
compartments. (C) In differentiated cells, prairies containing tissue-specific genes tend to form contacts with forests.
(D) During senescence, prairies congregate further (with an increased probability to detach from the nuclear membrane).

4.2. The Association between Transcription Inhibition and Genome Architecture

In this study, we also investigated the association between transcription and chromatin
structure. The increase in the F–P ratio at small genomic distances (<500 kb) tends to be
associated with ZGA. The effect of transcription on domain mixing during ZGA can
also be tested using available mouse α-amanitin-treated Hi-C data. To investigate how
transcription inhibition affects the chromatin architecture, we compared the F–P and P–P
ratios within the top 10% contact probabilities under one certain genomic distance between
the PN3, normal late 2-cell, and α-amanitin-treated-20 h cell (α-amanitin-treated late 2-cell).
The critical genomic distance of α-amanitin-treated-20 h cell is significantly smaller than
that of the normal late 2-cell, and the F–P and P–P ratios of α-amanitin-treated-20 h cell are
between PN3 and normal late 2-cell (Figure S7A), indicating that transcription inhibition
can slow down the establishment of long-range contact and forest–prairie separation.
We further compared the F–P and P–P ratios between the α-amanitin-treated-20 h cell
and α-amanitin-treated-45 h cell, and found that the critical genomic distance and P–P
ratio of the latter are larger than the former, the F–P ratio of the latter is smaller than the
former (Figure S7B), hinting that when transcription is inhibited, long-range chromatin
contacts can still be established, and forest–prairie separation also progresses, although at
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a reduced rate. This observation is in keeping with previous findings that the maturation of
higher-order chromatin organization can at least partially proceed in the absence of zygotic
transcription [4].

4.3. Other Factors That May Relate to Chromatin Structure Change

Sequence-based chromatin-domain segregation suggests that factors affecting domain
interactions could lead to functional chromatin structure changes. The cell cycle is an im-
portant factor that could influence chromatin domain segregation. During embryonic
development, the establishment of a TAD structure was reported as requiring DNA repli-
cation but not zygotic transcription [4,5], implying the critical role of cell division in 3D
structural formation. In fact, our analysis shows that the different cell division behaviors of
different tissues, including those derived from different germ layers, further increase their
discrepancy in structural segregation as well as in methylation pattern. The current and
earlier analyses indicate that DNA methylation is in fact associated closely with chromatin
conformation [21]. The age-related hypomethylation appears to closely track the accumula-
tion of cell divisions [36]. We speculate that, along with hypomethylation (leading to the
formation of partially methylated domains), prairie domains tend to segregate more stably
in the less active spatial domains of heterochromatin [46].

During mouse embryonic development (from zygote to blastocyst), the nucleocyto-
plasmic ratio gradually increases, accompanied by a decrease in nuclear size [47]. The
change of nucleocytoplasmic ratio, in principle, could have an effect on the decay of contact
probability by affecting the crosslinking efficiency in the Hi-C experiment, although in the
procedure of sisHi-C, excessive reagent was used to ensure a sufficient and quick fixation.
In addition, nuclear lamina is known to play an indispensable role in chromatin structure
formation and maintenance. LADs contribute to priming B compartments and remain
as the most stable chromatin domains, playing an important role in global chromatin
segregation. One previous study [48] also unveiled a connection between nuclear size
and nuclear lamina, which may also contribute to a change to the landscape of chromatin
domain segregation. These issues remain to be fully addressed by experimental studies.

Since precise gene expression profiles are essential for normal embryo development,
factors influencing gene regulation were suggested as impacting the development pro-
cess [49]. For instance, OCT4, one of the four Yamanaka factors, was thought to play a vital
role in development. Accurate epigenetic patterns (such as DNA methylation, histone
modifications), as well as high order genome organization, are needed to ensure the normal
regulation of OCT4. Therefore, it is worthwhile to understand the regulatory mechanism
behind specific gene regulation during development. These include but are not limited to
how DNA methylation, active/repressive histone mark loading, and chromatin domain
segregation vary before and after gene activation/repression. It is interesting to uncover
the interplay between different epigenetic makers and the high-order chromatin structure,
to gain more insight into the roles that these various factors play in embryo development.

5. Conclusions

In this study, we delineated chromatin structural and epigenetic reprogramming in
early embryonic development, based on the sequence-based domain segregation model,
and correlated the overall chromatin structural changes with functional implementation
during ZGA and implantation. The two types of DNA domains gradually separate from
each other during embryonic development, but they show a tendency to mix when tran-
scription and implantation happen. Increased interactions between the two types of
domains indicate the start of transcription or set the stage for further cell differentiation,
leading to lineage commitment. Genes of changed segregation states show lineage-relevant
functions and important roles in the corresponding processes; thus, more detailed analyses
on gene expression and the regulation of transcription factors are needed for understanding
the related molecular mechanisms and, more importantly, to predict biological functions
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at the molecular level from the perspective of domain segregation and mixing-related
chromatin structure formation.
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Abstract: Recurrent spontaneous abortion (RSA) is a highly heterogeneous complication of pregnancy
with the underlying mechanisms remaining uncharacterized. Dysregulated decidualization is a
critical contributor to the phenotypic alterations related to pregnancy complications. To understand
the molecular factors underlying RSA, we explored the role of longnoncoding RNAs (lncRNAs)
in the decidual microenvironment where the crosstalk at the fetal–maternal interface occurs. By
exploring RNA-seq data from RSA patients, we identified H19, a noncoding RNA that exhibits
maternal monoallelic expression, as one of the most upregulated lncRNAs associated with RSA. The
paternally expressed fetal mitogen IGF2, which is reciprocally coregulated with H19 within the same
imprinting cluster, was also upregulated. Notably, both genes underwent loss of imprinting, as H19
and IGF2 were actively transcribed from both parental alleles in some decidual tissues. This loss of
imprinting in decidual tissues was associated with the loss of the H3K27m3 repressive histone marker
in the IGF2 promoter, CpG hypomethylation at the central CTCF binding site in the imprinting control
center (ICR), and the loss of CTCF-mediated intrachromosomal looping. These data suggest that
dysregulation of the H19/IGF2 imprinting pathway may be an important epigenetic factor in the
decidual microenvironment related to poor decidualization.

Keywords: decidualization; recurrent spontaneous abortion; long noncoding RNA; epigenetics;
H3K27 methylation

1. Introduction

Spontaneous abortion is the most common complication of pregnancy, affecting >20%
of recognized pregnancies [1,2]. Most spontaneous abortions are sporadic and occur prior
to the second trimester [3,4]. A subset of women suffer from recurrent spontaneous abortion
(RSA), defined as three or more consecutive spontaneous abortions before 20 weeks of
gestation. This common gynecological emergency poses significant challenges to future
fertility and general psychological health.

A successful pregnancy depends upon complex crosstalk between the developmentally
competent embryo and the receptive maternal endometrium [5,6]. Upon implantation,
embryos elicit a complex response in the decidua, characterized by transformation of
stromal fibroblasts into secretory, epithelioid-like decidual cells, accompanied by the influx
of specialized uterine immune cells and vascular remodeling. Decidual cells produce
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growth factors and cytokines [7,8], including insulin-like growth factor binding protein
1 (IGFBP1) and prolactin (PRL), which can be used as biomarkers for decidualized cells.
Abnormal endometrial receptivity is a key factor leading to implantation failure. However,
the molecular factors that regulate this crosstalk in decidualization reactions remains largely
uncharacterized.

Longnoncoding RNAs (lncRNAs) act as prominent epigenetic factors in normal de-
velopment and numerous diseases, often by interacting with chromatin remodeling com-
plexes [9–11]. Differential expression and risk analyses have identified multiple lncRNAs
that are associated with recurrent miscarriage [12]. However, little is known about the
specific mechanisms of these lncRNAs. Decidualization of the endometrium plays an
essential role for the establishment of a successful pregnancy. In order to identify key RNA
molecules that mediate the crosstalk at the fetal–maternal interface, we explored RNA
transcriptome sequencing datasets from RSA patients. We found that H19, an imprinted
lncRNA that is expressed from the maternal allele [13,14], and its reciprocally coregulated
IGF2, a fetal mitogen gene that is expressed from the paternal allele [15,16], were highly
upregulated in decidual tissues.

Genomic imprinting of the H19/IGF2 cluster is regulated by the methylation status
of CpG islands in the imprinting control region (ICR) located upstream of the H19 gene.
The ICR contains seven CTCF binding sites. The sixth CTCF binding site is differentially
methylated [17] and serves as a CTCF “boundary insulator” [18]. Specific binding of CTCF
to the unmethylated maternal allele orchestrates the formation of an intrachromosomal
loop that links the IGF2 promoters. CTCF recruits polycomb repressive complex 2 (PCR2)
via the docking factor SUZ12, leading to allelic histone 3 lysine 27 (H3K27) methylation
that silences the maternal IGF2 allele. On the other hand, paternal-specific methylation
of the ICR prevents CTCF binding and permits expression of IGF2 while silencing H19
from the paternal allele. As a result, differential methylation at the CTCF site serves as
an “imprint” to ensure the reciprocal imprinting of these two neighboring genes [19].
Importantly, imprinting is dynamically regulated in gametes and in early development.
Imprinting defects, including those at the H19/IGF2 locus, are associated with increased risk
of developmental disorders [20,21]. Aberrant DNA methylation of the CTCF binding sites
in the ICR is associated with an increased risk for abortion [22] and for male infertility [23].
Furthermore, imprinting is frequently dysregulated in IVF embryos [24,25].

Given the critical role of H19 in in vitro fertilization (IVF) [24] and male infertility [26],
we examined the imprinting status of the H19/IGF2 cluster in decidual tissues. We show
that there is loss of imprinting of both H19 and IGF2 in some decidual tissues. Using
human primary endometrial stromal cells as an in vitro model, we studied the epigenetic
mechanisms underlying abnormal H19/IGF2 imprinting in decidualization.

2. Results

2.1. Identification of H19 as a Recurrent Spontaneous Abortion-Associated lncRNA

To search for key factors that might be involved in fetal–maternal regulatory crosstalk
in RSA, we explored the differentially expressed lncRNAs in GSE178535, which contained
the RNA-seq data of decidual tissues from three RSA patients and three healthy control
subjects. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
showed associations with cytokine–cytokine receptor interaction, ECM–receptor interaction,
hematopoietic cell lineage, chemokine signaling pathway, PI3K-Akt signaling pathway, as
well as signaling pathways in the regulation of stem cell pluripotency (Figure S1, Table S2).

We focused on the role of the imprinted lncRNA H19 (Figure 1A, Table S3). In normal
tissues, H19 is expressed only from the maternal allele, while the paternal allele is silenced.
Aberrant imprinting of the H19 gene occurs frequently in tumors [19]. Using an in vitro
fertilization model, we previously showed that H19 imprinting was frequently lost in IVF
embryos [24]. We were therefore interested in examining if aberrant regulation of lncRNA
H19 in decidual tissues played a role in the fetal–maternal regulatory crosstalk in RSA.
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Figure 1. Identification of RSA-associated lncRNAs by integrating RNA-seq data from RSA patients
and senescent decidualized human endometrial stromal cells. (A) Identification of RSA-associated
lncRNAs. Differentially expressed lncRNAs were analyzed using the RNA transcriptome sequencing
dataset GSE178535. The top 11 differentially expressed lncRNAs are ranked based on the RNA
expression-fold from high (red) to low (blue) between the RSA patients and the controls. (B) Up-
regulated H19 in decidual tissues from RSA cases. Thirty-two decidual tissues with unexplained
RSA were collected as the case group. As the control, 57 decidual tissues samples were obtained
from healthy adult women who were diagnosed with early pregnancy and were undergoing legal
elective termination. Gene expression was measured by qPCR and standardized over the value of
the EEF1A1 control. All data shown are mean ± SD. Error bars represent the SD of the average
of three independent PCR reactions. p = 0.0022 as compared with the CTL control. (C) Reciprocal
upregulation of IGF2 in decidual tissues of RSA cases. p = 0.0023 as compared with the CTL control.

We quantitated the expression of H19 in decidual tissues from 32 patients with RSA.
For comparison, decidual tissues were also collected from 57 healthy adult women at
7–10 weeks of gestation who were undergoing early pregnancy termination (Table S4).
Using EF1A (EEF1A1) as the RT-qPCR control, we found that the expression of H19 was
significantly higher in decidual tissues from the patients with RSA than in decidua from
healthy subjects (Figure 1B, p < 0.01).

The H19 gene is located in an imprinting cluster on human chromosome 11 and is
coregulated with the adjacent gene IGF2, a gene that encodes a mitogen that is required
for normal fetal growth. The hierarchical cluster heat map analysis showed that IGF2 was
among the top six of the differentially expressed genes in the analysis (Figure S1B), despite
the variability among the subjects (Figure S1C). Therefore, we also quantitated the mRNA
abundance of IGF2 in decidual tissues using quantitative PCR and found that, like H19,
IGF2 was significantly upregulated in decidual tissues derived from patients who had
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RSA (Figure 1C, p < 0.01). Similar data were also obtained by using β-Actin (ACTB) as the
RT-qPCR control (Figure S1D,E).

2.2. Loss of Genomic Imprinting in Decidual Tissues

To examine the status of H19 and IGF2 imprinting in decidual tissues, we genotyped
genomic DNA using single nucleotide polymorphisms (SNPs) in H19 and IGF2. Heterozy-
gous SNPs were used to distinguish between the two parental alleles, and the imprinting
status was examined in those tissues that were SNP-informative. Twenty-one of the decid-
ual tissues derived from patients who had RSA were informative for H19 heterozygosity
and 20 were informative for IGF2 heterozygosity. We found that H19/IGF2 imprinting was
lost in 39% (11/28) of H19/IGF2 informative decidual tissues from the RSA cases (Figure 2A,
left panel). Among them, 2 out of 21 samples (9.5%) showed loss of H19 imprinting, and
7 out of 20 samples (35%) exhibited IGF2 LOI. Two samples (#22 and #U20) showed loss
of imprinting of both H19 and IGF2 (Table 1). Imprinting was also lost in some decidual
tissues collected from the controls (Figure 2A, right panel).

Table 1. Loss of H19 and IGF2 imprinting in RSA decidua.

H19 IGF2

Cases (ID) Genotype cDNA Genotype cDNA

Loss of imprinting of H19 (9.5%) *
1 U18 A/C a/c C/T t
2 U21 A/C a/c T/T -

Loss of imprinting of IGF2 (35%) **
1 8 A/C a C/T c/t
2 E1 A/C c C/T c/t
3 E3 A/A - C/T c/t
4 E5 A/C c C/T c/t
5 U11 A/A - C/T c/t
6 U14 A/A - C/T c/t
7 U17 A/A - C/T c/t

Loss of imprinting of H19 and IGF2 ***
1 M22 A/C a/c C/T c/t
2 U20 A/C a/c C/T c/t

* After genotyping, 21 informative samples were used for H19 allelic analysis. ** 20 IGF2-informative samples
were used to examine IGF2 imprinting. *** Informative for both H19 and IGF2. - Tissues that are not informative
for allelic analysis of either H19 or IGF2.

As an example, the decidual tissue from Control #13 showed normal imprinting of
H19 (maintenance of imprinting) (Figure 2B, left top panel). The genomic DNA carried
both the “A” and “C” alleles, but the cDNA showed the exclusive expression of the “A”
allele. The “C” allele was silenced. The decidual tissues from two cases (#U18 and #M22)
were also informative for the SNP (Figure 2B, left panels 2–3). However, both the “A” and
“C” alleles were detected in their cDNA samples, demonstrating loss of imprinting (LOI).

Similarly, the genotyping of an SNP at the 3′-UTR of IGF2 showed the presence of the
“C/T” alleles. In normal informative decidual tissue #4, only the “T” allele was expressed
(Figure 2C, top right panel). However, in two cases of RSA (U11, M22), both the “C” and
“T” alleles were expressed in decidual tissues (LOI) (Figure 2C, right panels 2–3). In case
U29T, however, both H19 and IGF2 maintained normal imprinting.

Loss of IGF2/H19 imprinting is an early oncogenic event that is detected in tumor-
paired adjacent normal tissues [19]. Therefore, we examined the allelic expression of
IGF2/H19 in decidual samples of control subjects. We also detected the presence of IGF2/H19
LOI in the decidua of several control subjects (Table S5), suggesting epigenetic vulnerability
in the decidual microenvironment of early embryo development. The chi-squared analyses
showed more LOI cases in the RSA case group for IGF2 (p < 0.05, χ2 = 6.93), but not for
H19 (p = 0.721, χ2 = 0.407) (Figure S2). The quantitative expression data of IGF2 and H19 in
LOI and maintenance of imprinting subgroups are presented in Figure S3. Polymorphic
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imprinting has been observed in placenta [27,28]. Thus, imprinting erosion as observed in
both RSA and normal decidual tissues here may represent a decidua-specific polymorphic
imprinting trait.

Figure 2. Loss of H19/IGF2 imprinting in decidual tissues in RSA. (A) Percentage of abnormal
H19/IGF2 imprinting. Among the decidual tissues that are Apa1-informative, 39% cases in RSA cases
and 26% in control subjects show the loss of either H19 or/and IGF2 imprinting. (B) Example of
aberrant H19 allelic expression in RSA cases. Genomic DNAs (gDNA) of both cases U18 and M22
are Apa1 SNP informative (A/C alleles). In the cDNA samples, both parental alleles are expressed
in decidual tissues. (C) Loss of IGF2 imprinting in RSA. In control 4, only the T allele is expressed.
However, in cases U11 and M22, decidual cDNAs show biallelic expression of IGF2.

2.3. The Role of Altered Epigenotypes in the In Vitro Induced Decidualization Model

In vitro cell-induced decidualization is a good model for studying the complex process
of implantation [29,30]. We thus cultured two human primary endometrial stromal cell lines
(U29T and N45T) (Figure S4A). N45T cells were cultured from the decidual tissues collected
from a normal control subject. U29T cells were derived from an RSA case who had suffered
four spontaneous abortions (Figure S4B). Genotyping of genomic DNA showed that U29T
cells were informative for both H19 and IGF2. N45T cells, however, were only informative

215



Cells 2022, 11, 3130

for H19. No informative SNPs were available for IGF2 in N45T cells to distinguish the two
parental alleles.

We examined the role of altered epigenotypes in this in vitro decidualization model.
We pretreated U29T and N45T cells with the histone deacetylase inhibitor valproic acid
(VPA) (Figure 3A), which is known to modify epigenotypes and alter allelic expression [31].
Following VPA treatment, cells were induced for decidualization. We found that this VPA
treatment upregulated IGF2 and H19, particularly in cells with induced decidualization
(Figure 3B). However, two decidualization markers (PRL and IGFBP1) were significantly
lower in VPA-treated decidualized cells (Figure 3C), suggesting an impaired decidualization
process in VPA-induced cells.

Figure 3. The role of disturbed epigenetics in in vitro decidualization. (A) Strategy of inducing epige-
netic disturbance by the histone deacetylase inhibitor VPA in primary cultures of endometrial cells.
Cells were pretreated with VPA and then were induced for in vitro decidualization. (B) Expression
of H19 and IGF2 in decidualized endometrial cells. VPA: cells treated with the histone deacetylase
inhibitor valproic acid. Ct: cells treated with PBS control. Induced: in vitro induction of decidualiza-
tion. CTL: PBS-treated control cells. (C) Expression of two decidualization markers IGFBP1 and PRL
in decidualized endometrial cells. The data are the mean ± SD from three independent experiments.
* p < 0.05, ** p < 0.01, and *** p < 0.001 as compared with the vector lentivirus control group (CTL). ns:
not statistically significant.

2.4. Histone Deacetylase Inhibitor Alters Imprinting in Decidualized Cells

We then used informative SNPs to examine the allelic expression in decidualized
cells (Figure S5A). Both U29T and N45T cells were informative for H19 through gDNA
genotyping and both maintained normal H19-IGF2 imprinting after being placed in culture.
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Maintenance of H19 imprinting was also observed after induced decidualization, with only
the “C” allele expressed in U29T cells and the “A” allele expressed in N45T cells (Figure S5B,
CTL-Induced cDNA). However, VPA pretreatment induced biallelic expression of H19 in
both decidualized cell lines (Figure S5B, VPA-Induced cDNA). These data suggest that
pretreatment with a histone deacetylase inhibitor predisposed endometrial stromal cells to
lose imprinting control during decidualization.

By using informative SNP rs680, we also examined the imprinting status of IGF2 in
U29T cells (Figure S5C). The untreated cells maintained normal imprinting, with only
the “T” allele expressed (Figure S5D, CTL cDNA). However, IGF2 imprinting was lost,
with both parental alleles (C/T) expressed in the decidualized cells (both CTL-induced
and VPA-induced cDNA). IGF2 and H19 expression are normally tightly coordinated and
reciprocally controlled by an “enhancer competition” mechanism [32]. The data from these
treated primary endometrial stromal cells, however, suggest that the control of IGF2 and
H19 imprinting can be uncoupled.

2.5. Loss of Imprinting Is Associated with Aberrant Histone H3 Lysine 27 Methylation

We then examined the epigenetic mechanisms underlying the loss of imprinting in
these two decidualized cell lines. The expression of IGF2 is driven by four promoters,
including an upstream nonimprinted P1 promoter and three downstream imprinted pro-
moters (P2–P4). While they are rich in CpG islands, promoters P2–P4 are not regulated by
DNA methylation. Instead, gene silencing of the maternal IGF2 allele is mediated by poly-
comb repressive complex 2 (PCR2) component SUZ12-catalyzed H3K27 methylation [19].
We thus focused on the status of H3K27 methylation in the three imprinted IGF2 promoters
(Figure 4A) [32].

Figure 4. H3K27 methylation in the promoter of IGF2. (A) Location of PCR primers used for H3K27
methylation. Two primer sets JH3780/JH3781 and JH3783/JH3784 are used to quantitate H3K27
methylation in promoters 2 and 3 of IGF2. The primer set (SJ1065/SJ1066) for the P1 promoter
upstream site (5′-Ctl) is used as the negative control. (B,C) Histone methylation in the IGF2 promoter
of U29T cells (B) and N45T (C) cell lines. U29T cells exhibited IGF2 LOI after decidualization,
while N45T cells maintained normal imprinting. Histone modifications in the IGF2 promoter were
measured by ChIP assay using antibodies specific for H3K27me3. Normal rabbit IgG was used as a
negative control and was used for normalization. The data are the mean ± SD from three independent
experiments. *** p < 0.001as compared with control cells (CTL). Note the reduced H3K27me3 level in
decidualized N29T cells that demonstrate IGF2 LOI.
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Using antibodies specific for H3K27me3, we examined H3K27 methylation in IGF2
promoters in U29T cells that exhibited IGF2 LOI. We found that H3K27 methylation in
the first two IGF2-imprinted promoters (P2, P3) was significantly reduced in decidualized
cells (Figure 4B). As a control, the 5′-Ctl site upstream of the nonimprinted P1 promoter
showed no significant change in the H3K27me3 mark during decidualization. In N45T
cells that kept normal imprinting after in vitro decidualization, however, the ChIP signal
for H3K27me3 was increased following in vitro decidualization (Figure 4C).

It is known that the key decidual marker gene IGFBP1 in decidualization is controlled
by H3K27 methylation [33]. It was therefore used as the positive control in the ChIP assay.
We confirmed the reduction of H3K27 methylation in the IGFBP1 promoter in both N45T
and U29T cells following decidualization (Figure S6A,B). As expected, decidualization did
not alter the status of H3K27 methylation in the negative control gene GPD1 (Figure S6C,D).

2.6. Aberrant Imprinting Is Accompanied by the Loss of Intrachromosomal Looping

The status of histone 3 lysine 27 (H3K27) in the IGF2 promoters is determined by
CTCF-orchestrated intrachromosomal looping [34,35]. CTCF binds to unmethylated DNA
motifs in ICR located between the H19 and IGF2 genes and orchestrates the formation of
an intrachromosomal loop, where polycomb repressive complex 2 (PCR2) is recruited via
the docking factor SUZ12, leading to allelic H3K27 methylation which then silences the
imprinted allele [36].

We used chromosome conformation capture (3C) methodology to examine the chro-
matin three-dimensional (3D) structure surrounding the IGF2/H19 locus, with the focus on
the CTCF-binding site in the ICR [37]. Using the β-Globin gene (HBB) as a positive control,
we detected intrachromosomal looping between the LCR (locus control region) and the
3′-enhancer in two decidualized cell lines (Figure S7). In the same 3C samples, we detected
an intrachromosomal loop structure between the ICR-enhancers and ICR-IGF2 promoters
in untreated U29T primary decidual cells (Figure 5A). The 3C products were purified, and
DNA sequencing confirmed the loop joint separated by the Bgl2/BamH1, Bgl2/Bgl2, and
BamH1/BamH1 ligation sites (Figure 5B). However, after induced decidualization in vitro,
all three intrachromosomal loops were abolished (Figure 5C) in parallel with the loss of
IGF2 imprinting.

The intrachromosomal looping, however, was not significantly affected in decidualized
N45T cells that maintained normal imprinting (Figure 5D). Thus, as was previously reported
in cancer cells with LOI [34], CTCF-orchestrated intrachromosomal looping may be essential
for maintaining normal imprinting of IGF2 in decidual tissues.
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Figure 5. Intrachromosomal loop interactions in the H19/IGF2 imprinting locus. (A) Location of
3C primers used to detect the interaction between the IGF2 promoter, CTCT6, and H19 enhancer.
P1–P4: IGF2 promoters. E1–E9: IGF2 exons 1–9. E1–E5: H19 exons 1–5. Enh: enhancers. Arrows:
intrachromosomal interactions. (B) Sequencing of the IGF2/H19 intrachromosomal loop 3C products.
Blue background on the sequence: the 3C ligation product between the BamH1 and/or Bgl2 restric-
tion sites. (C,D) Quantitation of 3C intrachromosomal interaction signals. The 3C interaction was
quantitated by qPCR. U29T cells showed normal imprinting but exhibited IGF2 LOI after decidu-
alization. Note the lack of intrachromosomal interaction in decidualized N29T cells. Decidualized
N45T cells with normal imprinting were used as the control. The data represent the mean ± SD from
three independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 as compared with the vector
lentivirus control group (CTL). ns: Not statistically significant.

2.7. Loss of Imprinting Is Associated with De Novo DNA Methylation in the Imprinting
Control Region

Allelic expression of IGF2 is regulated by the methylation status of CpG islands in
the ICR. We examined allele-specific DNA methylation in the ICR for decidual tissues that
were informative for two SNPs in the ICR and one SNP in the H19 promoter (Figure 6A).
The status of CpG DNA methylation was examined using sodium bisulfite sequencing.
After converting the unmethylated cytosines into uracils by sodium bisulfite, the ICR and
H19 promoter regions were amplified with DNA methylation-specific primers and cloned
into a pJet vector for DNA sequencing. As expected, a typical semimethylated pattern
was observed in control #Z4 that had normal monoallelic expression of H19 and IGF2
(Figure S8). Case #M22, derived from a patient with RSA, was homozygous for the two
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SNPs, and therefore, we were not be able to distinguish the two parental alleles. However,
we detected hyper-methylation in the ICR and the H19 promoter (Figure 6B, top panel).
Case U11, which was heterozygous for the ICR SNP, had a hyper-methylated “AA” allele
and increased DNA methylation in the “AG” allele (36.5%) (left top panel).

Figure 6. Abnormal DNA methylation at the CTCF6 site in the imprinting control region.
(A) Schematic diagram of CpGs in the ICR. Locations of PCR primers are indicated by numbered
arrows. Vertical lines: location of CpGs. Red arrows: single nucleotide polymorphisms allowing
for discrimination of the two parental alleles in case U11. CTCF site 6 carrying CpG 7–11 is boxed.
CTCF, a tethering protein, binds to the unmethylated ICR and serves as a molecular glue to secure
intrachromosomal interactions. The CTCF-mediated looping brings the ICR and the IGF2 promoters
into close contact, where the polycomb repressive complex 2 (PCR2) is recruited via SUZ12, inducing
allelic H3K27 methylation and epigenetic imprinting. (B) Alteration of DNA methylation at the
CTCF6 site and the H19 promoter in decidual tissues of cases with RSA (M22, U11). LOI: loss of
imprinting. NI: not informative. Numbers in parenthesis: percentage of methylated CpGs. Note the
hypermethylation status in case M22 and biallelic DNA methylation in case U11 at the CTCF6 site.
(C) A model of aberrant imprinting in decidual tissues. After fertilization, genome-wide demethyla-
tion occurs, except for DMRs. Following embryo implantation, a global de novo methylation occurs
in response to organ development. Parental-specific DMR imprints determine tissue-specific allelic
expression of imprinting genes, including H19/IGF2. Loss of H19/IGF2 imprinting occurs in the
decidual microenvironment due to the aberrant control of the ICR epigenotype, intrachromosomal
looping, and H3K27m3 repressive histone marks. Dysregulation of H19/IGF2 in preimplantation
development and postimplantation stages may represent an epigenetic risk factor contributing to
abnormal decidual microenvironment, in addition to locally secreted cytokines and growth factors.
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We also observed increased CpG DNA methylation at the ICR CTCF6 site (AA allele,
19.2%) in decidualized U29T cells that exhibited IGF2 LOI, as compared with the control
cells (AA allele, 4.6%) (Figure S9). These data suggest that aberrant imprinting of H19/IGF2
may be associated with CpG DNA epimutations in the ICR region.

3. Discussion

The molecular mechanisms underlying the spontaneous loss of a pregnancy are un-
known [38]. Decidualization plays a critical role in the implantation of the embryo through
a regulatory network that coordinates trophoblast invasion of the maternal decidua-
myometrium and remodeling of maternal uterine spiral arteries [39,40]. Many factors,
including locally secreted cytokines and growth factors, are involved in this complicated net-
work. We have identified the lncRNA H19 as one of the most upregulated RNA molecules
in decidual tissue, where the molecular crosstalk at the fetal–maternal interface occurs. H19
is also significantly upregulated in the decidua derived from patients with RSA. IGF2, a
gene that encodes an important fetal mitogen, is located at the adjacent chromosomal locus.
IGF2 is also increased in the decidua in patients who have suffered an RSA. In most normal
tissues, the H19/IGF2 locus is imprinted. Notably, we demonstrate that there is loss of
H19 and IGF2 imprinting in decidual tissues of some RSA patients. Loss of imprinting also
occurs following induced decidualization in primary endometrial stromal cells. Mechanis-
tically, we show that this aberrant imprinting in decidual tissues was associated with the
loss of the H3K27m3 repressive histone mark as well as with the loss of intrachromosomal
looping and CpG demethylation in the imprinting control center. Pretreatment with his-
tone deacetylase inhibitor VPA predisposed primary endometrial stromal cells to develop
abnormal in vitro decidualization. Collectively, these studies suggest that the disturbance
of H19/IGF2 epigenetic regulation, in addition to the locally secreted cytokines and growth
factors, may be an epigenetic risk factor for poor decidualization (Figure 6C).

Both the maternal and paternal genomes are necessary for normal embryogenesis
and fetal development [41,42]. H19 is a maternally expressed imprinted gene, and its
transcription gives rise to a fetal lncRNA that also functions as a precursor to microRNA
miR675 [43], which negatively affects cell proliferation and tumor metastasis [44]. H19
is abundantly expressed prior to implantation or shortly thereafter, and its expression is
specifically confined to progenitor cells of the placenta and extraembryonic tissues [45,46].
H19 is expressed coordinately with its neighboring gene Igf2, a gene that plays a key
role in regulating fetal–placental development [47,48]. Genomic deletion of Igf2 causes
placental and fetal growth restriction. In contrast, overexpression of Igf2 induces placental
and fetal overgrowth via paracrine and/or autocrine IGF pathways. The serum levels of
IGF-II have been positively linked to infant birth weight. H19 and Igf2 regulate embryonic
development [49,50]. The allelic expression of IGF2/H19 is coordinately controlled by a
differentially methylated imprinting control region upstream of the H19 promoter [19,51].
In this study, we demonstrate that both H19 and IGF2 are upregulated in decidual tissues of
RSA patients as compared with the control cohorts. Moreover, there is loss of imprinting of
both genes in many decidual tissues. Major epigenetic events take place in the embryo both
in preimplantation development and in postimplantation stages, including the genome-
wide resetting of imprints in the PGCs [52,53]. Aberrant methylation of imprinted genes
correlates with the risk of abortion [22]. Specifically, CpG hypomethylation in the ICR is
correlated with recurrent pregnancy loss [54]. As a result, the periconceptional stage is very
sensitive to environmental stressors, leading to epigenetic disturbances.

Loss-of-imprinting has been linked to a number of diseases characterized by abnormal
growth phenotypes and behavioral disorders, including Beckwith–Wiedemann syndrome,
Silver–Russell syndrome, Angelman syndrome, and Prader–Willi syndrome [55,56], as
well as multiple malignancies [57]. Placental-specific imprinting plays a critical role in
coordinating the crosstalk between nutrient acquisition and fetal development. Human
placentas exhibit widespread placental-specific imprints inherited from the oocyte, in-
cluding maternally biased DNA methylation DMRs and histone modifications [45,50]. In
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particular, H19 shows a unique placenta epigenotype, with the paternal allele-specific
DNA methylation covering the core ICR to the gene body [58]. In this study, we also
observed more loss of imprinting of H19/IGF2 in RSA decidual tissues. Pretreatment of
two human primary endometrial stromal cells with a histone deacetylase inhibitor induced
loss of imprinting and reduced in vitro decidualization. Loss of imprinting in the placenta
is associated with intrauterine growth restriction [27,59]. Future studies are needed to
elucidate whether dysregulated imprinting plays a role in regulating fetal growth as well
as other pregnancy-related pathologies.

It is noteworthy that the mouse and human genome contain a subset of genes that
undergo polymorphic imprinting, including IGF2, IGF2R, WT1, SLC22A2, and HTR2A, with
the imprinting status varying among individuals and tissues. For example, human WT1 is
biallelically expressed in kidney, but is monoallelically expressed in brain. In the placenta,
WT1 is maternally expressed in ~60% of the population. The human nc886 gene, encoding a
tumor-suppressing ncRNA at chromosome 5q31 is another typical example of nonplacental
polymorphic imprinting, with allele-specific methylation predominantly found on the
maternal allele in many tissues [60]. Moreover, profiling of placental-specific imprinted
DMRs shows that human placenta preferentially maintains maternal germline-derived
imprint marks and appears to be highly polymorphic in the population [28]. Thus, the
biallelic expression of H19 and IGF2 as observed in the present study may be associated
with a decidua-specific polymorphic imprinting trait.

It should be noted that this study also has several weaknesses. First, two primary
endometrial stromal cells yielded some discrepancies in in vitro decidualization. U29T cells,
derived from the decidua of an RSA patient, were more vulnerable to hormone induction
and exhibited loss of IGF2 imprinting following in vitro decidualization. N45T cells derived
from a normal subject, on the other hand, maintained normal imprinting unless they were
also pretreated with histone deacetylase inhibitor. Although this discrepancy may be
related to the polymorphic imprinting trait in primary endometrial stromal cells, we still
do not know the specific mechanisms by which these differences arise. Second, several
other lncRNAs are also upregulated in the decidual samples of RSA cases. For instance,
MALAT1 was the most upregulated lncRNA on the list. NEAT1 was also upregulated in
RSA decidual tissues. Neat1 knockout mice stochastically show decreased fertility due to
corpus luteum dysfunction and concomitant low progesterone [61], suggesting a critical
role of Neat1 in the establishment of pregnancy. Thus, future studies are needed to address
if these lncRNAs are also involved in the dysregulated decidualization related to RSA.

In summary, this study reveals the first evidence that the imprinting status of H19/IGF2
is dysregulated in decidual tissues. Using primary endometrial stromal cells as a model, we
demonstrate that the in vitro decidualization process is affected by altered epigenotypes
induced by a histone deacetylase inhibitor. The loss of imprinting in decidual tissues was
associated with a dysregulated H3K27m3 histone marker and altered CTCF-mediated
intrachromosomal looping. Altered levels of H19 lncRNA and/or IGF-II protein in fetal
decidua may alter normal fetal–placental development. It would be interesting to explore
whether epigenetic targeting of the H19/IGF2 epimutation [19] may provide an alternative
strategy to prevent the poor decidualization seen in some pregnancy-related disorders.

4. Materials and Methods

4.1. Identification of RSA-Associated lncRNAs Using RNA-Seq Data

To identify RSA-associated lncRNAs, we downloaded the RSA dataset GSE178535
from the NIH GEO database website. The dataset contained the RNA-seq data of decidual
tissues from three RSA patients and three healthy control subjects [62] (Next Generation
Sequencing Facilitates Quantitative Analysis of healthy controls and RSA patients Tran-
scriptomes. Available online: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE178535, accessed on 22 June 2021).
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The in vitro decidualization of embryonic stem cells (ESCs) was induced using differ-
entiation media containing 0.5 mM dibutyryl cAMP, 1 μM medroxyprogesterone 17-acetate,
and 10 nM β-estradiol. Decidualized cells were used for RNA-seq [63].

Differentially expressed RNAs were calculated as the log2-transformed gene expres-
sion values (Fold Change). The Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis (KEGG_PATHWAY) was carried out using DAVID Bioinformatics Re-
sources 6.8 (https://david.ncifcrf.gov, accessed on 21 September 2022) [64,65]. Hierarchical
Cluster Heatmap was generated using HIPLOT (https://hiplot.com.cn, accessed on 21
September 2022) [66]. LncRNAs with the fold-change >2 and p < 0.001 were chosen for
further functional characterization.

4.2. Human Decidual Samples

Decidual tissue samples were collected at The First Hospital of Jilin University between
2017–2022. Ethical approval for this study was provided by the Research Ethics Board of
the First Hospital of Jilin University, and written informed consent was obtained from all
patients prior to sample collection.

A total of 32 decidual tissues were collected from women with unexplained RSA.
The inclusion criteria for this group were women aged under 40 years with a history of >
three consecutive pregnancy losses. Clinical examination showed that they had normal
uterine cavity shape and size; normal follicle-stimulating hormone (FSH), estradiol (E2),
prolactin (PRL), luteinizing hormone (LH), and thyroid-stimulating hormone (TSH) levels
at menstrual day 2–3; no mutations detected in Factor V (Leiden) and prothrombin gene
analysis; normal antithrombin III, protein C, and S activity; negative results for lupus
anticoagulant evaluation; cardiolipin antibody; beta2-glycoprotein antibody; and normal
karyotype. Their partners have normal semen analyses and normal karyotype. None of the
patients had received a prior infertility treatment.

In addition, 57 decidual samples were obtained as the control group from healthy adult
women at 7–10 weeks of gestation undergoing legal elective termination. The inclusion
criteria were women aged under 40 years with regular menstrual cycles, at least one live
birth, no previous miscarriages, no history of infertility/treatment, and no associated
gynecologic (endometriosis, fibroids, active or history of pelvic inflammatory disease) or
other medical comorbidities (e.g., hyperprolactinemia, thyroid disease). The male partners
of control subjects had normal semen analysis results and karyotypes. The characteristics
of RSA patients and controls are listed in Table S5.

All the decidual samples were collected by the same pathology lab technician at Jilin
University First Hospital. The placenta was rinsed with saline to remove blood. Decidual
tissues were collected by carefully dissecting the maternal basal plate of the placenta.
Collected tissues were rinsed with 1× PBS, frozen with liquid nitrogen, and saved in
−80 ◦C freezer for analysis.

4.3. Culture of Human Primary Endometrial Stromal Cells

Primary endometrial stromal cells were cultured from U29T and N45T decidual tissues
that were H19-IGF2 informative and that maintained normal imprinting. N45T cells were
cultured from the decidual tissues collected from a normal control subject. U29T cells were
derived from an RSA case who had suffered four spontaneous abortions (Figure S4).

After curettage, the tissues were immediately collected under sterile conditions into
prechilled PBS and divided into decidua and villi. Two or three pieces of decidual tissues
were collected and washed 2–3 times again with prechilled PBS to exclude villous contam-
ination. Fresh tissues were cut into approximately 2 mm3 fragments, washed in DMEM
(high glucose; Sigma, MO, USA), and directly cultured at 37 ◦C in 5% CO2 by attaching
to the substratum in a 10 cm dish with complete medium consisting of DMEM medium
(Sigma, St. Louis, MO, USA) supplemented with 10% (v/v) fetal bovine serum (Sigma, St.
Louis, MO, USA), 100 U/mL of penicillin sodium, and 100 μg/mL of streptomycin sulfate
(Invitrogen, Carlsbad, CA, USA). After approximately 12 days in culture, cells migrated out
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from the edges. Migrating cells were collected with 0.1% trypsin and 0.25 mM EDTA and
passaged for allelic study and in vitro decidualization assays (Figure S4). After culturing,
cells were aliquoted and stored in liquid nitrogen for further studies.

4.4. In Vitro Decidualization

In vitro artificially induced decidualization was performed following the method as
described in [29]. Briefly, U29T and N45T primary endometrial stromal cells were cultured
in complete medium containing 10 nM E2, 1 μM P4, and 0.5 mM 8-Br-cAMP. Culture
medium was changed every 2 days. Cells were harvested for subsequent experiments 96 h
after the treatment.

4.5. The Role of Histone Deacetylase Inhibitor VPA in Decidualization

To examine the role of aberrant epigenotypes in in vitro decidualization, we pretreated
primary endometrial stromal cells with the histone deacetylase inhibitor valproic acid
(VPA), which is known to modify epigenotypes and alter allelic expression [31]. U29T and
N45T cells were treated with 2 mM VPA. Cells treated with equal volume of PBS were
used as the control (Ct). Culture medium was changed daily. Forty-eight hours after VPA
treatment, cells were used for in vitro decidualization experiments. After 96-h treatment,
cells were collected for imprinting assays.

4.6. RT-PCR Quantitation

Decidual tissues and cells were collected and total RNA was extracted by TRIzol
reagent (Sigma, St. Louis, MO, USA) and stored at −80 ◦C. cDNA was synthesized using
RNA reverse transcriptase (Invitrogen, CA, USA), and target amplification was performed
with a Bio-Rad Thermol Cycler. PCR of 1 cycle at 95 ◦C for 2 min; 32 cycles at 95 ◦C for 15 s,
60 ◦C for 15 s, and 72 ◦C for 15 s; and 1 cycle at 72 ◦C for 10 min. EF1A (EEF1A1) and β-
Actin (ACTB) were used as the internal controls. Quantitative real-time PCR was performed
using SYBR GREEN PCR Master (Applied Biosystems, Foster City, CA, USA); the threshold
cycle (Ct) values of target genes were assessed by quantitative PCR in triplicate using a
sequence detector (ABI Prism 7900HT; Applied Biosystems, Foster City, CA, USA) and were
normalized over the Ct of the EF1A or β-Actin controls. Primers used for PCR quantitation
are listed in Table S1.

4.7. Allelic Expression of IGF2 and H19

Genomic DNA and total RNA extraction from decidual tissues and cDNA synthesis
were performed as previously described. Decidual tissues were first genotyped for het-
erozygosity of SNPs in IGF2 exon 9 and H19 exon 5 (Figure 2A). Target amplification was
performed with a Bio-Rad Thermol Cycler. PCR of 1 cycle at 95 ◦C for 2 min; 32 cycles
at 95 ◦C for 15 s, 60 ◦C for 15 s, and 72 ◦C for 15 s; and 1 cycle at 72 ◦C for 10 min using
primers specific for two polymorphic restriction enzymes (ApaI, AluI) in the last exon of
human IGF2 and H19 exon 5. To determine the status of IGF2 imprinting, the amplified
products were sequenced by Comate Bioscience Co, Ltd. (Changchun, China). Decidual
tissues that maintain normal imprinting expressed a single parental allele, while the LOI
showed biallelic expression of IGF2 and H19. PCR primers used for IGF2 imprinting are
listed in Supplementary Table S1.

4.8. DNA Methylation Analysis

Genomic DNA was collected from tissues or cells using dBIOZOL Genomic DNA
Extraction Reagent (BioFlux, BSC16M1, Hangzhou, China) following the manufacturer’s
instructions. DNA was treated with EZ DNA Methylation-GoldTM Kit (ZYMO RESEARCH,
D5005, Irvine, CA, USA), and PCR was performed using DNA methylation-specific primers
designed for the promoter of H19 and CTCF binding sites (Table S1). To examine the
status of DNA methylation in every CpG site, the amplified PCR DNAs were cloned into
pJET1.2/blunt cloning vector (Thermo, K1231, Waltham, MA, USA) and transformed into
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TOP10. Plasmid DNA was collected by Wizard® Plasmid DNA Purification kit (Promega,
A1223, MO, USA) and sequenced.

4.9. Chromosome Conformation Capture (3C)

Furthermore, 3C assays were performed to determine long-range intrachromosomal
interactions as previously described [35,67–69]. Briefly, 1.0 × 107 cells were cross-linked
with 2% formaldehyde and lysed with cell lysis buffer (10 mM Tris (pH 8.0), 10 mM NaCl,
0.2% NP-40, supplemented with protease inhibitors). Nuclei were collected and suspended
in 1× restriction enzyme buffer. An aliquot of nuclei (2 × 106) was digested with 800 U of
restriction enzyme BamH1/Bgl2 at 37 ◦C overnight. After stopping the reaction by adding
1.6% SDS and incubating the mixture at 65 ◦C for 20 min, chromatin DNA was diluted
with NEB ligation reaction buffer, and 2 μg DNA was ligated with 4000 U of T4 DNA
ligase (New England BioLabs, Irvine, CA, USA) at 16 ◦C for 4 h (final DNA concentration,
2.5 μg/mL). After treatment with 10 mg/mL proteinase K at 65 ◦C for 4 h to reverse
cross-links and with 0.4 μg/mL RNase A for 30 min at 37 ◦C, DNA was extracted with
phenol-chloroform, ethanol precipitated, and detected by PCR amplification of the ligated
DNA products. Furthermore, 3C PCR products were cloned and sequenced to validate
the intrachromosomal interactions by assessing for the presence of the BamH I/Bgl II
ligation site. The 3C interaction was quantitated by qPCR and was standardized over the
3C ligation control. For comparison, the relative 3C interaction was calculated by setting
the control as 1.

As the 3C quality control, human β-Globin (HBB) gene was used as a positive control.
Unlike IGF2 promoters P2-P4, IGF2 promoter 1 (P1) is not imprinted and is biallelically
expressed in all tissues. Thus, we chose a Bgl2 site upstream of P1 promoter as the 3C
negative control. Human Primers used for 3C assay are listed in Supplementary Table S1.

4.10. Histone Methylation by Chromatin Immunoprecipitation (ChIP) Assay

As previously described, a ChIP assay was used to quantitate the status of histone
modifications following the manufacturer’s protocol (Upstate Biotechnology, Lake Placid,
NY, USA). Briefly, 1.0 × 107 cells were fixed with 1% formaldehyde and then sonicated for
180 s (10 s on and 10 s off) on ice with a sonicator with a 2mm microtip at 40% output control
and 90% duty cycle settings. The sonicated chromatin was collected by centrifugation,
aliquoted, and stored at −80 ◦C. Protein A/G Magnetic Beads and a specific anti-trimethyl-
histone H3 (Lys27) antibody (Merck Millipore, Darmstadt, Germany) were incubated with
rotation for 30 min at room temperature. The sonication supernatant and beads were
incubated with antibody at 4 ◦C on a rotating rack for 4–16 h or overnight. To reduce the
ChIP background, we modified the manufacturer’s protocol by adding two more washing
steps following immunoprecipitation. As previously reported [35], anti-IgG was used as
the ChIP control in parallel with testing samples. Precipitated DNA was subjected to qPCR
and expressed as fold-enrichment compared to the IgG chromatin input.

For the ChIP assay, IGFBP1, a key decidual marker gene controlled by H3K27 methy-
lation in decidualization, was used as the positive control. The housekeeping gene GPD1
(G3PDH) was used as the negative control in the assay.

4.11. Statistical Analysis

All the experimental data are presented as mean ± standard deviation (SD) and
were derived from at least three biological replicates. Statistical analyses were performed
using GraphPad Prism v7.0 (GraphPad Software, San Diego, CA, USA). Unpaired two-
tailed Student’s t-tests were used for comparison between two groups. One-way ANOVA
with Bonferroni’s multiple comparison test was used to compare statistical differences
for variables among three or more groups. Chi-squared tests were used to examine the
association between the H19/IGF2 imprinting status (loss of imprinting and maintenance
groups) and the risk of RSA occurrence (RSA and control groups). The level of significance
was indicated as * p < 0.05, ** p < 0.01, and *** p < 0.001, unless stated otherwise.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11193130/s1, Figure S1. KEGG pathway analysis in RSA
patients by RNA-seq; Figure S2. Aberrant imprinting between the RSA and control groups; Figure S3.
Abundance of H19/IGF2 between the loss and maintenance subgroups; Figure S4. Culturing of two
primary endometrial stromal cells; Figure S5. Imprinting after decidualization in VPA-pretreated
cells; Figure S6. H3K27 methylation positive (IGFBP1) and negative (GPD1) controls; Figure S7. 3C
positive control in the human β-Globin (HBB) locus; Figure S8. Allelic DNA methylation in the ICR
of Z4 decidual tissues; Figure S9. Allelic DNA methylation in the ICR of decidualized U29T cells;
Table S1. Oligonucleotide primers used for PCR; Table S2. KEGG pathways that are associated with
decidualization; Table S3. Top 11 associated lncRNAs of decidual tissues by RNA sequencing from
3 RSA patients (Log2FoldChange > 7); Table S4. Basal characteristics of controls and RSA patients;
Table S5. Genotype and allelic expression of IGF2 and H19.
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Abstract: Maternal obesity is associated with adverse metabolic outcomes in her offspring, from
the earliest stages of development leading to obesity and poorer cardiometabolic health in her
offspring. We investigated whether an effective preconception lifestyle intervention in obese women
affected cardiometabolic health of their offspring. We randomly allocated 577 infertile women with
obesity to a 6-month lifestyle intervention, or to prompt infertility management. Of the 305 eligible
children, despite intensive efforts, 17 in the intervention and 29 in the control group were available
for follow-up at age 3–6 years. We compared the child’s Body Mass Index (BMI) Z score, waist and
hip circumference, body-fat percentage, blood pressure Z scores, pulse wave velocity and serum
lipids, glucose and insulin concentrations. Between the intervention and control groups, the mean
(±SD) offspring BMI Z score (0.69 (±1.17) vs. 0.62 (±1.04)) and systolic and diastolic blood pressure
Z scores (0.45 (±0.65) vs. 0.54 (±0.57); 0.91 (±0.66) vs. 0.96 (±0.57)) were similar, although elevated
compared to the norm population. We also did not detect any differences between the groups in the
other outcomes. In this study, we could not detect effects of a preconception lifestyle intervention in
obese infertile women on the cardiometabolic health of their offspring. Low follow-up rates, perhaps
due to the children’s age or the subject matter, combined with selection bias abating contrast in
periconceptional weight between participating mothers, hampered the detection of potential effects.
Future studies that account for these factors are needed to confirm whether a preconception lifestyle
intervention may improve the cardiometabolic health of children of obese mothers.

Keywords: maternal obesity; childhood obesity; lifestyle intervention; cardiometabolic health; pro-
gramming; follow-up

1. Introduction

About 25% of children worldwide are overweight or obese [1,2]. Early life adiposity
impairs cardiovascular and metabolic functioning during childhood and adolescence itself,
and increases risks of cardiovascular disease (CVD) later in life [3]. There is emerging
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evidence that an elevated Body Mass Index (BMI) in mothers before conception and dur-
ing pregnancy affects early embryonic development. Obese women have oocytes with
altered mitochondrial function, leading to increased redox states, which are suggestive
of oxidative stress in the zygote [4]. Large studies in assisted reproduction in women
with obesity showed that using autologous embryos have lower success rates of liveborn
than using donor embryos of normal weight women, suggesting obesity directly affects
the embryo itself [5]. These early alterations in embryo development may increase the
offspring’s risks of childhood obesity, increased fat mass, elevated blood pressure and
disturbances in lipid and glucose concentrations. Additionally, this likely leads to increased
adult cardiometabolic morbidity and all-cause mortality [6–8]. Hence, the World Health
Organization (WHO) and a recent Lancet series have called to action to evaluate possible
interventions to optimize preconception health [9,10]. The number of women of reproduc-
tive age with overweight and obesity is rising rapidly and is estimated to afflict more than
a third of pregnancies [1,11]. Indicating the urgency to assess whether a preconception
lifestyle change might be able to reduce the intergenerational development of obesity and
improve the offspring’s long-term cardiometabolic health [12,13].

Animal studies have shown that improving diet in pregnancy has positive effects on
the offspring’s adiposity and metabolic health [14]. Additionally, increasing preconception
exercise improved the offspring’s adiposity and lipid levels [15]. Follow-ups of human
randomized controlled trials (RCT) aimed to improve maternal lifestyle in women with
obesity before pregnancy are currently lacking. Studies of lifestyle interventions during
pregnancy have shown limited effects on offspring health; one study found improved infant
skinfolds at 6 months of age but no change in the BMI [16], and another showed improved
weight-for-age Z scores at 1 year without an effect on weight-for-length Z scores [17]. Six
other studies found no effects on adiposity or other CVD risk factors at infancy up to
7 years of age [18]. Here, we present, for the first time, the effects of a preconception
lifestyle intervention trial, which compared a 6-month lifestyle intervention program
targeting physical activity, diet and behavior modification prior to infertility management
to a control group receiving infertility management as usual [19]. The intervention in
this trial indeed improved maternal lifestyle, through changes in diet and an increase in
physical activity and resulted in an approximately 4-kg weight loss and halving the odds
of metabolic syndrome after 6 months, and in those women who successfully lost weight,
beneficial effects were seen up to 6 years later [20–22]. As beneficial intervention effects
were found in all the women participating in the original RCT, we found it imperative
to test our hypothesis that a healthier lifestyle before conception in infertile women with
obesity improves the child’s cardiometabolic health at age 3–6 years.

2. Materials and Methods

2.1. Lifestyle Intervention

This follow-up study is based on the LIFEstyle study (NTR1530), a multicenter RCT
performed between 2011 and 2014 in 23 hospitals in the Netherlands [19]. Both the original
study and this follow-up study were approved by the medical ethics committee of the
University Medical Centre Groningen, the Netherlands (NL24478.042.08). Both parents
gave written informed consent. Reporting in this manuscript adheres to the CONSORT
2010 guidelines.

The original randomized trial’s design has been described in detail previously [19].
In summary, infertile women (unsuccessfully tried to conceive for at least 12 months)
with a BMI ≥ 29 kg/m2 were randomly allocated to a 6-month lifestyle intervention
program preceding infertility management or to the control arm with prompt infertility
management, both for a maximum of 24 months. Infertility management was individually
assigned according to Dutch guidelines.

The intervention comprised of individualized motivational counseling by trained
study nurses and dieticians to improve dietary intake and increase physical activity.
Women were counseled to reduce their caloric intake by 600 kcal per day, and to ad-
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here to Dutch guidelines for a balanced diet. Women wore a step-counter and aimed
to achieve 10,000 steps a day and at least 30 min of moderate-intensity exercise two or
three times per week. The intervention included six face-to-face and four phone consul-
tations over 24 weeks and aimed at a weight loss of 5–10% of body weight or achieving a
BMI < 29 kg/m2. The intervention stopped when conception occurred or was followed by
up to 18 months of standard infertility management.

2.2. Eligibility for Follow-Up

The protocol of this follow-up study has previously been published [23]. In summary,
all babies from a singleton pregnancy conceived within 24 months after their mother was
randomized and who were known to be alive were eligible to participate in the follow-up
assessments (n = 305 children of n = 577 randomized women) [19]. Children were 3–6 years
old and living in the Netherlands (n = 300; n = 3 intervention group and n = 2 control
group with no known address) when they were approached by mail (lay-man oriented
information leaflets), and if possible, by repeated phone calls, for inclusion to the follow-up
study. Parents were previously asked to fill out questionnaires about their child, during
which parents could opt-out of being contacted by phone [23].

2.3. Follow-Up Assessment

Children were assessed in 2016 and 2017. We used a mobile research vehicle enabling
us to conduct all assessments at/near the participant’s home. One parent was present
during measurements, which were performed by two assessors from a pool of six experi-
enced assessors with appropriate training. The assessors remained blinded to the lifestyle
intervention allocation of the mother of the child undergoing assessment.

Maternal- and pregnancy-related characteristics were collected during the initial trial.
Child’s birth weight was calculated as a gestational age and gender adjusted Z score based
on Dutch reference curves with the LMS (lambda-mu-sigma) methodology [24,25].

At follow-up, we measured height using a SECA® (Hamburg, Germany) 206 wall
attached measuring tape to the nearest 0.1 cm. Weight was measured using a SECA® 877
digital scale to the nearest 0.1 kg. We calculated BMI as weight in kg divided by height in
meters squared. We calculated an age and sex adjusted Z-score based on the WHO reference
values [26]. We measured waist and hip circumference with a SECA® 201 measuring tape
to the nearest 0.1 cm. We assessed body composition by bioelectrical impedance analysis
(BIA) using the Bodystat 1500 mdd® (Douglas, UK). Children were asked to empty their
bladder and refrain from drinking at least 90 min prior to the BIA measurements. We
used a validated, age-appropriate equation to calculate body-fat percentage (BF%) [27].
Measurements were taken in duplicate, in case there was considerable discrepancy between
measurements, e.g., more than 0.5 kg for weight, a third measurement was obtained. All
measurements were averaged.

We measured blood pressure (BP) seated in triplicate on the non-dominant arm,
after 5 min of rest. A validated oscillometric device with age-appropriate cuff (Omron
HBP-1300®, Kyoto, Japan) was used to measure BP [28]. We averaged the systolic blood
pressure (SBP) and diastolic blood pressure (DBP), respectively, followed by a calculation
of age and sex adjusted Z scores based on National Institute of Health (NIH) reference
values [29]. We assessed arterial stiffness by Complior® (ALAM Medical, St. Quentin
Fallavier, France) to measure pulse wave velocity (PWV). This technique calculates the time
between standardized measurement of the carotid and femoral pulses. By dividing the
time by the distance between these two reference points, the PWV was calculated.

With parental consent, a venous blood sample after an overnight fast was taken from
their child during a separate appointment. We measured triglycerides (TG), total cholesterol
(TC), high density lipoprotein (HDL) cholesterol, low density lipoprotein (LDL) cholesterol,
insulin and glucose. We calculated the homeostatic model assessment of insulin resistance
(HOMA-IR) as insulin (μIU/mL) times glucose (mmol/L) divided by 22.5.
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2.4. Statistical Analyses

The sample size of the initial trial was set at 285 women per group based on the primary
outcome (a healthy livebirth) [19]. No formal sample size calculation was performed
for the current analysis, but the sample size of the initial trial was deemed sufficient to
detect potentially relevant differences in the offspring, provided that participation rates
were good.

To assess sample bias, we compared maternal- and pregnancy-related characteristics
of the participating children to those that were eligible but did not participate. Similarly,
of those children that participated, we compared maternal- and pregnancy-related charac-
teristics from mothers in the intervention and control group. Differences in characteristics
and outcomes were examined using Student’s t-test or Fisher’s exact test, as appropriate
(Table 1).

Table 1. Maternal baseline and pregnancy related characteristics.

n Intervention n Control n Non-
Participants

p-Value #

Maternal baseline
characteristics:

Age, years—mean (SD) 17 29.9 (3.4) 29 29.3 (4.1) 259 29.1 (4.3) 0.51
Caucasian—no (%) 17 16 (94.1) 29 28 (96.6) 259 227 (87.6) 0.13
Education—no (%) 17 - 29 - 246 - 0.36

Primary school - 0 (0.0) - 0 (0.0) - 10 (4.1) -
Secondary education - 2 (11.8) - 8 (27.6) - 59 (24.0) -
Intermediate vocation

education - 11 (64.7) - 15 (51.7) - 115 (46.7) -

Higher education - 2 (13.3) - 6 (20.7) - 62 (25.2) -
Smoker—no. (%) 17 3 (17.6) 29 5 (17.2) 255 56 (22.0) 0.56

BMI (kg/m2)—mean (SD) 17 36.0 (2.7) 29 35.6 (3.0) 259 35.9 (3.5) 0.80
Pregnancy related

characteristics:
Maternal age at time of

pregnancy (years)—mean (SD) 17 30.5 (3.4) 29 29.8 (4.3) 254 29.8 (4.4) 0.69

Nulliparous—no. (%) 17 13 (76.5) 29 21 (72.4) 258 207 (80.2) 0.43
Delta baseline BMI and

periconceptional BMI—mean
(SD)

15 −0.7 (2.8) 24 −0.9 (1.5) 103 −1.0 (2.7) 0.24

Gestational weight gain
(kg)—mean (SD) 10 11.8 (6.1) 18 11.3 (5.8) 195 9.9 (6.3) 0.64

Gestational diabetes—no. (%) 17 4 (23.5) 29 7 (24.1) 252 44 (17.5) 0.31
Gestational age at birth

(weeks)—mean (SD) 17 39.0 (1.7) 29 39.2 (1.7) 254 39.0 (2.1) 0.79

Birth weight (grams)—mean
(SD) 17 3234 (497) * 29 3652 (454) * 253 3391 (585) 0.25

Conception mode—no (%) 17 - 29 - 255 - 0.78
Natural - 10 (58.8) - 8 (27.6) - 97 (38.0) -

Ovulation Induction - 5 (29.4) - 11 (37.9) - 78 (30.6) -
IUI - 2 (11.8) - 5 (17.2) - 37 (14.5) -

IVF/ICSI/CRYO - 0 (0.0) - 5 (17.2) - 43 (16.9) -
Breastfeeding +—no (%) 17 4 (23.5) 29 9 (31.0) 259 70 (27.0) 0.86

# Comparison between participants versus non-participants. * p < 0.05 between intervention and control.
+ Exclusive breastfeeding for three or more months. BMI = Body mass index, kg = kilogram, IUI = Intra-uterine
insemination, IVF = In Vitro fertilization, ICSI = Intracytoplasmic sperm injection, CRYO = Cryotherapy.

As our primary analysis, we compared outcome measures (BMI Z score, BF%, BP Z
score, PWV, serum lipids, glucose and insulin concentrations and HOMA-IR) of children
from mothers in the intervention and control groups by means of Student’s t-test or Fisher’s
exact test, as appropriate (Table 2). We adhered to the randomized trial design in our
analyses. We tested in multivariable linear regression analyses whether an adjustment for
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the maternal- or pregnancy-related characteristics that were found to be different between
group characteristics (i.e., birth weight), would alter the outcomes.

Table 2. Cardiometabolic outcome values of children of mothers from the intervention and
control group.

Anthropometry

n Intervention n Control 95% CI

BMI (Z-score)—mean (SD) 16 0.69 (1.17) 28 0.62 (1.04) −0.62–0.76
Waist circumference

(cm)—mean (SD) 17 53.4 (4.3) 29 53.4 (5.3) −3.04–3.10

Hip circumference
(cm)—mean (SD) 17 58.3 (4.4) 29 58.4 (6.9) −3.90–3.66

Body-fat (%)—mean (SD) 16 20.7 (7.8) 26 21.2 (9.4) −6.16–5.16

Cardiovascular

n Intervention n Control 95% CI

SBP (Z-score)—mean (SD) 16 0.46 (0.65) 27 0.54 (0.57) −0.46–0.30
DBP (Z-score)—mean (SD) 16 0.91 (0.66) 27 0.96 (0.57) −0.44–0.33
PWV (m/sec)—mean (SD) 12 4.51 (0.83) 22 4.50 (1.14) −0.75–0.77

Metabolic

n Intervention n Control 95% CI

Triglycerides
(mmol/L)—mean (SD) 7 0.71 (0.63) 17 0.53 (0.17) −0.39–0.76

Total cholesterol
(mmol/L)—mean (SD) 7 4.26 (0.79) 17 4.07 (0.54) −0.39–0.77

LDL cholesterol
(mmol/L)—mean (SD) 7 2.46 (0.65) 17 2.36 (0.40) −0.35–0.54

HDL cholesterol
(mmol/L)—mean (SD) 7 1.48 (0.20) 17 1.48 (0.26) −0.22–0.24

Insulin (μIU/mL)—mean
(SD) 7 5.52 (3.12) 12 4.21 (2.87) −1.66–4.29

Glucose (mmol/L)—mean
(SD) 7 4.70 (0.33) 17 4.47 (0.42) −0.13–0.60

HOMA-IR—mean (SD) 7 1.19 (0.75) 12 0.87 (0.64) −0.37–1.00
BMI = Body mass index, SBP = Systolic blood pressure, DBP = Diastolic blood pressure, LDL = Low-density
lipoprotein, HDL = High-density lipoprotein, HOMA-IR = Homeostatic model of insulin resistance.

As exploratory analyses for potential offspring sex differences in effects of maternal
obesity, we compared outcome measures for boys and girls separately (Supplementary
Table S1). Furthermore, we assessed whether children of women who successfully lost
weight (i.e., 5–10% weight reduction or achieving a BMI < 29 kg/m2) differed in out-
comes from children of mothers who were unsuccessful, independent of randomization
(Supplementary Table S2).

Values are presented as means and standard deviations (±SD) for continuous data
and as frequency distributions for categorical data. We considered p-values of less than
0.05 statistically significant.

3. Results

Figure 1 shows the flowchart of the included participants. Out of the 163 women who
conceived within 24 months in the invention group, 15 children were from twin/triplet
pregnancies and three children were deceased, leaving 145 eligible children. From the
178 conceiving women in the control group, 14 children were from twin pairs and four
children were deceased, leaving 160 children eligible. Despite intensive efforts, many
parents did not respond or declined participation. A total of 51 parents provided informed
consent; however, not all were able/willing to undergo measurements. Thus, we report
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on 17 children whose mother was randomized to the intervention group and 29 from the
control group (15%).

Figure 1. Flowchart of included participants. Mo = Months.

As shown in Table 1, there were no differences between the maternal baseline char-
acteristics and the pregnancy-related characteristics between the mothers of participating
children and eligible children that did not participate. Additionally, the baseline and
pregnancy-related characteristics of the mothers of participating children did not differ
between the intervention and control groups. In the original trial, analyzing women who
conceived and who did not conceive, the women in the intervention group had improved
their lifestyle, lost weight and improved metabolic indices over 6 months [21]. Up to 6 years
after the intervention, the differences abated between the intervention and control groups;
however, beneficial effects were still present in the women who achieved the lifestyle
intervention goals (5–10% weight loss or a BMI < 29 kg/m2) [22]. In our selected sample,
all the women reduced their BMI slightly, but between the intervention and control groups
there were no significant differences in the change in BMI between baseline and time of
conception. Furthermore, maternal weight gain during pregnancy was equally high in
both groups.

In the children, the mean birth weight of those who participated in the follow-up was
lower in the intervention group compared to the control group (3234 g vs. 3652 g, p < 0.05;
Table 1), while there was no statistically significant difference in the original trial (3312 g vs.
3341 g), and there were no differences in gestational age [19].

The mean (±SD) age of the participating children was 4.6 (±1.0) years (range
3.2–6.5 years). There were 22 boys (48%). Overall, the BMI Z score was 0.65 (±1.26),
and the SBP and DBP Z scores were 0.51 (±0.59) and 0.94 (±0.60), respectively. Table 2
shows the cardiometabolic health indices of children in the intervention and control groups.
We found no differences between the children of mothers from the intervention group com-
pared to the children of mothers from the control group in childhood outcome measures
(BMI Z score, BF%, BP Z score, PWV, serum lipids, glucose and insulin concentrations and
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HOMA-IR). Adjusting for confounders such as the child’s birth weight did not alter the
effect estimates in multivariate analyses.

In exploratory analyses, cardiometabolic outcome values of boys and girls did not
differ according to the maternal allocation to lifestyle intervention (Supplementary Table S1).
Furthermore, there were no differences in childhood cardiometabolic outcomes between
children of mothers who successfully lost weight (n = 8) compared to those whose mothers
did not (Supplementary Table S2). The latter analysis was independent of the assigned
groups by randomization. In both exploratory analyses, the groups had very small numbers
prohibiting conclusions to be drawn, and too few lab values were available for the children
of mothers who successfully lost weight.

4. Discussion

We could not detect differences in offspring cardiometabolic health at age 3–6 years in
the follow-up of a preconception maternal lifestyle intervention trial. Despite numerous
efforts to enhance participation (e.g., measurements near the participant’s home, multiple
phone calls, layman information leaflets), our study was hampered by high attrition
rates, which reduced the statistical power substantially. In our sample, the maternal
BMI at conception and gestational weight gain (GWG) throughout pregnancy were not
different between the intervention and control groups. We were unable to examine maternal
cardiovascular and metabolic factors at the time of conception in our selected sample.
However, we do know from previous publications by our group, that in all the women in
the original trial, regardless of their conception status, the intervention increased physical
activity, reduced snacking and sugary drinks intake, led to weight loss (approximately
4 kg) and halved the odds of metabolic syndrome after 6 months [20,21]. Furthermore, up
to six years later, the intervention led to decreased caloric intake, and those women that
were deemed successful in the primary trial showed improved BMI and cardiometabolic
indices [20,22].

A range of experimental animal studies and observational human studies have shown
that during embryonic developmental, even small environmental changes will have lasting
effects (Table 3) [13]. In animals, changing the maternal lifestyle before and during preg-
nancy, and, in turn, comparing between in utero exposure to maternal obesity or reduced
weight, was associated with improved adiposity and lipid levels in offspring [14,15]. In
humans, environmental factors and the lifestyle of mothers impacted the fetal and placental
metabolism, oxidative stress and interactions of these, inflicting epigenetic changes that are
suggested to have lasting effects [30,31]. Furthermore, in assisted reproduction variations in
embryo culture conditions have led to altered metabolic and epigenetic regulation, resulting
in altered growth and cardiometabolic profiles of offspring [32,33]. In a large cohort study,
children born after assisted reproduction had different growth patterns in their first few
years, but ended up at a grossly similar height and weight in adolescence compared to their
naturally conceived peers [34]. Although these findings seem reassuring, such alterations in
growth during early life are linked to a predisposition of poor cardiometabolic health later
in life, suggested by early life echocardiograms alterations in cardiac shape and function in
assisted reproduction offspring [35].

This follow-up was based on the first randomized controlled trial in obese women
examining the effects of a preconception lifestyle intervention. Due to the randomized
design, confounding factors related to maternal infertility and/or obesity were equally
divided between groups. Hence, we consider this population of infertile women valid to
explore the effects of maternal preconception lifestyle change and weight loss on offspring.
Despite the fact that most maternal- and pregnancy-related factors were similar between
the groups, there was selective participation in our follow-up sample. This was indicated
by a lower birth weight in children in the intervention group, a difference that was not
present in the original trial [19]. Since our study had a null result and adjusting our analyses
for birth weight did not change our results, we consider it unlikely that this selection has
led to bias.
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Table 3. Summary of selected current (pre-)pregnancy lifestyle intervention studies in animal and
human settings and effects on offspring’s health.

Study Identifier Animal (A) or Human (H) Intervention Results

Gallou-Kabani et al.,
(2007) [36] A

Dietary at time of
conception/pregnancy and

lacation

Female, not male offspring, had a higher
proportion that remained lean on

postnatal high fat diet and improved
glycemic indices and lipids.

Zambrano et al.,
(2010) [14] A Dietary (30 days prior

pregancy)
(Partial) normalization of fat mass,

triglycerides, leptin and insulin

Dennison et al.,
(2013) [37] A

Dietary (low fat high fiber)
and/or sitagliptin (8 weeks

prior pregnancy)

No changes in offspring body weight.
Diet had no significant effects on energy
intake, leptin, fasting glucose, however

some microbiome change were seen.
Sitagliptin alone had largest reduction in

glucemic control.

Vega et al., (2015)
[15] A Exercise (30 days prior

pregnancy) Reduced leptin, triglycerides, glucose

Xu et al., (2018) [38] A Dietary (up to 9 weeks prior
preganncy)

Longer maternal diet intervention
showed normalization of offspring’s

glucose and lipid metabolism

Mustilla et al., (2012)
[39] H

Lifestyle intervention on diet
and physical activity durng

pregnancy

At 24–48 months, the offpsring in the
intervention group had slower gains in

BMI z score. Over the 0–48 months there
was no differences in BMI z score gain

between groups.
(Follow-up rate, 72%)

Tanvig et al., (2014)
[40] H Diet, exercise and coaching

during pregnancy (RCT)

At 2.8 years follow-up, there were no
differences between groups in BMI

z-scores, nor in skinfold, anthropometrics,
total fat mass, lean mass or fat percentage.

(Follow-up rate 29%)

Rauh et al., (2015)
[41] H

Lifestyle intervention
including dietary and physical

acivity counseling twice
during pregnancy

At 10–12 months after birth, there were
no significant differences in offspring’s

weight.
(Follow-up rate, 85%)

Horan et al., (2016)
[42] H

Dietary intervention during
pregnancy in women with

previous LGA infant

No effects on offspring at 6 months, at
2 years improvement of anthropometrics

indices with heatlhier dietary intake
during pregancy.

(Follow-up rate, 35%)

Kolu et al., (2016)
[43] H

Lifestyle intervention of diet
and physical activity during

5 antenatel visits during
pregnancy

No differences in child’s BMI up to
7 years. Children of mothers who
adhered to all lifestyle aims had

signifcantly lower BMIs.
(Follow-up rate, 43%)

Vesco et al., (2016)
[17] H

Weekly weight management
intervention focused on diet

and exercise during
pregnancy

At 1 year of age there was significant
reduction in weight-for-age z scores in

children in the intervention group, but no
differences in weight-for-height z score

between groups.

Ronnberg et al.,
(2017) [44] H

Lifestyle intervention on diet
and physical activity during
pregnancy, focus on healthy

gestational weight gain

Follow-up of children’s BMI until 5 years
of age showed no differences between

groups in child’s BMI z score.
(Follow-up rate, 80%)

Dalrymple et al.,
(2021) [45] H

Diet and physical activity
intervention of 8 weeks

during pregnancy (RCT)

6 months lower skinfold measures in
interventions, at 3 year follow-up no

significant differences in BMI or skinfold
between groups. Significan lower pulse

rate in offspring of intervention
(Follow-up rate, 33%)
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More importantly, in contrast to the original trial, participating women from both
groups had similar weight loss between randomization and periconception. Additionally,
the GWG was above the recommended levels for obese women (5–9 kg) in both groups [46].
This resulted in a very limited contrast in maternal body weight at time of conception be-
tween the groups, which may have contributed to our null finding. While the intervention
induced effects on maternal parameters other than body weight, i.e., glucose metabolism or
nutritional quality [20,22], these changes may not have been able to mitigate the detrimen-
tal effects of maternal obesity and/or excessive GWG on the offspring’s cardiometabolic
health [47]. Since studies assessing children born after their mothers had bariatric surgery
showed improved cardiometabolic health [48,49], more substantial maternal weight loss
may be needed to elicit changes in childhood health outcomes. On the other hand, observa-
tional evidence suggests a graded ‘dose response’ association between maternal BMI and
offspring’s cardiometabolic health [47,50], indicating even modest weight changes could
carry positive effects, but we were not able to detect any effect.

To provide more reliable conclusions about the potential effects of maternal lifestyle
change before conception on children, future studies should aim to maximize follow-up
rates and power calculations based on childhood outcomes, which should account for high
attrition. Compared to our study, a higher participation rate of 52% was present 3 years
after a different lifestyle intervention during pregnancy [51]. Still, attrition in follow-up
studies is generally high [52], and reasons why often remain unknown. Although parents
were not required to state their reasons for declining participation, those that did indicated
that they refused due to time restraints, did not want to burden their child or that they
mainly wanted to become pregnant and were not interested in a further follow-up. Some
stated that they were aware of the negative association of maternal obesity with childhood
health, while many others were not previously aware; many women indicated that they
did not want to contribute to further evidence of that association. While we attempted to
involve participants in the planning of the study, only a few provided limited information
on topics of interest to them that corresponded to the outcomes we were considering. The
future investigation of offspring health-related themes considered relevant by obese women
and their partners may provide guidance into a strategy that achieves lower attrition rates
in follow-up studies such as our own.

Individual interventions in obese adults have been marginally successful [52];
community-based interventions and policies could thus be better suited to optimize the
health of women prior to pregnancy. While the WHO has made an important step in global
obesity prevention by formulating nine voluntary targets to prevent non-communicable
diseases [53], and policy change has shown some local improvements [54], these have
not yet been able to counteract the overall worldwide burden of obesity. Since pregnant
women with obesity indicated they were mostly unaware of the effects of obesity on their
(future) child [55], there is an urgent need to improve awareness in the general public of
the consequences of obesity before and during pregnancy. As health behaviors are not
solely individually determined and depend on environmental factors [56], and knowledge
of healthy habits do not directly translate to changes in behavior [57], policies focusing
on improving nutrition, physical activity and sports involving the home, school/work
environment and the community are needed to curb the intergenerational cycle of obesity.

5. Conclusions

We could not detect any effect of a preconception lifestyle intervention—that did
improve lifestyle, induced weight loss and improved cardiometabolic health in women
6 months after randomization—on the offspring’s cardiometabolic health at age 3–6 years.
Our study was hampered by limited statistical power, perhaps due to the children’s age or
the subject matter, as well as the minimal difference in the maternal periconception weight
between the groups of participants in contrast to the original trial. Future studies should ac-
count for these factors to maximize follow-up rates to be able to draw conclusions about the
potential of preconception lifestyle interventions to affect offspring cardiometabolic health.
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Whether there is no effect of lifestyle interventions in women with obesity prior to concep-
tion on their offspring’s cardiometabolic health needs to be confirmed in larger studies.
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