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Challenges and perspectives to enhance cattle production via in vitro techniques: focus
on epigenetics and cell-secreted vesicles

Desafios e perspectivas na producio in vitro de embrides bovinos: enfoque
epigenético e em vesiculas secretadas por células
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- REVIEW -

ABSTRACT

This review aim to present some clinical problems
found in IVP-derived animals focusing on NT procedures and to
discuss the possible role of epigenetics in such process. Also, as
cell-secreted vesicles have been reported as possible regulators
of important physiological reproductive processes such as
folliculogenesis and fertilization, it is also presented herein a new
perspective of manipulating the pre-implantation period trough
effector molecules contained in such vesicles.

Key words: embryo development, nuclear transfer, epigenetics,
extra-cellular vesicles.

RESUMO

Nesta revisdo, apresentamos alguns problemas
clinicos encontrados nos animais derivados de PIV, principalmente
derivados de transferéncia de nicleo, e discutimos o possivel
papel da epigenética em tais processos. Além disso, uma vez
que vesiculas secretadas por células tém sido descritas como
possiveis reguladores de processos reprodutivos fisiologicos
importantes, tais como a foliculogénese e a fertilizagdo, estas sdo
aqui apresentadas como uma possivel nova ferramenta para a
manipulagdo do periodo embriondrio pré-implantacional através
de moléculas efetoras, contidas em tais vesiculas.

Palavras-chave: desenvolvimento embrionario, transferéncia de
niicleo, epigenética, vesiculas extra-celulares.

INTRODUCTION

Reproductive biotechniques are largely
used for solving possible reproductive failures in
both human and veterinary medicine. Also, they

comprise important tools for animal breeding once
they may facilitate a faster genomic selection of
high quality animals. The in vitro embryo production
(IVP) is particularly important for providing the
basic procedures needed in other biotechniques
such as in vitro fertilization (IVF), intracytoplasmic
sperm injection (ICSI) and cloning (nuclear transfer
— NT). The IVP in cattle has showed impressive
improvements in the last years, and data from the
International Embryo Transfer Society (IETS)
shows that 85% of all embryos transfers of IVP-
produced embryos were produced in Brazil in 2011
(IETS, 2012).

However the IVP system is technically
viable and already a routine in animal production,
there are still critical limitations. The in vitro produced
embryos present lower developmental rates when
compared to in vivo production systems. After IVF,
only 40 to 50% of oocytes are competent to reach the
blastocyst stage (RIZOS et al., 2002).

Frequently, the pregnancies derived from
IVP processes that are maintained to term results in
offspring presenting several healthy disorders, some
of them closely related to epigenetic disorders, but
most still without well known causes. It has been
discussed that embryo IVP is routinely accompanied
by epigenetic problems mostly in consequence of
in vitro culture (LAZARAVICIUTE et al., 2014).
Therefore, herein the authors aim to present some
clinical problems found in IVP-derived animals
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focusing on NT procedures, to discuss the possible role
of epigenetics in such process and finally, to present a
new perspective of manipulating the pre-implantation
period trough cell-secreted vesicles.

Pre and post-natal clinical deficiencies of animals
produced in vitro

The first in vitro produced calf was born
in the 1980s and since then there have been great
improvements in the whole process; eg. the culture
media, the spermatozoa capacitation, the oocyte
recovery, and the maturation and the fertilization itself
have been refined (VAJTA et al., 2010). However,
several failures are still concerned. Although the IVF
as a laboratory technique is well established, there are
some unsolved questions, which in turn, are also very
similar to those found in NT procedures.

The IVF technique presents a birth rate
ranging from 40% to 60%. Gestational losses generally
occur in the first trimester, until 90 days of gestation.
Although its benefits, the in vitro production of cloned
animals by NT is inefficient (VAN WAGTENDONK-
DE LEEUW et al., 1998; MEIRELLES et al., 2010);
the birth rate is approximately 5% or less of transferred
blastocysts. The competence of in vitro produced
blastocysts is a critical stage of the NT process. The
rate of reconstructed oocytes that are capable of
developing until blastocyst stage may range from
15% to almost 50% of the number of oocytes that had
nuclear fusion completed (LONERGAN et al., 2007).
Significant losses are observed regarding the ability
of maintaining healthy pregnancies and production of
healthy offspring; and these along with several other
factors are responsible for the high-costs involved in
NT technique.

Indeed, abnormal placentation and clinical
problems on offspring are some of the observations
found on IVP- produced calves, most pronouncedly in
NT-derived animals. In the intra uterine life, the uterus
environment provides everything that the conceptus
need for being alive initially. After a few weeks, at
around days 30 to 50, the placentation is initiated and
than the fetus nutrition is provided by the placenta
(CARTER, 1999; BRESSAN et al., 2009). However,
in NT and IVF gestations, the cotyledons formation is
impaired and the cotyledon-caruncle interactions fail in
successfully form the placentomes, resulting in fewer
and larger placentomes (BERTOLINI & ANDERSON,
2002; CHAVATTE-PALMER et al., 2012).

With such morphological abnormal
placentation, functional abnormalities come along.
The glucose transportation to the fetus is impaired,
where the fetal fluids has reduced levels of glucose

and fructose. Also, the abnormal placenta does not
produce steroid hormones as it should. Finally, it is
often observed abnormal embryo development when
using NT or other assisted reproduction techniques and
the inability to maintain alive full-term progeny mainly
after NT, and these outcomes may be a result of failure
during epigenetic reprogramming (NIEMANN et al.,
2008; CHAVATTE-PALMER et al., 2012).

Several others studies on placental and
neonatal alterations are reviewed in Smith and
collaborators, 2012 (SMITH et al., 2012). Recent
studies revealed severe cardio-respiratory disorders
in newborn cloned calves, mostly characterized by
hyperphonesis, heart sound reinforcement, presence
of heart murmurs in 1% and 2™ sounds associated
with dyspnea, rude breathing, crackles and decreased
values of PO, from the arterial blood (BIRGEL
JUNIOR et al., 2011). Despite the implementation
of neonatal intensive care in cloned calves, many
animals are born with clinical conditions that are not
easily reversed. A huge number of newborn clones
present clinical and morphological signs that can be
related to syndromes caused by epigenetic alterations
during the IVP process.

The large offspring syndrome (LOS) is
a typical phenotype on calves derived from ARTs
(FARIN et al., 2006). LOS is an overgrowth disorder
in ruminants which is phenotypically similar to
Beckwith-Wiedemann syndrome (BWS) in humans
(CHEN et al., 2013). The features of LOS and
BWS include: excessive birth weight, large tongue,
umbilical hernia, hypoglycemia, and visceromegaly.
It is known that both BWS and LOS are characterized
by the loss of imprinting on IGF2 gene, causing
biallelic overexpression and a lack of expression
of H19 gene, and such epigenetic alterations have
been observed in ART produced bovine conceptuses,
including NT-derived calves (HORI et al., 2010).
Other epigenetic-related syndromes are also observed
in IVP offspring, for example, in the Russell-Silver
syndrome (RSS) which is characterized by the loss
of methylation in IGF2-H19 ICR, reduction in IGF2
expression, and biallelic expression of H19, resulting
in intrauterine and post-natal growth retardation, the
opposite of LOS and BWS (BLIEK et al., 2006).

Epigenetic mechanisms of natural reprogramming
versus cloning

Epigenetic is the structural adaptation
of chromosomal regions in order to register, signal
or perpetuate altered activity states (BIRD, 2007).
In other words, genes can behave differently in
different cells, and pass such behavior to the next
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generation. This feature can be observed during
embryo development, in which cells switch genes for
specialization (LAW & JACOBSEN, 2010).

PORTELA & ESTELLER, in 2010,
suggested grouping the epigenetic mechanisms
into three main categories: DNA methylation,
histone modifications and nucleosome positioning,
highlighting the interplay between epigenetic factors.
Noncoding RNAs have also been described as an
epigenetic mechanism (BERNSTEIN & ALLIS, 2005).
Probably the most studied epigenetic mechanism is the
DNA methylation, once it is the most stable and the
principal regulator of epigenetic inheritance across
generations (NG & GURDON, 2005). It is related to
different cancer types, since global hypomethylation,
inducing genomic instability, also contributes to cell
transformation, and consists in a covalent addition
of methyl group at the 5-position of cytosine base
(5-methylcytosin), within the dinucleotide CpG islands
by methyltransferases enzymes (Dnmts) (GEIMAN &
ROBERTSON, 2002).

The DNA methylation level is associated
to the degree of cell differentiation. During the
fertilization, highly methylated maternal and paternal
pronuclei undergo a demethylation process (SANTOS
etal., 2002). This procedure is essential for the embryo
development, in which new methylation marks will be
created. However, the demethylation pattern is different
in each parental chromatin, while maternal genome
is slowly and passive, the paternal is fast and active
(MAYER et al., 2000; OSWALD et al., 2000). For a
long time the active process was unknown, however
in 2011 studies showed that the responsibility for such
process is the formation of 5-hydroxymethylcytosine
(5-hmc), a cytosine variation, in which a -OH is added
to the methylated cytosine by a protein from the Tet
family; Tet 1, 2 or 3 (IQBAL et al., 2011; WOSSIDLO
etal.,2011). Tet 1 and 2 have been related to embryonic
stem cells pluripotency and depletion of Tet1 implicates
in lineage differentiation difficulties (COSTA et al.,
2013). Additionally, Tet 1 was detected in primordial
germ cells highlighting its role in an undifferentiated
profile (HAJKOVA et al., 2010), and Tet 3 is highly
expressed in both oocyte and zygote, being responsible
for 5-hmc increase on paternal pronucleus, while the
maternal genome is protected by binding to PGC7
protein (also known as Dppa3 or Stella) (IQBAL et al.,
2011; WOSSIDLO et al., 2011).

However essential for the epigenetic
reprogramming, DNA demethylation of somatic
cell when transferred to enucleated oocyte is partial.
The reestablishment of methyl marks on de novo
methylation occurs prematurely (REIK et al., 2001).

Similar to fertilization, 5-hmc has been reported in
somatic cell reprogramming, after cell injection, to
be increased on somatic nucleus (WOSSIDLO et al.,
2011). Nevertheless, little is known about its role.

Changes on histone pattern are also
associated to failure on nuclear reprogramming. The
main histone variation in SCNT is in the methylation
of lysine 9 on histone H3 (H3K9) (SANTOS et al.,
2003). The principal enzyme responsible for the di
methylation of H3K9 is G9a. Besides the activity on
histone, G9a expression has been shown as a DNMT1
coworker, binding the activity to DNA methylation
levels (ESTEVE et al., 2009). Furthermore, G9a
itself is capable of rousing de novo methylation by
recruiting Dnmt3a and Dnmt3b independently of
its histone methyltransferase activity (EPSZTEJN-
LITMAN et al., 2008).

Barriers restricting reprogramming of somatic nuclei
and strategies to improve cloning by SCNT

As described above, there are several
epigenetic modifications that accompany cell
differentiation, including DNA methylation, histone
modifications i.e. H3K9me2/3 methylation, histone
deacetylation, incorporation of histone variants
(e.g. macroH2A) and chromatin compaction.
These modifications may act as epigenetic barriers
when somatic cell nuclei are submitted to in vitro
reprogramming techniques such as SCNT (PASQUE et
al., 2010; 2011). Since histone deacetylation, followed
by DNA compaction, is commonly associated with
gene repression in differentiated cells, decondensation
of chromatin is required to enable the access of
transcriptional regulators to genomic targets essential
for successful reprogramming the somatic nuclei
(HEZRONI etal., 2011). Corroborating this hypothesis,
most factors that promote chromatin decondensation,
including histone deacetylase inhibitors (HDACis),
have been found to increase nuclear reprogramming
efficiency, making their use common to improve
SCNT rates (KISHIGAMI et al., 2006).

There are two postulated mechanisms
explaining how hyperacetylation works on gene
expression: 1- disrupting the electrostatic interaction
between the histone and the DNA backbone
(neutralizing the positive charges of histones) and
2- acting as a docking site for the recruitment of
transcriptional coactivators (FEDERATION et al.,
2014). The enzymes that catalyze the acetylation/
deacetylation reaction are Histone acetyltransferases
(HAT) and HDAC:s, respectively.

HDAC inhibitors have been widely used
in biological studies ranging from clinical oncology
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to epigenetics (FEDERATION et al., 2014). A subset
of these compounds has also been used in studies for
stem cell and nuclear reprogramming (HUANGFU
et al.,, 2008). The most extensively studied HDAC
inhibitors in the context of reprogramming are
trichostatin A (TSA) and valproic acid (VPA).

The first manuscript reporting success
using HDACis in SCNT was published in 2006
(KISHIGAMI et al, 2006). An increase of up
to five fold in the success rate of mouse cloning
was observed. Since then, a flurry of papers were
published showing the effect of HDACis on SCNT
in different species (MONTEIRO et al., 2010). The
results are promising, but in some species such as
bovine, remains highly controversial (AKAGI et al.,
2013; GALLI et al., 2014). The majority of reports
have addressed the effects on pre-implantation stages
only. The long gestation period in cattle and the high
cost to produce pregnancies makes these data scarce.
At this moment, there are no reliable markers of
embryo competence, and the best way to evaluate
the outcomes after HDACis treatment is transfer the
embryos to surrogate cows.

Recently our group addressed this question
using HDACis on SCNT in cattle and observing the
embryo development throughout gestation, aiming
to provide insight into post blastocyst development
since most studies on this topic stop at blastocyst
development as the end point. This data showed that
treatment with HDACis such as TSA or VPA did not
improved the full-term development in cattle clones.
However, the treatment did not prevent pregnancy
establishment, did not appear to increase or decrease
that rate of loss (60 to 270 day) or development to
term. Also the level of abnormalities was not higher
that in controls (SANGALLI et al., 2012, 2014).

Accumulated evidence suggests that
HDACis are highly important to aid nuclear
reprogramming with a consequent increase in SCNT
efficiency in mice (OGURA et al., 2013). This
improvement, in swine, was recently awarded in the
HDAUC:s's ability on DNA damage repair mechanism.
The authors showed that DNA damage on nuclear
donor might negatively affect the SCNT embryo
development, however, treatment with HDACis was
able to recover the embryo development (BOHRER
et al., 2014). In cattle, the use of HDACis remains
largely controversial (AKAGI et al., 2013). In the
future, combining technologies such as iPS cells and
SCNT as a strategy to improve the outcomes may
be interesting. Also, dissecting the roles that HDAC
plays in donor cells and cloned embryos may lead to
mechanistic insights on their use.

New perspective: extracellular vesicles containing
bioactive molecules might regulate gametes quality
and pregnancy outcome

Extracellular vesicles are present in different
body fluids including seminal plasma, ovarian follicular
fluid and uterine fluid (TANNETTA et al., 2014). Cell-
secreted vesicles containing bioactive molecules such
as miRNA, mRNA and proteins have been shown
to mediate cell communication among different cell
types (BURNS et al., 2014; DA SILVEIRA et al.,
2014). Recently, an experiment demonstrated the
transfer of cell-secreted vesicles from parthenogenetic
embryos to cloned embryos, providing a new
paradigm for embryo-to-embryo communication in
vitro (SAADELDIN et al., 2014). Herein, this review
presents new perspectives on the role of cell-secreted
vesicles during female gamete development as well as
during pre-implantation period. Thus, these vesicles
can serve as markers for gametes quality as well as
modulators of embryo contents.

For the purpose of this review, it was
focused on two types of cell-secreted vesicles called
microvesicles (MV) and exosomes (EXO) and its role
in reproduction. MV are considered membrane vesicles
with a size around up to ~1000nm and EXO are between
~40-150nm with cell-type dependent variations. They
also are distinguished based on biogenesis pathway; MV
from the plasma membrane and EXO originate from
within multivesicular bodies (MVB) and are secreted by
fusion of MVB with the plasma membrane (RAPOSO
& STOORVOGEL, 2013).

These two populations of cell-secreted
vesicles also differ in content. The cell-secreted
vesicles contain material that mirror the genetic and
proteomic content of the secreting cell (AKERS et
al., 2013). In general, MV contains plasma membrane
proteins (Anexin V) and intracellular proteins,
mRNA, and miRNA. EXO are enriched with
tetraspanin proteins (CD63, CD9, CD81), and also
contain mRNAs and miRNAs. MV and EXO share
similar functions. MV main functions include pro-
coagulant activity, pro-invasive character of tumors,
induction of oncogenic cellular transformation, and
fetomaternal communication. EXO main functions
involve antigen-presentation, stimulating anti-
tumoral immune responses, sperm-egg interaction
and feto-maternal communication. Compelling
evidence supports the significance of these vesicles
in a broad range of physiological and pathological
processes (RAPOSO & STOORVOGEL, 2013).

In order to produce an oocyte capable to be
fertilized, intercellular communication is important.
In the female ovary, EXO and MV were described to
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be present in ovarian follicular fluid of equine, bovine
and in human, and initially described in follicular
fluid using transmission electron microscopy and flow
cytometry (SANG et al., 2013; SOHEL et al., 2013).

Subsequent experiments included treating
cultured granulosa cells with fluorescent-labeled
MYV in order to verify the up take of these vesicles
by granulosa cells in vitro and in vivo. miRNAs and
proteins were identified in these cell-secreted vesicles:
miRNA-181a, miR-375, and miR-513a-3p levels
in follicular fluid EXO were significantly higher in
old compared to young mares (DA SILVEIRA et al.,
2012). Furthermore, miRNA profiling of exosomes
isolated from bovine follicular fluid uncovered
miRNAs associated with oocyte cytoplasmic
maturation, suggesting that follicular fluid-derived
exosomal miRNAs can be used as a biomarker for
oocyte quality (SOHEL et al., 2013).

In humans, exosomal miRNAs present
in follicular fluid were associated with hormonal
concentrations, such as miR-132, miR-320, miR-
520c-3p, miR-24, and miR-222 involved in the
regulation of estradiol concentrations, while miR-
24, miR-193b, and miR-483-5p are involved in the
regulation of progesterone concentrations. Also, miR-
132 and miR-320 presented significantly decreased
levels in follicular fluid of polycystic ovarian patients
(SANG, 2013). Further investigation demonstrated
that exosomes from mid-estrous (containing
ACVRI1 and miR-27b) were capable to transfer
their contents to granulosa cells. These results lead
to the hypothetical model that exosomes mediate the
differentiation of granulosa cells from mid-estrus
to pre-ovulatory follicles through the acquisition of
ACRV1, thus amplifying cell differentiation and LHr
acquisition before ovulation. It is evident that cell-
secreted vesicles (MV, EXO) are present in follicular
fluid and contain miRNAs. Furthermore, these cell-
secreted vesicles likely have an intrafollicular origin,
and can be taken up by surrounding granulosa cells.

Still, the development of vesicles signatures
and profiling studies are necessary to identify the
origin of the different cell-secreted vesicles within
the follicular fluid. In order to respond some of the
questions it was identified exosomes and microvesicles
in follicular fluid of bovine ovarian follicles using
Transmission Electron Microscopy (TEM), RNA
profile and tunable resistance pulse sensing, confirming
the presence of both EXO and MV. TEM micrographs
demonstrated the presence of multivesicular bodies
within granulosa cells and cumulus cells, suggesting
that both cell types can secrete exosomes (ANDRADE
et al., 2014 unpublished data).

Establishment of pregnancy in mammals
is determined by the maternal recognition and the
crosstalk between the conceptus and the mother is
extremely important. Exosomes were identified in
uterine fluid from sheep at day 14 of the cycle during
the pregnancy recognition period in ovine. EXO
described in uterine fluid contained miRNA, mRNA
and proteins such as CD63 and HSP70 (exosome
markers). Different mRNAs were identified in EXO
from pregnant and cyclic ewes, among them the
endogenous beta retrovirus (enJSRVs), enJSRVs
mRNA is produced in the endometrium and is
important for throphectoderm differentiation, thus
suggesting that EXOs are mediating this process
(BURNS et al., 2014).

Furthermore, embryo development is
critical during somatic cell nuclear transfer (SCNT) and
the consequence is the number of embryos produced.
A mechanism to improve is performing embryo co-
culture systems between nuclear transfer (NT) embryos
and somatic cells, offering the paracrine effects of the
in vivo embryo development (SAADELDIN et al.,
2014). To test the hypothesis that extracellular vesicles
play an important role and can improve porcine
SCNT embryo production, a co-culture system using
parthenogenetic (PA) embryos in the bottom of the
well with NT emrbyos on top separated by a filter
was developed. In this experiment the co-cultured
system of PA/NT embryos demonstrated to improve
cleavage rate and blastocyst rate compared to NT/
NT embryo system. Also, transcripts for OCT4, KLF4
and NANOG were identified in extracellular vesicles
isolated from the cell culture media of PA embryos;
additionally, levels of these transcripts were increased
in NT embryos following the co-culture with PA
embryos. Furthermore, it was demonstrated that
these extracellular vesicles could be up take by NT
embryos independent of the zona pellucida presence,
demonstrating that these vesicles are capable of
crossing this structure (SAADELDIN et al., 2014).
Thus, these results demonstrate that extracellular
vesicles can mediate cell communication and
improve embryo development in vitro during the pre-
implantation period.

CONCLUSION

Once in vitro techniques are proved to
interfere with imprint establishment (manipulation
of gametes) or imprint maintenance (manipulation
of pre-implantation embryos), herein it was reviewed
the basic mechanisms of epigenetic reprogramming,
and further discussed how to manipulate the pre-
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implantation period in order to prevent or correct
the undesirable phenotypes discussed above. In
future experiments it is important to understand
the mechanisms behind loading, secretion, uptake
and delivery of EXO and MV during spermatozoa
capacitation, follicular development and pregnancy
establishment in order to develop new tools to study
and manipulate the entire gamete manipulation and
embryo pre-implantation periods.
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