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Abstract

Since the early twentieth century, inheritance was seen as the inheritance of genes.
Concurrent with the acceptance of the genetic theory of inheritance was the rejection
of the idea that the cytoplasm of the oocyte could also play a role in inheritance and
a corresponding devaluation of embryology as a discipline critical for understand-
ing human development. Development, and variation in development, came to be
viewed solely as matters of genetic inheritance and genetic variation. We now know
that inheritance is a matter of both genetic and cytoplasmic inheritance. A growing
awareness of the centrality of the cytoplasm in explaining both human development
and phenotypic variation has been promoted by two contemporaneous develop-
ments: the continuing elaboration of the molecular mechanisms of epigenetics and
the global rise of artificial reproductive technologies. | review recent developments
in the ongoing elaboration of the role of the cytoplasm in human inheritance and
development.
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1. CYTOPLASMIC INHERITANCE

“Omne vivum ex ovo: Every living thing comes from an egg.” As
implied in William Harvey’s famous statement, the developmental fate of an
embryo begins in the oocyte. The initial phase of embryonic development
takes place during a period of genetic transcriptional silence until the acti-
vation of the embryonic genome. Prior to embryonic genome activation
(EGA), the embryo depends entirely upon maternal RINAs, maternal DNA
(in mitochondria), maternal organelles, proteins, substrates, and nutrients
that have been deposited in the cytoplasm of the ovum during oogenesis.
These maternal products control almost every aspect of early embryonic
development. Collectively, they constitute an extraordinary maternal “cyto-
plasmic” inheritance. Variations in this cytoplasmic inheritance—in the
“quality” of the oocyte—can have profound developmental consequences
for offspring, both short and long terms. But with the exception of mito-
chondrial DNA (mtDNA), the effects of cytoplasmic inheritance are not
due to offspring having inherited maternal (or paternal) genes.

I intentionally use the expression “cytoplasmic inheritance” in place
of the more common “maternal inheritance,” to place the content of this
chapter in historical context: in the early twentieth century, the rejection
of the existence of cytoplasmic inheritance had important consequences.
[t represented the triumph of Mendelian inheritance and supported the
development of the Modern Synthesis (Amundson, 2005). The view that
inheritance is a matter of genes, not cytoplasm, became something of a
dogma in genetics. With the denial of cytoplasmic inheritance came a cor-
responding diminishment of embryology as a scientific discipline (Gilbert,
1998). This dogma persists to this day, most notably in the approach that
characterizes contemporary behavioral genetics: inheritance is a matter of
the inheritance of alleles, and variation in alleles—generally, single nucleo-
tide polymorphisms—can provide us with clues to understanding variation
in complex phenotypes. Hence, embryology can still be ignored because
when it comes to inheritance, what matters are genes and genes alone.

It is beyond any doubt today that cytoplasmic inheritance is a key com-
ponent of human (biological) inheritance. With the growing awareness of
the importance of cytoplasmic inheritance has come the resurrection of
embryology. At least two contemporaneous forces have led to a growing
awareness of the importance of cytoplasmic inheritance/embryogenesis.
First is the continued elaboration of the molecular mechanics of epigenetics
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and the discovery that many of the earliest embryonic processes, those regu-
lated by the maternal cytoplasm, are also epigenetic processes. Second is
the global rise of artificial reproductive technologies (ARTs) as a means
of conception. Current birth rates of ART-conceived children in a num-
ber of developed countries now range from 1% to 3% of all births. Con-
cern about reports of increased risk of negative developmental outcomes
among ART-conceived children has focused attention on the early stages
of embryonic development prior to implantation. Investigations motivated
by this concern have also pointed to the importance of epigenetic mecha-
nisms in preimplantation development (PID). Likewise, research directed
at the elaboration of epigenetic mechanisms and possible sources of nega-
tive ART outcomes have both pointed to the critical importance of the
periconceptual environment(s) in developmental outcomes.

My intent in this chapter is to survey the current state of knowledge of
cytoplasmic inheritance. Because what is known about this phenomenon
(which is still very little) is enormously complex, I will need both to be
selective and to engage in a certain degree of simplification, but hopefully
not in a manner that distorts. Part of the elaboration of cytoplasmic inheri-
tance involves a review of some known and conjectured developmental
problems associated with ART. My purpose in discussing ART is in no way
to pass judgment on the safety of ART procedures or to offer any recom-
mendations regarding their improvement (which I am in no position to
do). Rather, I discuss ART because of the insight it provides into PID, i.e.,
the period prior to the implantation of the blastocyst in the uterus. PID
encompasses the period of cytoplasmic regulation of development and the
complete activation (by cytoplasmic elements) of the embryonic genome.

S} 2. OOCYTETO IMPLANTATION (A FEW BASICS)

At the 12—14th week of development, selected immature female germ
cells called oogonia begin the first of the two meiotic divisions that will
ultimately result in reducing the number of oocyte chromosomes by half.
Meiosis 1 is arrested in the diplotene stage of prophase I, the period when
the chromosomes condense along the center of the cell’s nucleus in prepa-
ration for division. Shortly before birth, all the fetal oocytes in the female
ovary have attained this stage and are referred to as primary oocytes. A primary
oocyte, together with a surrounding layer of flat epithelial cells, is known as a
primordial follicle. Oocyte maturation inhibitor, secreted by the follicular cells,
will keep the primary oocytes in a dormant state for ~12 years or ~1 year
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prior to the onset of ovulation (Tsafriri & Pomerantz, 1986). Prior to the
onset of ovulation, the oocyte is reactivated and experiences a dramatic
increase in size concomitant with renewed genomic transcription. Begin-
ning at puberty, periodic hormone secretions induce a few primary oocytes
to complete meiosis I, resulting in a small, nonfunctional polar body and a
much larger secondary oocyte where most of the cytoplasm from the pri-
mary oocyte is concentrated. The secondary oocyte completes growth in the
ovary and begins meiosis II, which is again arrested. At ovulation, the mature
follicle containing the secondary oocyte ruptures releasing the oocyte. Fer-
tilization triggers the completion of meiosis II with another asymmetric
division of the oocyte resulting in the formation of a second polar body.
Fertilization occurs when the head of a single spermatozoon penetrates
the zona pellucida, the hard outer membrane of the ovum, and enters the
cytoplasm of the oocyte. Shortly after fertilization, the maternal and pater-
nal chromosomes are enclosed in separate nucleic membranes forming a
pair of pronuclei. Within 12—-18 h postfertilization, the DNA in both the
maternal and paternal pronuclei replicate as the two pronuclei approach.
Upon contact, the nucleic membranes of both pronuclei dissolve leading to
karyogamy, the fusion of the oocyte and sperm haploid nuclei and the for-
mation of a diploid nucleus (i.e., a nucleus containing two sets of chromo-
somes, one from each parent). Approximately 30 h postfertilization, the first
mitotic cell division, or cleavage, occurs, resulting in two cells or blastomeres.
After the two-cell stage, the zygote undergoes a series of mitotic divisions
without any increase in overall size (i.e., the number of cells increases but
the cells become smaller with each cleavage division). Prior to the eight-
cell stage, these cells form a loosely arranged clump. At the eight-cell stage,
the embryo undergoes a process of compaction in which the individual
blastomeres maximize contact, forming a compact ball of cells. Approxi-
mately 4 days after fertilization, the compacted embryo forms a 16-cell
morula, with the inner cells constituting the inner, and the surrounding
cells, the outer cell mass. The inner cell mass (ICM) gives rise to the tissues
of the embryo proper, while the outer cell mass forms the trophoblast, that
later contributes to the placenta. About the time the morula enters the
uterine cavity, fluid begins to penetrate through the zona pellucida into
the intercellular spaces of the ICM. With the proliferation of fluid in the
morula, the intercellular spaces become confluent and the blastocyst cavity
is formed. At days 5—6, the cells of the ICM, now called the embryoblast,
move to one pole, and those of the outer cell mass, or trophoblast, flatten
and form the epithelial wall. At this stage, the embryo is referred to as a
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blastocyst. Approximately 1 week after fertilization, the zona pellucida disap-
pears allowing implantation of the blastocyst in the uterine wall to begin.

§ 3. MATERNAL EFFECT GENES

Human protein-coding genes typically contain several DNA
sequences that code for amino acids, the building blocks of proteins, known
as exons, interspersed with several introns, noncoding regions. In gene tran-
scription, the introns and exons are first copied to create pre-messenger
RNA (pre-mRNA). Pre-mRNA is then assembled to create messenger
RNA (mRNA), but the path from pre-mRINA to mRNA to protein is not
direct. Alternative splicing is a process in which certain exons are removed
or included to produce different mRNA transcripts from the same genomic
locus (Chen & Manley, 2009). More than 98% of multiexonic pre-mRNAs
are alternatively spliced (Wang, Sandberg, et al., 2008).The distinct proteins
produced from alternatively spliced identical pre-mRNAs, called isoforms,
can have difterent, even antagonistic activities. Thus, alternative splicing plays
a major role in the activity of a wide range of critical cellular processes, and
during mammalian embryogenesis, it is a key to generating a viable organ-
ism from a single cell (Revil, Gaftney, Dias, Majewski, & Jerome-Majewska,
2010).The process whereby the resulting mRINA is used to form a specific
protein is called translation.

After the second meiotic arrest, oocyte gene transcription essentially
stops and after fertilization, both the maternal and paternal pronuclei are
largely transcriptionally silent, as is the zygotic genome after karyogamy
(Wong et al., 2010). Transcription does not commence in the embryo until
the activation of the embryonic genome, i.e., EGA. While EGA is not an
event that occurs at one specific point in zygotic development, but rather
in a series of phases or waves, analysis of patterns of de novo embryonic
genome transcription indicates a major wave of genome activation at
embryonic day 3 (E3), or at approximately the eight-cell stage. However,
while genomic transcription is stopped pre-EGA, the translation of oocyte
mRNA to synthesize proteins is not.

The oocyte contains a vast array of mRNAs, corresponding to 20—45%
of the entire mouse genome (Evsikov et al., 2006; Wang et al., 2004) and
their translation, along with the activity of oocyte organelles such as mito-
chondria, coordinated both temporally and spatially, enables early embry-
onic development prior to the complete activation of the embryonic
genome (Bell, Calder, & Watson, 2008). This coordination includes the
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timely translation as well as degradation and clearance of oocyte mRNAs.
The window of activity of oocyte mRINAs must be carefully regulated
inasmuch as their perdurance beyond their appropriate period of activity
could interfere with EGA with potentially fatal consequences (Tadros &
Lipshitz, 2009).

This reliance on translational control as opposed to transcription is a uni-
versal property of oocytes that may allow for the oocyte genome to remain
in a more plastic and undifferentiated state in the context of an otherwise
highly differentiated cell (Seydoux & Braun, 2006). In order to accomplish
this unique regulatory feat, oocytes need to store and then utilize an abun-
dance of factors (Tadros & Lipshitz, 2009). When the oocyte emerges from
the dormancy of the first meiotic arrest, it undergoes a period of intense
metabolic activity resulting in the synthesis of large amounts of mRNAs,
proteins, and macromolecular structures. As opposed to somatic cells, which
divide after doubling their volume, the oocyte grows ~200- to 300-fold
without dividing (Piko & Clegg, 1982). Those mRNAs destined to play
a role in embryogenesis—“maternal mRNAs”—are stored in a form that
blocks them from being translated until needed.

The genes that are transcribed to produce maternal mRNAs that play
a role in embryogenesis are often referred to as maternal effect genes (MEGs)
(Mager, Schultz, Brunk, & Bartolomei, 2006). This locution is potentially
misleading to the extent that the ultimate effect of any given mRINA
should not simply be equated with, or ascribed to, the gene from which it
was transcribed. The centrality of the distinction in embryonic development
(and in all physiological processes) between transcription and translation
and, as we shall see, posttranslational regulatory processes, should make this
clear. That said, MEGs impact embryonic development not through genetic
inheritance, but through cytoplasmic inheritance of maternal effect tran-
scripts (MRNAs) (Bell et al., 2008; Minami, Suzuki, & Tsukamoto, 2007).

MEGs were first described in Drosophila and included genes, the tran-
scripts of which play a critical role in the determination of body axes
(Frohnhofer & Nusslein-Volhard, 1986; Nusslein-Volhard, Lohs-Schardin,
Sander, & Cremer, 1980; Schupbach & Wieschaus, 1986), but were not
described in mammals until 2000 (Christians, Davis, Thomas, & Benjamin,
2000). By definition, a “canonical” or “bona fide” MEG exhibits the follow-
ing properties (Yurttas, Morency, & Coonrod, 2010). First, the effect of an
MEG results not from zygotic inheritance of the gene from the mother or
father, but rather from inheritance of the mRINA associated with that gene
via the oocyte; second, MEG-knockout (MEG null) embryos gestated by
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normal MEG (MEG positive) mothers develop normally with the follow-
ing critical exception. When MEG-null female offspring of MEG-positive
mothers reach reproductive maturity, they are able to ovulate normally and
their eggs can be fertilized (at least according to the most stringent defini-
tion of a MEG), but the resulting embryo arrests early in development.
This is because the embryo lacks the necessary cytoplasmic mRINA/protein
associated with its mother’s MEG. Hence, the phenotype of a MEG-null
daughter of a MEG-positive mother will be sterility, while male offspring
are able to reproduce normally (and can be, in eftect, carriers of the MEG-
null mutation). By contrast, neither male nor female zygotes of MEG-neg-
ative mothers will survive regardless of their own genotype (Marlow, 2010).

Several different mammalian MEGs have been identified that exhibit
these characteristics. For example, Maternal Antigen That Embryos Require
(MATER) (given this name because of its initial use as an oocyte antigen
in a mouse model of autoimmune premature ovarian failure) is synthesized
from the MATER or Nlrp5 gene (Tong et al., 2000). MATER -null daugh-
ters gestated by MATER -positive mothers exhibit normal oogenesis, ovu-
lation, and fertilization. When MATER -null daughters conceive, however,
the resulting embryos generally do not progress beyond the two-cell stage.
Hence, the protein(s) encoded by MATER are necessary for embryogenesis
prior to the activation of the embryonic genome. MATER is one of the
group of maternally encoded proteins including LOPED, FILIA, and Tle6
that interact with each other to form a protein complex called the subcortical
maternal complex (Li, Baibakov, & Dean, 2008). Female mice lacking this pro-
tein complex can ovulate and their eggs can be fertilized but their embryos
do not progress beyond cleavage stage development.

Besides maternally inherited mRINAs that appear to be required only
during early embryogenesis, normal embryonic development requires that
some mRNAs be both inherited maternally and transcribed from the
embryonic genome. The cytoplasmic mRINA provides for a protein neces-
sary prior to EGA, while the embryonic genome provides transcripts for
the same protein—or isoforms of that protein—that are necessary post-
EGA. An example of this is the cell adhesion protein E-cadherin, coded
by the CDH-1 gene (De Vries et al., 2004). Knockout CDH-1 embryos
develop to the blastocyst stage but fail to implant in the uterus. Depletion of
cytoplasmic E-cadherin prior to fertilization, however, results in the arrest
of normal CDH-1 embryos at the two-cell stage. In other words, cytoplas-
mic E-cadherin is necessary for embryonic development pre-EGA, while
embryonic E-cadherin is necessary for development post-EGA.
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The number of mammalian genes that have been classified as maternal
effect thus far is significantly less than the number of proteins one would
expect to be necessary for pre-EGA embryonic development (Yurttas et al.,
2010; Zhang et al., 2009). There are potentially many reasons for this, but
[ will consider five. First, given how much we do not understand about
embryonic development, most MEGs have been identified serendipitously,
usually when studying their possible involvement in disease phenotypes
with no particular relationship to embryogenesis (Tong et al., 2000). Second,
the standard research technique for identifying MEGs is a gene knockout
experiment or creation of a null mutant strain in mice. The anticipated
phenotype for the embryo of a MEG-null mother is either early embryonic
arrest or gross deformity. However, the eftects may be much more subtle or
only manifested later in life, and potential phenotypes of this sort are rarely
investigated in the search for MEG genes (Wilkinson, Davies, & Isles, 2007).
Third, that a gene knockout gives rise to no observable phenotype can belie
its importance in development due to biological robustness. Functional
redundancy is one of the mechanisms responsible for biological robust-
ness and involves either functionally redundant duplicate genes (paralogs)
(Gu, Steinmetz, Gu, ScharfeDavis, & Li, 2003) or “degeneracy”. Degeneracy
refers to a situation in which structurally distinct proteins transcribed from
distinct genes bear out similar or partially overlapping functions (Edelman
& Gally, 2001). Fourth, as a matter of definition, it is often stipulated that in
the “strictest sense,” mutations in maternal-effect genes do not affect oocyte
development, maturation, ovulation, and fertilization, but solely embryonic
development (Ma, Zeng, Schultz, & Tseng, 2006). This distinction is prob-
lematic inasmuch as the mRNAs involved in embryonic development are
synthesized in the oocyte. Fifth, MEGS are usually limited to genes associ-
ated with mRINAs that are transmitted in the ooplasm. But as we shall see,
there are any number of MEGs associated with the maternal environment
beyond the oocyte.

S} 4. EPIGENETICS IN THE PREIMPLANTATION EMBRYO

Epigenetics is the study of heritable changes in gene transcribability
and phenotype that occur without changes in DNA sequence (Bollati &
Baccarelli, 2010).

A number of MEGs/mRNAs that have been identified thus far play critical
roles in epigenetic processes. This is not at all surprising. During mammalian
embryogenesis, the maternally and paternally derived genomes must undergo
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extensive epigenetic remodeling and alteration of their gene transcription
patterns to enable embryogenesis. At fertilization, the genomes of male and
female gametes possess their own distinctive epigenetic markings. The ovum
is unique among cell types in that it has the ability to transition from a dif-
ferentiated cell fate to one of totipotencyj i.e., the ability of a cell to become
any differentiated cell type in the human body. To achieve totipotency, the
epigenetic states of the germ cells must be reset. To achieve cellular differen-
tiation and development, the embryonic genome must be made accessible to
transcription factors in a highly regulated spatiotemporal manner.

4.1. Histone Modification

Within the chromosome, DNA combines with structural proteins called
histones to form chromatin, a highly coiled and compact structure. Within
chromatin, a repeating structure, the nucleosome, is composed of 146 base
pairs of DNA wrapped around a core of eight histone proteins, that maintain
the chromatin’s shape and structure (Peterson & Laniel, 2004). Five major
families of histone proteins have been identified, and these are divided into
two groups based upon their location in nucleosomes: histones H2A, H2B,
H3 and H4 are known as core histones; histones H1 and H5 are known as
linker histones. Core histones form the center of nucleosomes while linker
histones bind the nucleosomes to DNA.

Histones are subject to a wide variety of posttranslational biochemical
modifications including, but not limited to, lysine acetylation, lysine and
arginine methylation, serine and threonine phosphorylation, lysine acetyla-
tion, lysine and arginine methylation, serine and threonine phosphorylation,
and lysine ubiquitination and sumoylation (Kouzarides, 2007). These modi-
fications occur primarily, but not exclusively, within the histone amino-
terminal “tails,” the ends of the amino acid chains that make up the histone
protein and protrude from the surface of the nucleosome. For a gene to be
transcribed, it must be physically accessible to the transcriptional machinery.
Modifications to histones can change the structure of the chromatin causing
it to wind more or less tightly, making the DNA more or less accessible to
transcription factors.

The most widely studied form of histone modification is histone acety-
lation that loosens histone binding on the DNA structure allowing for a
more open chromatin structure and accessibility to transcription factors and
RNA. Conversely, histone deacetylation is associated with a closed chro-
matin structure and inaccessibility to transcription factors. Histone acety-
lation and deacetylation are regulated by a balance in the activity of two
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enzymes, histone acetyltransferase (HAT) and histone deacetylase (HDAC).
Histone acetylation facilitated by HAT is associated with an open chroma-
tin structure, while histone deacetylation facilitated by HDAC results in a
condensed or closed chromatin structure (Wang, Zang, et al., 2008).

The synthesis of histone proteins occurs throughout PID: H3 and H4
are synthesized during the one-cell stage from maternal mRNAs while
the synthesis of H2A, H2B, and H1 commences during the late one-cell
to two-cell stage. H3.3 is a variant of H3 that correlates with an active
transcriptional state, and is observed at the two-cell, four-cell, and blas-
tocyst stages, coinciding with major waves of gene activation during PID
(Velker, Michelle, Denomme, & Mann, 2012). The modification of histone
proteins on the chromatin of early embryos is very dynamic (Palini, De
Stefani, Scala, Dusi, & Bulletti, 2011). Global patterns of histone modifica-
tions and chromatin architecture change during the early stages of develop-
ment (Meshorer et al., 2006). Shortly after fertilization, sperm chromatin
undergoes extensive posttranslational modification. Sperm nucleosomes
contain protamines in place of histones; postfertilization, the protamines are
actively removed and replaced by cytoplasmic histones (Jammes, Junien, &
Chavatte-Palmer, 2011).

Genome-wide chromatin analyses suggest that specific combinations of
histone marks at DNA promoters and enhancers correlate with the devel-
opmental potential and fate of cells (Rada-Iglesias et al.,2011). For example,
embryonic stem (ES) cells have a different histone modification landscape
than cells with more restricted fates (Hong et al.,2011). In the blastocyst, the
very first differentiated cells (those with a more restricted fate) are those that
comprise the trophectoderm, which gives rise to the placenta and extra-
embryonic structures, while cells of the ICMs are still undifferentiated. In
the embryo, OCT4 and NANOG, two genes whose proteins play a critical
role in establishing totipotency, are progressively silenced by histone acetyla-
tion and histone methylation. The patterns of histone modification difter in
the trophectoderm and the ICM corresponding to different timetables for
the loss of totipotency and difterent cellular fates. The importance of these
modifications in early embryogenesis is highlighted by the severe abnor-
mal phenotypes caused by experimental mutations in histone-modifying
complexes (Jiang et al., 2011;Vastenhouw & Schier, 2012).

4.2. DNA Methylation

DNA methylation, the addition of a methyl group to CpG dinucleotides
(sites in the DNA molecule where a cytosine base is followed by a guanine
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base), acts as a physical barrier to transcription factors and attracts enzymes
and proteins that further reduce the transcriptional accessibility of a gene. In
general, to establish and maintain methylated DNA, special enzymes called
DNA methyltransferases (DNMTs) that facilitate the transfer of a methyl
group to DNA are indispensible. Once a sequence of DNA is marked by
methylation, another set of proteins is involved in recognizing the meth-
ylated cytosines and interacting with chromatin remodelers in order to
silence transcription (Bird & Macleod, 2004). Hence, for the most part,
hypermethylation is associated with gene silencing and hypomethylation
with gene activity (or potential activity).

DNMTs are divided into two groups: de novo methyltransterases
recognize something in the DNA that allows them to newly methylate cyto-
sines (this group includes DNMT3a and 3b).These are expressed mainly in
early embryonic development and are involved in establishing patterns of
methylation involved in cell-type differentiation (Kato et al., 2007). Main-
tenance methyltransferases add methylation to DNA when one strand is
already methylated (this group includes DNMT1). These work throughout
the life of the organism to maintain preexisting and de novo methylation
patterns during mitotic cellular division, enabling daughter cells of a certain
tissue type to inherit the methylation status of their progenitor (Gaudet
et al., 2004).

As with histone modification, during preimplantation, DNA methyla-
tion levels undergo a series of dynamic changes (Smith et al., 2012). Mature
sperm and oocytes are highly methylated until fertilization, indicating little
or no transcriptional activity (Smith et al., 2012). In the mouse embryo,
shortly after fertilization, the paternal pronucleus is actively demethylated,
i.e., enzymes facilitate and accelerate demethylation by a process that is not
well understood (Abdalla, Yoshizawa, & Hochi, 2009). The maternal pro-
nucleus, however, appears to be protected from active demethylation by a
protein associated with the maternal effect gene STELLA (Minami et al.,
2007). Instead, maternal DNA is passively demethylated via a replication
dependent loss: epigenetic marks are lost because they are not maintained
during several rounds of DNA replication.

Prior to the blastocyst stage, the bulk of embryonic DNA has been
demethylated constituting a phase of global hypomethylation correspond-
ing to the establishment of totipotency (Smith et al., 2012).The first cellular
differentiation between the trophectoderm and the ICM is accompanied by
de novo DNA methylation giving rise to stable silencing of genes involved
in the maintenance of pluripotency. The level of methylation in the ICM
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is higher than that in the trophectoderm, corresponding to different time-
tables of cellular differentiation and difterent cell fates. The differences in
methylation between the trophectoderm and the ICM parallel the differ-
ences in histone modification, indicating that multiple epigenetic processes
work in tandem to regulate gene transcription, pluripotency, and cellular
differentiation.

Mouse oocytes and preimplantation embryos lack DNMT1 but
express a variant of this protein called DNMT 10, an isoform of DNMT1
that arises from an oocyte-specific alternative splicing of the DNMT1
gene (Mertineit et al., 1998). DNMT1 is classified as an MEG: the mRNA
derived from the gene is upregulated in the oocyte, transmitted to the
embryo via the oocyte, and plays an important role in embryogenesis
(Bressan et al., 2009; Kurihara et al., 2008). DNMT10o-knockout males
and females gestated by DNMT 1-positive mothers appear grossly nor-
mal, but whereas males are fertile, females are infertile, and their embryos
die between embryonic day (E)14 and E21 (Howell et al., 2001), making
DNMT1 a “bona fide” MEG.

4.3. Imprinting

Imprinting is an epigenetic phenomenon in which specific alleles are
expressed in a parent of origin manner. In paternally imprinted genes, the
paternal allele is epigenetically modified, preventing its transcription and
leading to monoallelic maternal expression; in maternally imprinted genes,
the maternal allele is epigenetically modified, preventing its transcription
and leading to monoallelic paternal expression. In addition to allele-specific
methylation, imprinting is also associated with histone modifications and
noncoding RNA (ncRNA), including microRNA (miRNA) (Spahn &
Barlow, 2003). Imprinted genes appear to be controlled at differentially
methylated regions (DMRs) (Swales & Spears, 2005). A DMR that is dif-
ferentially methylated in all tissues throughout development is referred to
as an imprinting control region (ICR). Such ICRs are hypothesized to
be key regulators of imprinting in their particular chromosomal domains
(Smallwood & Kelsey, 2012). Another type of DMR exhibits difterential
patterns of tissue-specific methylation during stages of somatic development.

Approximately 200 imprinted genes have been identified thus far in the
mammalian genome, including more than 100 imprinted genes in mice and
at least 60 in humans (Shen et al.,2012). A study of the mouse brain suggests
that detailed tissue-specific analysis could lead to the discovery of many more
imprinted genes. Over ~1300 protein-coding genes and putative ncRINAs
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have been identified as associated with parent-specific allelic expression in
the mouse embryonic and adult brain (Gregg et al., 2010).

Imprinting is a key reason why “monoparental” mouse embryos gener-
ated by micromanipulation do not survive. Diploid reconstituted zygotes,
containing either two maternal or two paternal pronuclei, display charac-
teristic developmental abnormalities and fail to develop to term (Santos
& Dean, 2004). Gynogenetic embryos (diploid maternal) characteristically
are growth restricted and fail to derive a functional placenta. In contrast,
androgenetic embryos (diploid paternal) while profoundly growth retarded,
display a hyperproliferation of extraembryonic tissues.

Imprints in the parental gametes are erased upon every reproductive cycle
and reestablished in the immature germ cells of the developing embryo accord-
ing to their fate as either male or female gametes. Beginning approximately
11.5 days postfertilization (E11.5), the primordial germ cells begin to undergo
demethylation to erase the inherited parental imprints (Lucifero, Chaillet, &
Trasler, 2004). Primordial germ cell demethylation is complete by ~E13, and
subsequent reprogramming of the germ cells occurs when the gender-specific
imprinting patterns are once more laid down (Sasaki & Matsui, 2008).

In contrast to the erasure and reestablishment of methylation marks in
germ cells, somatic imprinted genes remain methylated throughout embryo-
genesis. Despite alterations in global methylation levels and chromatin orga-
nization during fertilization and early development, patterns of methylation
at most somatic imprinted loci in the embryo are specifically conserved
during early development without any de novo reprogramming. Cyto-
plasmic proteins transcribed from maternal genes DNMT1 and STELLA
are involved in protecting methylation at imprinted loci during genome-
wide preimplantation demethylation, ensuring the correct inheritance of
parent-specific epigenetic imprints (Santos & Dean, 2004).

4.4. Noncoding RNAs

Non-coding RNAs (ncRNAs), unlike mRNAs, are not involved in gene
transcription. Instead, they function as a vast system of posttranscriptional
regulation of DNA expression (Mattick, 2001). Included among ncRINAs
are at least 1000 different kinds of micro RNAs (miRNAs)—and the num-
ber may be as high as 20,000—short RNA molecules approximately 22
nucleotides long (Osman, 2012). miRNAs are derived from longer primary
transcripts (pri-miRNA) by the action of at least two enzymes, Drosha
and Dicer. Mature miRNAs associate with a protein complex—the RNA-
induced silencing complex—that contains an Argonaute protein at its core,
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and it is in this context that they carry out their regulatory role. For the
most part, RNAs are negative regulators of gene transcription, partially
binding to complementary sequences in mRINA resulting in posttranscrip-
tional repression of gene expression.

Maternally inherited miRNAs are abundant in the early embryo (Tang
et al.,2007). Dynamic changes in the expression of miRNAs in preimplanta-
tion embryos and the increased synthesis of miRINAs after the two-cell stage
in mouse embryos suggest that miRINAs have a functional role during this
period (Laurent, 2008; Sirard, 2012). Dicer deficiency is lethal during mouse
embryogenesis, leading to a lack of detectable stem cells and an acute loss of
cell proliferation (Murchison et al., 2007). Similarly, the Argonaute protein
Ago?2 is required for development through the EGA period. Although the
mechanisms of miRNA action are not well defined, it has been hypothesized
that one role of miRINA is as a control mechanism in the timely degradation
of maternal mRNAs (Schier, 2007). miRNAs may also play roles in cellular
differentiation during the blastocyst stage. A cluster of miRNAs from miR-
290 to miR-295 were found to be ES cell-specific and may be associated
with the maintenance of pluripotency (Shi & Wu, 2009;Yang et al., 2008).

4.5. X-chromosome Inactivation

X-chromosome inactivation (XCI) provides a good example as to how the
various epigenetic mechanisms canvassed above can interact. X-chromosome
activity changes dynamically in female offspring during PID due to a combina-
tion of epigenetic events including DNA methylation, histone modifications,
and RNA-mediated silencing. In female embryos with two X chromosomes,
one of the two X chromosomes is selected stochastically to be inactivated,
a process known as XCI. XCI is triggered by an ncRINA, Xist, which coats
the chromosome selected for silencing (Plath, Mlynarczyk-Evans, Nusinow,
& Panning, 2002). This is followed by the recruitment of protein complexes
involved in multiple epigenetic processes, distinct histone modifications such
as H3 K4 demethylation, H3 K9 methylation, H4 deacetylation, and DNA
hypermethylation of CpG dinucleotides along X-linked genes (Lee, 2003).

S 5. CYTOPLASMIC ORGANELLES

5.1. Mitochondria
In addition to providing essential mMRINAs, ncRINAs, and proteins, the oocyte
also provides the primary source of cellular energy in the form of mitochon-
dria. Mitochondria are intracellular organelles, small membrane-enclosed
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structures within the cell, in which the end product of the breakdown of
glucose in cells is processed to form the primary source of cellular energy,
adenosine triphosphate (ATP). While paternal sperm-derived mitochon-
dria are present in the zygote, they are rapidly degraded upon fertilization.
Hence, mitochondria are maternally inherited in mammals, and as mito-
chondria cannot be made de novo, but rather only elaborated from other
mitochondria, all of our mitochondria ultimately derive from those in one
of our mother’s oocytes. In addition to being the primary source of cellular
energy, mitochondria also play a central role in a number of critical cellular
and metabolic processes (Dumollard, Duchen, & Carroll, 2007) including
cellular proliferation; apoptosis or programmed cell death (cellular suicide),
a process aimed at destroying a physiologically unwanted cell (Desagher
& Martinou, 2000); the regulation and homeostasis of intracellular cal-
cium, which acts as an intracellular signal involved in numerous cellular
processes including cellular expression and metabolism; and DNA repair.
Mitochondria also play a critical role in oogenesis, fertilization, and early
embryogenesis (Dumollard et al., 2007; McBride, Neuspiel, & Wasiak, 2006).

Mitochondria possess their own DNA-mitochondrial DNA (mtDNA)-
a circular double-stranded genome. mtDINA exhibits polyploidy, differences
in the number of mtDNA copies according to cell type (Clay Montier,
Janice, Deng, & Bai, 2009). For example, there are 1075-2794 copies of
mtDNA per cell in muscle cells, 1200-10,800 in neurons, and up to 25,000
in liver cells. But by far, the greatest copy number of mitochondria occurs
in oocytes, and oocytes from the same female can differ significantly in
the number of mtDNA they contain, with human oocytes from the same
female containing anywhere from 11,000 to 903,000 mtDNA molecules
per oocyte (May-Panloup, Chretien, Malthiery, & Reynier, 2007).

Studies indicate that mitochondrial number, distribution, and struc-
ture play essential roles in fertilization and normal embryonic develop-
ment. mtDNA copy number expands during oocyte maturation (Bentov
et al., 2010) and the normality of preovulatory meiotic maturation of the
oocyte has been linked to mtDNA copy number. The number of mito-
chondria and mtDNA in the oocyte at the time of ovulation is critical for
both fertilization and ensuing embryo development. Studies indicate that
the mean mtDNA copy number in human fertilized oocytes 1s ~250,000
(Clay Montier et al., 2009), while for unfertilized oocytes, the mean is
164,000, and it has been suggested that a mitochondrial complement of
at least ~100,000 copies of mtDNA is required for normal embryonic
development (Shoubridge & Wai, 2007).
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In all eukaryotic cells (cells containing a membrane enclosed nucleus),
energy in the form of ATP is created through two pathways (Pon & Schon,
2007; Scheffler, 2008): In one—anaerobic respiration—glucose is metabo-
lized to pyruvate that can then be converted to lactic acid. The energy
created by this mechanism does not involve oxygen (hence the term anaer-
obic respiration). Anaerobic respiration is inefficient due to the incomplete
metabolism of glucose. The other pathway to ATP formation, aerobic res-
piration, requires oxygen. Aerobic respiration also involves the conversion
of glucose to pyruvate, but the pyruvate enters the inner membrane of the
mitochondria where it is completely metabolized to carbon dioxide and
water. Because the end product of aerobic respiration is the complete break-
down of glucose to water and carbon dioxide, it is ~14 times more efficient
than anaerobic respiration.

The role of aerobic respiration in human preimplantation embryo
development, although clearly present, is controversial. Mitochondria
within human oocytes and preblastocyst-stage embryos appear immature
and relatively inactive (Bavister & Squirrell, 2000; Motta et al., 2000).
In fact, although oxygen is consumed during preimplantation embryo
development (Houghton et al., 1996), estimates of the contribution of
mitochondrial respiration to the energetic requirement of mammalian
embryo development suggest that as little as 10% of glucose is metab-
olized through aerobic respiration in the early stages of development,
rising to 85% in the blastocyst (Bavister & Squirrell, 2000). However,
since aerobic respiration is 14 times more efficient than anaerobic respi-
ration, the 10% of glucose passing through aerobic respiration probably
still produces more energy in the form of ATP than the 90% of total
glucose metabolized without mitochondria. Overall, the data suggest that
both aerobic and anaerobic respiration pathways are active during both
oocyte maturation and embryo PID, but aerobic respiration is upregulated
during blastocyst development and implantation (Wilding, Coppola,
Dale, & Di Matteo, 2009).

Calcium (Ca?*) acts as an ubiquitous intracellular signal that controls
various cellular processes including proliferation, transcription, metabolism,
and fertilization (Islam, 2012). By taking up and releasing Ca?* and thereby
acting as a Ca?" buffer, mitochondria play a key role in its regulation. They
can activate or deactivate plasma membrane channels that are regulated by
changes in Ca’"concentrations or restrict Ca”*signals to specific cellular
domains. Upon fertilization, sperm entry in the cytoplasm triggers repeti-
tive Ca®" waves that traverse the egg. This sperm-triggered Ca®" oscillation
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is crucial for the initiation of embryonic developmental events including
the breakdown of the nuclear membranes of the pronuclei, mitosis, and
cytokinesis (the process in which the cytoplasm is divided during cellular
division) (May-Panloup et al., 2007; Wilding et al., 2009). During PID,
specific and diverse Ca’" signals occur both intra- and intercellularly, and
these Ca?* pulses and waves are involved in everything from body axis
formation in the blastula to gastrulation to organogenesis (Cao & Chen,
2009; Shoubridge & Wai, 2007).

5.2. Nucleoli

Ribosomes are small organelles involved in translating the nucleotide
sequence of mRNA into an amino acid sequence to produce proteins.
A cell typically contains anywhere from 1000 to one million ribosomes.
A ribosome is composed of ~60% ribosomal RNA (rRNA) and 40%
protein. The synthesis of rTRNA and ribosome subunit assembly takes
place within a structure in the nucleus known as the nucleolus (Olson,
2004). Nucleoli are formed around specific genetic loci called nucle-
olar organizing regions, composed of tandem repeats of tRNA genes
found on several different chromosomes (Raska, Shaw, & Cmarko, 2006).
Since the nucleolus of spermatozoa is eliminated during spermatogenesis
(Schultz & Leblond, 1990), the embryonic nucleolus is inherited in the
cytoplasm.

After the second meiotic arrest, oocyte gene transcription of rRINA
stops along with all other gene transcription. After fertilization, the mater-
nally derived, transcriptionally inactive nucleolus appears in both male and
female pronuclei and in the embryonic nuclei until the four-cell or eight-
cell stage; that is, it is present until EGA (Zatsepina, Baly, Chebrout, &
Debey, 2003). Although the nucleolus at this stage appears to be inactive
and shows a highly compacted structure, studies with mice have revealed
that it is essential for early embryonic development (Ogushi et al., 2008;
Ogushi & Saitou, 2010). Embryos originating from enucleolated oocytes
arrest between the two-cell and four-cell stages (Ogushi et al., 2008). Inter-
estingly, one of the abnormalities noted is related to abnormal chromatin
organization in the pronucleus.

g 6. ASSISTED REPRODUCTIVE TECHNOLOGY

The definition of artificial reproductive technology (ART) varies
widely, but the US Center for Disease Control and Prevention (CDC)
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defines ART as all fertility treatments in which both egg and sperm are
handled (Savage, Peek, Hofman, & Cutfield, 2011). Procedures that may be
used in the ART process include hormonal stimulation to induce ovula-
tion, in vitro fertilization (IVF), intracytoplasmic sperm injection in which
a single sperm is injected directly into the egg in an attempt to achieve
fertilization, and the cryogenic freezing of embryos. ART may involve any
combination of these, but the most commonly used technique employed in
all procedures is IVE the mixing of eggs with sperm in a specific culture in
a Petri dish and the implantation of embryos in the woman’s uterus from
1-6 days postfertilization (Glujovsky, Blake, Farquhar, & Bardach, 2012).
IVF currently accounts for more than 99% of ART procedures performed
worldwide (http://www.ivi-worldwide.com/).

ART has been associated with both pregnancy complications and adverse
developmental outcomes. However, studies of adverse outcomes after the
use of ART have been questioned, and remain controversial, for at least two
reasons. First, adverse outcomes could be due to the underlying causes of
subfertility and not ART itself. Second, multiple births have been overrep-
resented in assisted pregnancies due to the common practice of implanting
multiple IVF eggs to increase the likelihood of pregnancy. Since multiple
births are themselves associated with an increased risk of negative outcomes,
it has been difficult to determine whether pregnancy complications and
adverse outcomes are a result of ART or owing to multiple births and their
associated complications.

The practice in certain countries of limiting the number of embryos
that can be transplanted to just one has resulted in a rise in the num-
ber of ART-conceived singletons. Studies of perinatal outcomes of ART
singletons appear to show even stronger differences between ART and
non-ART singletons compared to ART and non-ART twins (Ceelen,
van Weissenbruch, Vermeiden, van Leeuwen, & Delemarre-van de Waal,
2008; Helmerhorst, Perquin, Donker, & Keirse, 2004; McDonald, Murphy,
Beyene, & Ohlsson, 2005). ART singletons, when compared with natu-
rally conceived singletons, are at significantly increased risk of placental
abnormalities, low birth weight, preterm birth, small for gestational age,
perinatal mortality, and congenital malformations (Hansen, Bower, Milne,
de Klerk, & Kurinczuk, 2005; Jackson, Gibson, Wu, & Croughan, 2004;
McDonald, Han, Mulla, & Beyene, 2010; Rimm et al., 2004). Preterm birth
is associated with increased morbidity, mortality, and diminished long-term
survival and reproduction (Mclntire & Leveno, 2008; Swamy, Ostbye, &
Skjaerven, 2008), while low birth weight is associated with chronic diseases
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expressed later in life such as cardiovascular disease, hypertension, and type
2 diabetes (Barker, 2004).

6.1. IVF and Epigenetics

There is a growing body of evidence that IVF (and/or other ART tech-
niques) can result in epigenetic abnormalities in the preimplantation
embryo. Concern for epigenetic effects of IVF has arisen primarily from the
observation of an increased incidence of rare genomic imprinting disorders
such as Beckwith—Wiedemann syndrome (BWS) and Angelman syndrome
(AS) in children born after the use of IVE

Imprinting disorders can result either from genetic mutations or from
nongenetic imprinting defects known as epimutations (Moore & Oakey,
2011). The genetic mutations associated with imprinting disorders can
consist of (1) large deletions or duplications of chromosomal regions that
contain imprinted genes; (2) DNA mutations in genes that are usually
imprinted or in their imprinting control centers; or (3) uniparental disomy
(UPD), two copies of a chromosome from the same parent. Epimutations
involve an epigenetic alteration without any change in the DNA sequence
and can arise as a result of errors in imprint establishment, erasure, or main-
tenance. If primary epimutations occur shortly after fertilization, they can
be propagated to multiple tissues.

AS is a debilitating neurodevelopmental disorder that affects approxi-
mately one in 15,000 children and is characterized by motor dysfunction,
severe mental retardation, speech impairment, frequent seizures, hyperactiv-
ity, and a high prevalence of autism (Williams et al., 2006). Recent studies
indicate that a failure to inherit a normal maternal copy of the paternally
imprinted UBE3A gene accounts for 85-90% of all AS cases. Because of a
mutation in the maternal UBE3A allele or paternal UPD, offspring lack an
active copy of the maternal UBE3A gene (Greer et al., 2010). Normally, the
paternal UBE3A gene is paternally imprinted—hence only the maternal
allele is expressed—in specific brain regions including the hippocampus,
cerebellum, and regions of the neocortex, but not in nonnervous system
tissues (Albrecht et al., 1997). Approximately 3% of patients with AS have
an imprinting defect or epimutation as evidenced by the presence of two
“normal” copies of the UBE3A gene that are both epigenetically silenced
(Greer et al., 2010).

IVF has been associated with AS as a consequence of reports of five
IVF-conceived patients with epimutation AS (Cox et al., 2002; Ludwig
et al., 2005; Orstavik, Eiklid, van der Hagen, Spetalen, & Kierulf, 2003).
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The link between AS and IVF is based on the rarity of AS (1:15,000), the
rarity of primary epimutations as a mechanism of AS (~3%) and the rela-
tively infrequent use of IVF as a method of conception (2-3%) (Amor &
Halliday, 2008).

BWS is an overgrowth syndrome that affects one in 13,700 children
and is characterized by macroglossia, abnormally large abdominal organs,
hypoglycemia in infancy, kidney abnormalities, and cancerous and noncan-
cerous tumors (Weksberg, Shuman, & Bruce Beckwith, 2009). The major-
ity of BWS patients have an epimutation affecting the maternal allele of
one of the two DMRs at chromosome 11p15. In one region, the mater-
nal H19 imprinted domain acquires a paternal epigenotype. The resulting
gain of H19 imprinting center methylation results in silencing of H19
expression and activation of insulin-like growth factor 2 (IGF2) receptor
gene expression. The second imprinting defect occurs at the KCNQ10T1
domain and results from loss of methylation on the maternal KCNQ10T1
imprinting center with ensuing biallelic expression of KCNQ10T1 and
silencing of KCNQ1 and CDKN1C. The remaining BWS patients have
paternal UPD of chromosome 11p or a DNA mutation of the CDKN1C
gene. Current estimates are that IVF children are approximately 514 times
more likely to develop BWS than non-IVF children although the total
numbers remain small due to the rarity of the disorder (Amor & Halliday,
2008; Hiura et al., 2012).

Numerous animal studies have indicated an association between IVF
and imprinting abnormalities. For example, it has been known for a
number of years that cows and sheep produced through IVF display an
increased frequency of large offspring syndrome (LOS), characterized
by numerous abnormalities including immunological defects, increased
fetal/neonatal death, increased birth weight, organomegaly, and skeletal
and placental defects (Behboodi et al., 1995; Young, Sinclair, & Wilmut,
1998).The phenotypes observed in LOS are similar to those observed in BWS
and significantly, epigenetic abnormalities of the same loci involved in
BWS are observed in calves and sheep with LOS: KCNQ10T1 is hypo-
methylated with a corresponding increase in KCNQ10T1 expression
and decrease in CDKN1C expression (Hori et al., 2010); and LOS sheep
also exhibit loss of imprinting for the IGF2 gene (Young et al., 2001).
The similarities in IVF-induced epigenetic errors between humans and
animal models, where subfertility is not a confounding issue, suggest that
manipulation of the early embryo can lead to epigenetic perturbations
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with potential long-term consequences for offspring (Paolini-Giacobino,
2007; Velker et al., 2012). There is an additional concern that IVF could
result in subtle abnormalities that present later in life. For example, in
mice, several studies (Calle et al., 2012; Ecker et al., 2004; Fernandez-
Gonzalez et al., 2004; Watkins et al., 2007) report long-term conse-
quences of IVF including increased incidence of obesity, elevated systolic
blood pressure and heart disease, anxiety, and memory deficits.

6.2. The Oviductal Environment

Although the Fallopian tubes have long been considered a mere conduit for
gametes and embryos, numerous studies have demonstrated that the oviduct
is involved in a number of important processes that contribute to an opti-
mal environment for fertilization and early embryonic development (Avilés,
Gutiérrez-Adan, & Coy, 2010; Lee, Cheong, Chow, Lee, & Yeung, 2009; T'se
et al., 2008). The oviductal secretion is a complex fluid formed by secreted
components from epithelial cells and blood plasma, and includes growth
factors, cytokines (small protein messengers involved in the immune sys-
tem) and cytokine receptors, hormones and hormone receptors, proteases
(enzymes involved in the breakdown of proteins) and protease inhibitors,
antioxidants (substances that protect cells against the effects of free radi-
cals produced by ATP production in mitochondria), and chaperones and
heat shock proteins that are expressed in response to rises in temperature
and other environmental stressors. Preimplantation embryos interact with
oviductal epithelial cells to regulate the production of oviductal proteins
(Tauber, Wettich, Nohlen, & Zaneveld, 1985), including the production of
specific embryotrophic factors that stimulate embryonic growth (Tse et al.,
2008).

As noted earlier, there are two main pathways in ATP generation that
are necessary for embryonic cellular metabolism: aerobic and anaero-
bic respiration. Anaerobic respiration predominates in early PID, where
pyruvate and lactate are the embryo’s main sources of energy, and glu-
cose uptake is minimal. The capacity to metabolize glucose increases
significantly during the transition from the morula to blastocyst stage
and by the blastocyst stage, glucose has become the preferred nutrient.
Significantly, the nutrients available within the human female reproduc-
tive tract mirror the changing nutrient preferences of the developing
embryo (Lane & Gardner, 2007). The oviductal fluid is characterized by
relatively high concentrations of pyruvate and lactate and a relatively
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low concentration of glucose. In contrast, uterine fluid is characterized
by relatively low levels of pyruvate and lactate and a higher concentra-
tion of glucose.

Available commercial IVF culture media attempt to reproduce the pre-
implantation environment, at least to the extent of providing the embryo
with nutrients and essential marcomolecules known to be present in the
oviduct (Xella et al., 2010).The majority of commercial culture systems are
sequential, i.e., different cultures are used at difterent stages of preblastocyst
development in an attempt to mimic the dynamic in vivo environment
of early embryo oviductal development (Nelissen et al., 2012). There is a
general consensus, however, that all culture systems are “suboptimal” in the
sense that the optimal environment for early embryonic development is the
oviduct and there is no way to reproduce that environment in a Petri dish.
For example, Market-Velker, Fernandes, and Mann (2010) compared five
human commercial media systems in a mouse model. IVF mouse embryos
produced in all five culture systems displayed a varying, but compromised
ability to maintain genomic imprinting in comparison with in vivo-derived
mouse embryos.

There is much more to the oviductal environment than oviductal fluid.
Physiologically, the preimplantation embryo develops in a hypoxic (low
oxygen) environment (oxygen concentration: 5-7%), whereas in vitro
embryos are cultured with normal atmospheric oxygen tension (oxygen
concentration: 20%) (Chason, Csokmay, Segars, DeCherney, & Randall
Armant, 2011). Embryo culture at atmospheric oxygen tension has been
associated with increased production of reactive oxidative species (ROS),
which are byproducts of aerobic respiration that can damage cell func-
tion by modifying the structure of lipids, proteins, and DNA causing strand
breaks and inactivation of enzymes (Guerin, El Mouatassim, & Menezo,
2001; Kitagawa, Suzuki, Yoneda, & Watanabe, 2004).

At the same time, ROS serve as key signaling molecules by acting as sec-
ond messengers through the regulation of key transcription factors,and their
disruption can have detrimental developmental consequences (Dennery,
2007). Studies evaluating embryonic development under physiological oxy-
gen concentrations have noted an increase in blastocyst development and
embryo cell number across multiple species, although the mechanism is
unclear (Bedaiwy et al., 2010; Chason et al., 2011; Kitagawa et al., 2004;
Thompson, Simpson, Pugh, Donnelly, & Tervit, 1990; Wale & Gardner,
2010). Furthermore, physiological oxygen tension appears to preserve plu-
ripotency in cultured human ES cell lines, while loss of pluripotency and
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spontaneous cellular differentiation is more frequent in embryonic cells cul-
tured under atmospheric conditions (Forristal, Wright, Hanley, Oreffo, &
Houghton, 2010).

7. CONCLUSIONS

In conclusion, I would like to emphasize four points. First, biological
inheritance is not simply a matter of the inheritance of genes. PID demon-
strates, in a vivid way, that the genome does not control development in the
manner traditionally conceived. This is because a critical period of embry-
onic development, the pre-EGA, occurs when the embryo effectively lacks
a functioning genome. Cytoplasmic inheritance directs the earliest devel-
opmental processes and some of that inheritance (e.g., mitochondria and
mtDNA) persists throughout the life course. Furthermore, what occurs in
the fertilized ovum, although unique in many ways, highlights the impor-
tance of processes that occur in every cell. Gene transcription depends upon
some combination of enzymatic and epigenetic processes. It is, therefore,
necessarily both an epigenetic and epistatic process. Furthermore, transcrip-
tion is a step in an extraordinarily complex, multilayered, interactive regula-
tory system that leads from the assembly of pre-mRNA to the assembly of
a protein.

Second, PID demonstrates the centrality of epigenetic processes
in human development. Embryogenesis is characterized by extensive
epigenetic modifications of the oocyte, the pronuclei, and the preim-
plantation embryo. These epigenetic modifications enable among many
other things (known and unknown), the restructuring of paternal and
maternal DNA to form the pronuclei, the establishment of pluripotency
through the erasure of preexisting epigenetic marks, the maintenance
and reestablishment (in the germ cells) of imprinting, XCI, and cellular
differentiation.

Third, the oviduct is not a mere conduit for the transmission of the
embryo to the uterus. It is an environment designed to promote the early
stages of embryonic development. It is also an environment with which
the embryo continually communicates during the interactive process of
development. Alterations in this environment can affect PID with poten-
tial long-term health consequences. The oviduct is, of course, not an envi-
ronment distinct from the environment of the mother’s body, nor is the
mother’s body an environment distinct from all the environments she
occupies. There is growing evidence that all these environments can impact
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PID with potentially lifelong consequences (Ashworth, Toma, & Hunter,
2009; Igosheva et al., 2010; Junien, 2006; Kwong, Wild, Roberts, Willis, &
Fleming, 2000).

Finally, it is worth noting that ART can be seen as a testament to the
ability of the preimplantation embryo to adapt to the changes in its envi-
ronment, i.e., its phenotypic plasticity. Fertilization to the preimplantation
embryo represents a developmental window (one of many), but despite
a common assumption that developmental windows entail “fragility,” the
embryo appears, for the most part, to be able to accommodate itself to a
very alien environment. Epigenetic alterations seen in ART embryos may
represent adaptive epigenetic responses. Phenotypic plasticity is often dis-
cussed in the context of the maternal environment: changes in that environ-
ment can transmit information to oftspring about the environment they will
inhabit. If the cues from the maternal environment (pre and postnatal) are
good predictors of the environment in which offspring will find themselves,
then the offspring’s phenotypic adjustments are adaptive (Qvarnstrom &
Price, 2001). What is in some way unique about IVF is that to the extent
that the preimplantation IVF embryo receives cues from the environment,
it is not a maternal environment but rather an artificially constructed one.
Nonetheless, its responses may be such as to enable it to survive, in relative
health, until implantation. Yet just as with maternal effects, a high degree
of phenotypic plasticity may also imply that sometimes the cues from the
environment are maladaptive.
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