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Chapter ׀ 

Literature Review 

 

Introduction 

Assisted Reproductive Technologies 

 The overall worldwide prevalence of infertility in women is nine percent 

with 56% of couples seeking medical care (Boivin et. al., 2007). Assisted 

reproductive technologies (ART) are commonly used for the treatment of 

infertility problems, and children born from ART procedures can account for as 

high as 3.9% of all children in developed countries (Andersen et. al., 2009). In 

humans, the most common ART procedures used are ovarian hyperstimulation, 

intrauterine insemination (IUI), in vitro fertilization (IVF), in vitro culture (IVC) and 

embryo transfer. Ovarian hyperstimulation (superovulation [SO]) by 

administration of exogenous gonadotropins is an ART procedure used to 

increase the number of mature oocytes in order to improve the success rate of 

achieving a pregnancy per reproductive (menstrual) cycle.  

 

Adverse Outcome of Assisted Reproductive Technologies 

Superovulation in mice has been documented to increase the proportion 

of abnormal preimplantation embryos, to result in higher postimplantation 
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mortality rates, to delay embryonic development, and to cause a reduction in fetal 

weight when compared to embryos produced after natural ovulation (NO) 

(Ertzeid and Storeng 1992). The abnormalities observed in pre- and post-

implantation development have been concluded to be due to impaired oocyte 

competency as well as to an altered uterine milieu (Ertzeid and Storeng 2001; 

Van der Auwera and D’Hooghe 2001; Fortier et. al., 2008). 

Superovulation may cause alterations in oocyte quality and uterine 

environment as a consequence of the increased level of circulating steroid 

hormones which result after gonadotropin administration (Ertzeid and Storeng 

2001). Even though the uterine milieu can be altered by exogenous hormone 

administration (Ertzeid and Storeng 2001), this does not account for all of the 

reported abnormalities. For example, in a reciprocal embryo transfer study, the 

rate of implantation was significantly lower and the mortality of embryos greatly 

increased in SO mice when compared to controls after transferring both types of 

embryos to separate uterine horns of individual pseudopregnant recipients 

(Ertzeid and Storeng 2001).  

In humans, a number of studies have shown an increased incidence of the 

loss-of-imprinting (LOI) syndromes Beckwith-Wiedemann (BWS; Maher et. al., 

2003; DeBaun et. al., 2003) and Angelman (AS; Cox et. al., 2002; Ørstavik et. al., 

2003) in children conceived with ART. A retrospective study found that ovarian 

hyperstimulation was the only common feature in ART-related BWS (Chang et. 

al., 2005). Another study (Olson et. al., 2005) found that children conceived by 

the use of IVF had increased probabilities of major birth defects as compared 
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with the control group (i.e. children conceived after natural ovulation). 

Furthermore, another observation made in the Olson retrospective study is that 

infants conceived by the use of IUI exhibited higher incidence of musculoskeletal 

defects (Olson et. al., 2005). In this procedure, the only ART procedures used 

were hormonal stimulation and the insemination of sperm into the uterus.  

Superovulation recruits a large number of ovarian follicles containing 

oocytes < 70 µm diameter found in gonadotropin responsive secondary follicles. 

This in turn may affect the normal acquisition pattern of imprinted methylation 

that occurs during oocyte growth (discussed further in methylation and genomic 

imprinting sections). Published works have found inconsistent results regarding 

the effect of superovulation on the acquisition of DNA methylation (DNAm). Sato 

et. al. (2007) examined the effects of superovulation on the establishment of 

DNAm marks in germinal vesicle (GV) and meiosis I (MI) oocytes collected from 

humans and mice. The authors found that superovulation caused an abnormal 

gain of DNAm at the H19/IGF2 imprinting control region (ICR) in both stages of 

oocytes examined. The ICR for the H19/IGF2 gene cluster is normally 

unmethylated on the maternal chromosome. In human oocytes, there was also 

loss of methylation of PEG1, a normally methylated maternal imprint, whereas 

the study could not find any significant differences in the level of DNAm at Peg1 

or Zac1 differentially methylated regions (DMRs) in the oocytes from 

superovulated mice. Another study used individual blastocyst-stage mouse 

embryos to determine the effect of superovulation on several gametic imprints 

(Market-Velker et. al., 2010). This study utilized low (6.25 international units) and 
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high (10.0 international units) doses of the hormone pregnant mare serum 

gonadotropin (PMSG) and human chorionic gonadotropin (hCG) to evaluate 

whether the previously reported aberrant DNAm at imprinted loci was dose 

dependent. It was found that superovulation causes loss of methylation at the 

Snrpn and Peg3 DMRs, and gain of methylation at the H19/IGF2 ICR in the 

maternal alleles. The perturbation of DNAm was more pronounced in the high 

hormone dose group.   

Imprinted genes are expressed from one of the parental alleles in a 

parent-specific manner. Fortier and coworkers (2008) showed that 

superovulation treatment in mice causes biallelic expression of the imprinted 

genes Snrpn and H19 in placentae of concepti at 9.5 days of gestation. However, 

this was not observed in the fetus where both Snrpn and H19 were expressed in 

the normal monoallelic fashion (Fortier et. al., 2008). Interestingly, they found no 

connection between biallelic expression of those genes and the level of 

methylation of their regulatory regions.  

CpG methylation at several ICRs was recently evaluated in order to 

determine the transgenerational effects of superovulation on genomic imprinting 

(Stouder et. al., 2009). These authors set out to determine if transgenerational 

effects of superovulation were detectable in two month old male offspring of 

females that underwent SO regimens. The imprinted loci studied included 

paternally methylated H19/IGF2 and Gtl2 regions as well as the maternally 

methylated Peg1, Snrpn, and Peg3 imprinted regions. They observed a 

significant decrease (6%) in methylation levels at the H19/IGF ICR, and an 
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increase in methylation at the Peg1 and Snrpn loci (2.8 and 7.0 fold, respectively) 

in sperm of two month old males born from SO mothers when compared to the 

offspring conceived after natural ovulation. This study could not find any 

differences in methylation status in somatic tissues (tail, liver, skeletal muscle) of 

male and female offspring of SO and control mothers. In addition this study also 

examined the methylation status in the sperm of second generation male 

offspring. They found that methylation was decreased by 3.9% at the H19/IGF2 

ICR while methylation on Snrpn was increased by 3.1 fold in those males.  

In summary, superovulation affects oocyte competence and uterine 

environment which results in inappropriate pre- and post implantation 

development as well as cause fetal growth retardation.  The effects on oocyte 

competence may be due in part to improper levels of DNAm as some studies 

have observed a negative association between DNAm at imprinted loci and the 

superovulation procedure. 

 

Folliculogenesis and Oogenesis 

The fertilized egg and its pre- and postimplantation development depend 

on the acquisition of meiotic and developmental competencies during oogenesis. 

Meiotic competency is the ability of an oocyte to complete the first meiotic 

division with the extrusion of the first polar body whereas the ability of an oocyte 

to fertilize and produced viable offspring is referred to as a developmental 

competence (Armstrong 2001).  
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Murine oogonia within the germ cell nest, enter a premeiotic state around 

12.5 days post coitum (dpc; reviewed in Tingen et. al., 2009) and meiotic arrest 

occurs at 16.5 dpc. Oocytes within the nest remain connected to each other by 

cytoplasmic bridges and are arrested at diplotene stage of meiotic prophase I. 

The germ cell nests are surrounded by pre-granulosa cells and stromal 

mesenchymal cells. These nests start to break down immediately after birth to 

form individual follicles. One-third to two-thirds of the oocytes die during the 

process of germ cell nest break down due to genetic defects or failure of the 

germ cells to generate all the essential cytoplasmic organelles. Abnormal 

breakdown of germ cell nests can augment the loss of germ cells or cause the 

development of multi-oocyte follicles (Tingen et. al., 2009). A number of 

mechanisms including apoptosis, local factors, and steroids as well as circulating 

hormones regulate the nest breakdown and assembly of primordial follicles 

where an oocyte is surrounded by a single layer of flattened pre-granulosa cells 

(McGee and Hsueh 2000). Molecular factors such as Kit ligand, basic fibroblast 

growth factor, and the members of transforming growth factor beta (TGF-β) 

family initiate the transition from primordial to primary follicles.  A primary follicle 

refers to the stage of follicle in which the oocyte is surrounded by a single layer of 

cuboidal granulosa cells. 

Once recruited, primordial follicles continue to grow until ovulation or they 

undergo atresia. Only a few of the follicles achieve full maturation and ovulate 

while the majority of the follicles are destined to undergo atresia once they start 

to differentiate (Fortune 1994). The preantral follicle is responsive to follicle 
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stimulating hormone (FSH) and its growth is regulated by the interactions 

between the oocyte and granulosa cells, and the local production of the growth 

factors, growth differentiation factor-9 (GDF-9) and bone morphogenetic protein 

15 (BMP-15) by the oocyte (Hutt and Albertini 2007). GDF-9 is required for the 

proliferation of granulosa cell as well as for the assembly of theca cells around 

the follicle. BMP-15 is a potential stimulator of granulosa cells proliferation 

(Otsuka et al., 2000). Cytoplasmic processes of granulosa cells known as trans-

zonal projection (TZP) are established at the onset of folliculogenesis and 

maintain oocyte-granulosa cell communication.  

On the other hand, antral and preovulatory follicular growth depend on the 

cyclical secretion of the pituitary gonadotropins FSH and luteinizing hormone 

(LH), and the coordinated actions of the oocyte, granulosa cells, and theca cells. 

The oocyte acquires developmental competence during this time. It is likely that 

exogenous gonadotropin treatment may stimulate the growth of both large antral 

and smaller preantral follicles as the latter follicles (secondary) are gonadotropin 

responsive (McGee and Hsueh, 2000). A secondary follicle has two or more 

layers of granulosa cells without formation of an antrum. The secondary follicle 

continues to grow becoming a tertiary follicle which contains a fluid filled cavity 

(or antrum). FSH regulates the interaction between the oocyte and its 

surrounding cumulus cells during antral follicle development and controls the 

organization of TZP networks.  

Theca cells are closely associated with the basal lamina of the ovarian 

follicles. Theca cells produce androgens as the ovarian follicle starts growing. 
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These androgens are taken up by the granulosa cells of late preantral follicles 

and get converted to estrogen under the influence of FSH (reviewed in 

Drummond, 2006). Estrogen exerts negative feedback on the anterior pituitary 

and controls the secretion of FSH. Estrogen receptors are present in the 

cytoplasm and nucleus and play role in the activation of transcription after 

receptor binding. In addition, estrogen enhances follicular responsiveness to 

gonadotropin by maintaining FSH and LH receptors on the follicular cells (Couse 

and Korach, 1999). Estrogen is also essential for the acquisition and 

maintenance of cumulus cell expansion (Sugiura et. al., 2010).  

In mammals, oocytes are arrested at the dictyate stage of prophase I and 

start growing shortly after birth. The maternal genome gradually acquires 

developmental competence in oocytes with the increase in size of oocytes. This 

has been demonstrated by a nuclear transfer experiment (Bao et. al., 2000), in 

which there was no difference in blastocyst formation of embryos produced with 

the chromatin from 50-59 µm, 60-69 µm size of oocytes. However, the former 

produced only 5% while the later resulted in 15% live offspring. The maternal 

chromatin from full-grown oocytes (75-80 µm) produced 30% live offspring. In the 

mouse, the diameter of oocytes ranges from ~10 µm (non-growing) to a full-

grown size of 70 – 80 µm. 

The LH surge stimulates oocytes to undergo nuclear maturation. The 

resumption of meiosis and first meiotic division is completed in the full-grown 

oocyte immediately before ovulation (Schultz and Wassarman, 1977). This 

results in the extrusion of the first polar body. The polar body contains a set of 
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homologous chromosomes with a small amount of cytoplasm. The other set of 

chromosomes remain in the oocyte and meiosis becomes arrested at metaphase 

of meiosis II (MII) during its release from the follicle (i.e. ovulation) (Nagy et. al., 

2003). Fertilization of the ovulated oocyte takes place at the ampulla of the 

oviduct and this induces the resumption of meiosis causing the extrusion of the 

second polar body.  

Oocytes within antral follicles are classified as either surrounded nucleolus 

(SN) or non-surrounded nucleolus (NSN). This nomenclature refers to the 

conformation of the chromatin. In the NSN, the chromatin is less condensed 

while SN is highly condensed and concentrated around the nucleolus. Oocytes 

with SN have increased meiotic competence when compared to NSN oocytes 

(Christians et. al., 1999). In addition, SN oocytes have greater developmental 

competence than NSN oocytes. Epigenetic modifications, like histone 

modifications, may be responsible for the changes in chromatin configuration as 

a study has shown that the levels of histone acetylation and methylation were 

higher in SN oocytes than in NSN oocytes (Kageyama et. al., 2007). 

 

Superovulation/Ovarian hyperstimulation 

A large number of high quality oocytes with meiotic and developmental 

competence are vital for the success of ART procedures, and for the study of the 

basic physiological and cellular mechanisms of oocytes. FSH regulates the 

proliferation as well as the differentiation of granulosa cells and stimulates the 
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expression of LH receptors. In turn LH stimulates nuclear maturation, follicle 

rupture and release of the oocyte from the follicle. In mice, superovulation 

regimen involves the use of an exogenous follicle stimulating hormone (e.g. 

PMSG) to induce follicular growth and an exogenous luteinizing hormone (e.g. 

hCG) for the induction of ovulation. A combination of PMSG/hCG is most 

commonly used for the induction of superovulation in laboratory mice. PMSG is 

used to mimic the endogenous FSH, and hCG is used to mimic the endogenous 

LH (Nagy et. al., 2003). 

In humans, superovulation involves a more invasive approach. Generally 

the hypothalamic/pituitary axis is shut down by a gonadotropin releasing 

hormone (GnRH) analogue to inhibit the production of endogenous FSH and LH. 

Exogenous gonadotropins (human menopausal gonadotropins, purified urinary 

FSH or recombinant FSH) are administered for 7-12 days; hCG is then 

administered when the dominant follicle becomes 17-20 mm diameter to induce 

ovulation. Oocytes are surgically removed at ~ 34-36 hours after administration 

of hCG. Clomiphene citrate is also used for the indirect stimulation of pituitary 

gonadotropins. Clomiphene citrate binds to estrogen receptors of the 

hypothalamus and pituitary without exerting the biological functions of estrogen, 

thus inhibiting the endogenous estrogen’s negative feedback on the pituitary. As 

a result, the pituitary secretes gonadotropins and stimulates folliculogenesis. 

Clomiphene citrate is administered orally and started on the days two to five of 

the menstrual cycle and continued for five days. The LH surge is monitored by 
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measuring serum and/or urinary LH levels (at ~ 14 days) and oocytes are 

collected at 38 hours after LH surge (Davis and Rosenwaks 2001). 

 

Epigenetic modifications 

 

DNA methylation 

DNA methylation is a reversible and heritable epigenetic modification 

where a methyl group is added to a cytosine base at the carbon-5 position in 

CpG dinucleotide pairs (Razin and Riggs, 1980). Methylated DNA controls the 

expression of genes as methylated cytosines (5Me-C) attract methyl-DNA 

binding proteins (MeCP2, MBD1, MBD2, MBD3) and promotes chromatin 

condensation into a transcriptionally repressive conformation (Berger 2007; 

Newell-Price et. al., 2000; Bird 1992). DNAm is essential for genomic imprinting, 

X-chromosome inactivation and the silencing of endogenous retroviruses (Bestor 

2000; Reik and Walter 2001; Walsh et. al., 1998).  

DNA methyltransferases (Dnmts) are required for the establishment and 

maintenance of DNAm. Dnmt 3a, Dnmt3b and Dnmt3L are responsible for de 

novo DNAm whereas Dnmt1 is responsible for the maintenance of methylation. A 

study has shown that disruption of global DNAm by introducing a mutation in the 

Dnmt1 gene caused abnormal development, and embryonic death in mice (Li et. 

al., 1992). Dnmt3L mediates the binding of Dnmt3a to its target sequences (Kato 
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et. al., 2007).  Homozygous Dnmt3a mutant mice survive until around four weeks 

after birth while Dnmt3b mutant embryos are unable to survive past midgestation 

(Okano M. et. al., 1999). DNA methylation is globally erased in primordial germ 

cells during migration from the yolk sac to the genital ridge and are 

hypomethylated in male and female embryos at E13.5 (Popp et. al., 2010; 

Hajkova et. al., 2002). Remethylation of the genome occurs in the male germ line 

before birth (~ E18.5) and in the female after birth during oocyte growth (Reik 

and Walter 2001). The expression of Dnmt3a, Dnmt3b, Dnmt3L and the oocyte 

specific Dnmt1 (Dnmt1o) increase with the increased size of the oocyte starting 

from 10-20 µm diameter to a fully grown GV stage oocyte and then decreases in 

MII oocytes (Lucifero et. al., 2007).  

Transposable elements are abundant in the mammalian genome and they 

are positioned around and within most genes. These elements are normally 

transcriptionally silenced by DNAm (Walsh et. al., 1998). Intracisternal A particles 

(IAP) are one type of transposable element and methylation on IAPs occurs 

during oocytes growth in a pattern similar to imprinted loci (Lucifero et. al., 2004). 

IAP in the primordial germ cells of E13.5 of both male and female embryos is 

unmethylated whereas IAP is highly methylated in unfertilized oocytes (Walsh et. 

al., 1998). Their activation by deletion of Dnmt1 can cause misregulation of 

nearby genes which can translate into new products with harmful effects (Yoder 

et al., 1997). 
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Genomic Imprinting 

Genomic imprinting is an epigenetic form of gene regulation in mammals 

that leads to the parent specific expression of approximately 100 genes.  These 

genes are found throughout the genome and are often found in clusters.  The 

allele-specific monoallelic expression of clustered imprinted genes is directed by 

differential DNAm of a region referred to as the ICR.  The correct allelic 

expression of imprinted genes is required for normal embryonic growth, placental 

function, and neurobehavioral processes (Fowden et. al., 2006; Plagge et. al., 

2004).  

Methylation imprints are erased in primordial germ cells early in fetal life 

and re-established during gametogenesis in a sex-specific manner (Reik and 

Walter 2001; reviewed in John and Lefebvre 2011). The methylation imprints 

acquired during gametogenesis are referred to as gametic or primary imprints.  

There are 21 identified differentially methylated regions that direct parent-specific 

gene expression in mammalian gametes; 17 on the maternal genome and four 

on the paternal genome (reviewed in Chatolia et al., 2009; reviewed in John and 

Lefebvre 2011).  In mice, DNAm on imprinted genes (monoallelic expressed 

gene) is acquired asynchronously during oocyte growth in a gene-specific 

manner (Hiura et. al., 2006; Lucifero et. al., 2004). The imprinted mark must be 

maintained during preimplantation development to establish the correct parental 

expression pattern of these genes in somatic tissues.  
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Histone modifications 

The nucleosome is the basic unit of chromatin, which is composed of 

146/147 bp of DNA wrapped around an octamer of histone proteins. The amino 

terminal tail of histones provides sites for several posttranslational modifications. 

These covalent modifications include acetylation, methylation, phosphorylation, 

ubiquitylation and sumoylation. Histone modifications control chromatin structure 

and have both transcriptional activation and repression effects depending on the 

type of modification and the amino acid residues involved. The most common 

histone modifications are histone acetylation and histone methylation. These 

modifications are catalyzed by histone acetyltransferases (HATs) and histone 

methyltransferases, respectively. Histone modifications are extensively changed 

during oogenesis. For example, histone acetylation, a mark associated with 

transcriptional activation (Shogren-Knaak et. al., 2006), is increased with the 

growth of the oocyte (Kageyama et. al., 2007). The expression of HATs is also 

increased with the increase size of oocytes (Kageyama et. al., 2007).  Histone 

acetylation neutralizes the positive charge of histone, thus decreasing the binding 

affinity of histone for the negatively charged DNA resulting in a permissive 

chromatin structure for the binding of transcription factors. Other modifications 

such as methylation on lysine 4 of histone 3 (an activating mark) and methylation 

on lysine 9 of histone 3 (repressive mark) increased with the increased age of 

mice and the growth of oocytes (Kageyama et. al., 2007).  Histone deacetylases 

(HDAC) catalyze the removal of acetyl groups from histone tails (Li, 2002).  

HDACs often form complexes with methyl-DNA binding proteins and together 
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they create a closed chromatin conformation which is refractory to transcriptional 

activity (Li, 2002).   A balanced level of histone acetylation is preserved by the 

opposing activities of HATs and HDACs (reviewed in Ruijter et. al., 2003).  
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Synopsis- Rationale for thesis 

 

 The knowledge we have thus far about the acquisition of DNA methylation 

(DNAm) in mouse oocytes comes from imprinting studies in which the acquisition 

of gametic imprints were determined. From those studies we have learned that 

DNAm on imprinted genes is acquired asynchronously during a oocyte growth in 

a gene-specific manner. In most studies associated with the identification of 

epigenetic marks during oogenesis, ovaries of new-born and juvenile mice were 

used.  The main reason being that a cohort of oocytes are recruited around the 

time of birth and grow concomitantly with the animal, therefore making the 

collection of a large number of oocytes of similar size more manageable.  In 

addition, neonatal ovaries have less connective tissue than adult ovaries allowing 

the follicles to dissociate more easily from the ovary. A confounding factor in 

those studies is that oocytes of different sizes are collected into a single group 

because an array of different oocyte sizes is present at any given postnatal age.  

Furthermore, the oocytes collected from newborn and juvenile females have not 

attained reproductive age. It is possible to have an age effect on the acquisition 

of DNAm in oocytes. Lastly, infertility is an adult condition and the oocytes that 

will provide the most accurate data about the effects of ovarian stimulation on the 

epigenetic program of oocytes are those of an adult animal model. 

In a previous study we found a 50% reduction in global DNAm in the 

maternal pronucleus of one-cell embryos produced from SO females when 
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compared to NO females. The effect of exogenous gonadotropin on the 

progression of global DNAm during oocyte growth in adult female has not been 

studied. In fact, no work has been done to characterize the acquisition of global 

DNAm during oocyte growth in mice. We hypothesize that the global DNAm of 

the maternal genome is acquired during oocyte growth in adult animals and that 

exogenous gonadotropins treatment will alter the normal progression of 

methylation acquisition.  
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Chapter II 

Size-dependent acquisition of global DNA methylation in oocytes is altered 

by hormonal stimulation 

Abstract 

Works from several laboratories have demonstrated a lower 

developmental competence for embryos produced after superovulation (SO).  In 

addition, we recently demonstrated that the level of global DNA methylation 

(DNAm) is 50% lower in the maternal pronucleus of one-cell mouse embryos 

produced after SO when compared to their naturally-ovulated (NO) counterparts.  

In this study, we determined the acquisition of global DNAm in growing and full-

grown oocytes from NO and SO females. Briefly, a group of seven diestrus-stage 

females were selected for the study.  The ovaries of one female were collected at 

this time while the remaining six females were divided into NO and SO groups.  

Ovaries were collected 24, 44, and 54 hours after diestrus or gonadotropin 

injection.  The experiment was repeated three times.  In the NO group, 

methylation is acquired in a linear manner from the time the oocyte starts 

growing (~10 m diameter) until it reaches 40-50 m.  An exponential increase in 

DNAm was observed thereafter reaching a maximum at the 70-80 m diameter 

(fully-grown stage).  DNAm continued to increase in >70 m oocytes until the 

approximate time of the LH surge.  Similar to the NO groups, DNAm increased in 

SO oocytes up to the 60 m size.  However, in stark contrast to the NO group, no 

further acquisition of DNAm was observed in oocytes >60 m in the SO groups.  
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We propose that the reduced level of DNAm observed in oocytes of SO females 

might in part be responsible for the lower developmental competence observed 

by others. 

 

Introduction 

The overall worldwide prevalence of infertility in women is nine percent 

with 56% of couples seeking medical care (Boivin et. al., 2007).  Assisted 

reproductive technologies (ART) are commonly used for the treatment of 

infertility/subfertility.  The percent of children born from ART ranges from 0.1 to 

3.9 of all children born in developed countries (Andersen et. al., 2009; Centers 

for Disease Control and Prevention. (2007)).  The most commonly used ART 

procedures are ovarian hyperstimulation (superovulation), intrauterine 

insemination (IUI), intracytoplasmic sperm injection, in vitro fertilization, in vitro 

culture, and embryo transfer.   

Superovulation by administration of exogenous gonadotropins is used to 

increase the number of mature oocytes to circumvent the inefficiencies of the 

subsequent procedures.  However, some evidence points at this seemingly 

harmless procedure as a causative factor in the etiology of some epigenetic 

syndromes as well as abnormal embryonic and fetal growth in humans and mice.  

For example, a retrospective study by Olson et. al. (2005) concluded that 

children conceived after IUI (343 infants) had a higher incidence of 

musculoskeletal defects when compared with naturally conceived children (8,422 
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infants).  This outcome can be attributed to the superovulation procedure as 95% 

of the IUI cases received ovulation-inducing medications.  Similarly, studies in 

mice showed that superovulation increased the proportion of abnormal 

preimplantation embryos, increased the rate of postimplantation mortality, and 

caused pronounced fetal growth retardation when compared to naturally ovulated 

counterparts (Ertzeid and Storeng, 1992; Auwera and D’Hooghe 2001; Fortier et. 

al., 2008).  Even though the uterine milieu can be altered as a result of the 

superovulation regimen, a reciprocal embryo transfer study demonstrated that 

embryos produced from hormonally stimulated oocytes had lower implantation 

rates and higher mortality rates when transferred to a pseudopregnant recipient 

uterus compared to embryos produced without hormonal stimulation (Ertzeid and 

Storeng 2001). 

DNA methylation (DNAm) is a reversible and heritable epigenetic 

modification where a methyl group is added to the carbon-5 position of cytosine 

in CpG dinucleotide pairs (Razin and Riggs 1980). DNA methyltransferases 

(Dnmts) catalyze this reaction using S-adenosyl methionine as a methyl donor, 

and these enzymes are required for the establishment (i.e. Dnmt 3a, Dnmt3b and 

Dnmt3L) and maintenance (i.e. Dnmt1) of DNAm. Methylated DNA influences the 

expression of genes as methylated cytosines (5Me-C) attract binding proteins 

and promotes chromatin condensation creating a transcriptionally repressive 

conformation (Berger 2007; Newell-Price et. al., 2000; Bird 1992).  In the mouse, 

global DNAm is erased or greatly reduced in primordial germ cells during early 

fetal life (Hajkova et. al., 2002) and re-established during gametogenesis in a sex 
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specific manner (Reik and Walter 2001).  In mouse oocytes, it is well 

documented that DNAm at imprinted loci begins when the oocyte reaches around 

40 µm diameter (Hiura et. al., 2006), is acquired asynchronously in a gene 

specific manner (Song et. al., 2009; Hiura et. al., 2006; Lucifero et. al., 2004), 

and is completed when the oocyte is ~65 µm diameter (Hiura et. al., 2006).  

However, no information exists as to how global DNAm is acquired in 

mammalian oocytes.   

A number of studies have demonstrated that hormonal stimulation induces 

aberrant DNAm at several imprinted loci in mice.  Market-Velker et. al., (2010) 

showed that superovulation perturbed DNAm at four differentially methylated 

regions (DMR).  In their study, they found that blastocyst stage embryos 

produced after superovulation exhibited loss of methylation at the Kcnq1ot1, 

Peg3 and Snrpn DMRs and gain of methylation at the H19 ICR.  Intriguingly, 

another study failed to observe changes in DNAm at Snrpn and H19 DMRs even 

though these genes were biallelically expressed in the placenta of day 9.5 

concepti produced after superovulation (Fortier et. al., 2008).  Ovarian 

hyperstimulation may also be playing a role in the apparent increase the 

incidence of the loss-of-imprinting disorder Beckwith-Wiedemann Syndrome 

(BWS; Maher et. al., 2003; DeBaun et. al., 2003; Halliday et. al., 2004; Gicquel 

et. al., 2003; Sutcliffe et. al., 2006) in children conceived with the assistance of 

ART. To this effect, a retrospective study found that the cause of infertility, ART 

procedures utilized, type of culture medium used, number of embryos 

transferred, as well as the timing of embryo transfer were different in all cases of 
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ART-related BWS with the only common procedure being ovarian stimulation 

(Chang et. al., 2005). 

In a previous study we observed an increased level of gene expression in 

in vivo produced superovulated (SO) mouse blastocysts when compared to their 

natural ovulated (NO) counterparts (unpublished observation).  As mentioned 

previously, DNAm is an epigenetic modification that is associated with a 

repressive transcriptional state.  Therefore, we reasoned that this modification 

might be inappropriately acquired in the SO egg thus causing an improper 

transcriptionally permissive state at the blastocyst stage.  Indeed, we found a 

50% reduction in global DNAm in the maternal pronucleus of SO when compared 

to NO 1-cell embryos (unpublished observation).  From these results we 

hypothesized that the exogenous gonadotropins, eCG and/or hCG were altering 

the deposition of methyl marks on the oocyte’s DNA during their growth.  Even 

though it is well established that methylation imprints are acquired 

asynchronously during oocyte growth, knowledge about the acquisition of global 

DNAm and the effect of hormonal stimulation during oogenesis is not known.  

In our study, we determined the progression of global DNAm acquisition 

during oocyte growth in naturally cycling and hormonally-stimulated adult mice. 

We found that in adult mice the global DNAm is acquired in an oocyte size-

specific manner.  Further, we observed that administration of exogenous 

gonadotropins changed the level of mettylated DNA in growing oocytes. 

Acquisition of DNAm continues in full-grown oocytes until the presumed LH surge 

and we speculate that this is necessary to attain full developmental competence 
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(i.e. the ability of an oocyte to produce an embryo capable of full term 

development). On the other hand, SO full-grown oocytes do not attain complete 

levels of methylation before ovulation and this may in part be responsible for the 

abnormalities observed in embryos produced from SO oocytes.  

 

Materials and Methods 

Hormonal stimulation and Collection of ovaries 

All animal experiments were approved by the University of Missouri 

Institutional Animal Care and Use Committee. 

A group of 7-8 week old CF1 female mice (Harlan) were kept in an 

environmentally-controlled room at 20-23ᴼC under a 12 h light:12 h dark regimen 

(light on at 7:00 AM) with access to ad libitum food and water. The stages of 

estrous cycle were determined by observing changes in the appearance of the 

vulva as described by Champlin et. al. (1973). Following one estrous cycle, a 

group of females exhibiting diestrus (Hour 0; H0) were selected (Figure 1).  At 

H0, at least one female was randomly chosen and its ovaries were collected for 

subsequent immunohistochemical processing.   Half of the remaining females 

were left undisturbed to continue cycling normally (natural ovulation group; NO) 

while the other half received an intraperitoneal (IP) injection of 5 international 

units (IU) of equine chorionic gonadotropin (eCG, Calbiochem, La Jolla, CA) at 

5:00 PM (superovulation group; SO). Twenty four (H24) and 44 hours (H44) after 

eCG injection, ovaries were collected from both the NO and SO. At H44, the 
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remaining SO group mice received 5 IU of human chorionic gonadotropin (hCG; 

Sigma, St. Louis, MO) intraperitoneally. The last set of NO and SO ovaries were 

collected 54 hours (H54) from the initiation of the experiment (i.e. H10 post-hCG 

in SO group). Ovulation in mice occurs approximately at the midpoint of the dark 

cycle (Nagy A et. al. 2003). In addition, mice ovulate approximately 12 h after 

hCG injection. Therefore, both NO and SO groups were expected to ovulate at 

approximately 1:00 AM. Hence, the ovaries from the H54 groups were collected 

two hours before presumed ovulation. Animals were sacrificed and ovaries were 

collected from the NO and SO groups at H0, H24, H44, and H54. Ovaries were 

immediately fixed in 10% buffered formalin for 24 hours and then preserved in 

70% alcohol until ovarian sections were made by the Veterinary Medical 

Diagnostic laboratory at the University of Missouri-Columbia.  The experiment 

was repeated three times on different days. 

 

Immunohistochemistry 

All reagents were purchased from Vector Laboratories (Burlingame, CA), 

unless otherwise specified.  Thirty six to 42 continuous 6 µm ovarian sections 

(equivalent to five to six slides) were processed for immunohistochemical 

localization of 5MeC by using a commercially available kit (VECTOR M.O.M 

Immunodetection kit). Paraffin embedded ovarian sections were deparaffinized 

with Shandon xylene substitute (Thermo Scientific, Kalamazoo, MI), and then 

rehydrated through a series of graded ethyl alcohol (100%, 95%, and 80% of 
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ethyl alcohol). Rehydrated ovarian sections were microwaved for 15 minutes at 

full potency with a citrate-based unmasking solution, for antigen retrieval. 

Endogenous peroxidase activity was blocked by incubating the sections with 3% 

hydrogen peroxide for 5 minutes.  Endogenous biotin was blocked by using a 

commercially available kit (Avidin/Biotin blocking kit), while endogenous IgGs 

were blocked by incubating the sections for 1 hour with mouse IgG blocking 

reagent. Ovarian sections were then incubated overnight at 4.0°C with an 

antibody against methylated cytosines (6 µg/ml; Anti-5-methylcytosine mouse 

mAb, Calbiochem, EMD Biosciences, Inc., La Jolla, CA). Biotinylated anti-mouse 

IgG was used as the secondary antibody (10 minutes). Tissue sections were 

stained and visualized by the ABC method. Stained ovarian sections were 

dehydrated through a series of graded alcohol (70%, 95%, and 100%) and 

xylene substitute before mounting on glass slides. Negative control consisted of 

sections processed as described above except they were incubated in diluent 

without primary antibody.  Oocyte sections containing the germinal vesicle (GV) 

were photographed with a Leica DFC480 camera mounted on a Leica 

microscope.  Images were taken at 1000x and saved as TIF files for subsequent 

image analyses.  All pictures were acquired using the same microscopic and 

computer settings (Figure 2).   
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Image Analysis 

An image of a stage micrometer was acquired with the same microscopic 

and computer settings used on the ovarian sections.  The size of all GVs and 

oocytes were measured on a computer screen using the above mentioned 

micrometer image.  Each series of ovarian sections was visually scanned to 

identify the largest cross section for each oocyte and this section was used to 

determine oocyte size.  The largest cross section contains the nucleolus (Lintern-

Moore and Moore, 1979).  The average of two perpendicular measurements was 

taken across the oocyte (excluding the zona pellucida) to get the diameter. In 

addition, the largest cross section was used to measure GV area and 5MeC 

staining intensity (in arbitrary units; AU). The staining integrated density (sum of 

the values of the pixels in the image selection) was measured by using the 

background-corrected density macro of Image J program (NIH).  Normalization 

between treatments and immunolocalization procedures were achieved by 

dividing the staining intensity of the GV with the average 5MeC staining 

measurement of five granulosa cells located immediately adjacent to the zona 

pellucida.    

 

Statistical analysis 

Differences in global DNAm between different oocyte sizes within and 

between treatment groups were analyzed using SAS 9.2.  The independent 

variables used were: GV size, GV area, oocyte size, and number of granulosa 
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cell layers while the dependent variable was intensity of 5MeC (i.e. levels of 

methylation).  We used the PROC GLM procedure of SAS 9.2 to determine least-

squares means analysis of variance.  The pdiff option of SAS was used to detect 

differences in methylation levels of growing oocytes within and between 

treatments and time points.  

 

Results 

In all, 620 NO and 379 SO oocytes were used for data analysis (Table 1).  

For each experimental group, oocytes were classified according to size into 10-

20 µm, >20-30 µm, >30-40 µm, >40-50 µm, >50-60 µm, >60-70 µm, and >70 µm 

(fully grown).  Further, the type of follicle (i.e. primordial, primary, secondary, 

antral) and the number of layers of granulosa cells surrounding each oocyte 

analyzed was determined and used to make comparisons between follicle stage 

and acquisition of DNAm in the oocyte.   

 The average size of NO oocytes contained in primordial and primary 

follicles was 15 and 23 µm, respectively (Figure 3). During the formation of the 

second layer of granulosa cells the oocyte increased in diameter from 45 µm to 

57 µm and reached ~60 µm with the completion of the second layer.  The 

formation of the third layer of granulosa cells was not accompanied by further 

oocyte growth, however with the addition of the fourth layer, most of the oocytes 

could be considered as full grown based on diameter.  
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Acquisition of DNA methylation during oogenesis in unstimulated control mice 

Once recruited, an oocyte will grow from 10 µm diameter to >70 µm 

diameter in approximately 21 days (i.e. 3 µm per day;  Eppig et. al. 2002).  

Therefore, in this study, oocytes classified as having a specific size at H0 will be 

expected to remain within that same size category or increase by one category at 

H54.  Acquisition of global DNAm occurred in a size-specific manner (Figure 4A 

and Table 2A).  While levels of methylation doubled from 10 µm (~2 arbitrary 

units) to 40 µm (~ 4 arbitrary units) in diameter, methylation levels quadrupled 

from >40 µm to 70 µm (~17.5 arbitrary units).  The level of methylation further 

increased in full grown oocytes (> 70 µm; P < 0.001) from diestrus (H0) until the 

approximate time of the LH surge (H44).  This acquisition occurred in a stepwise 

manner with respect to approaching ovulation with a 16% increase from H0 to 

H24 (P < 0.04) and a 12% increase from H24 to H44 (P < 0.04).   Levels of 

methylation precipitously declined (31%; P < 0.001) from H44 to H54 coincident 

with the expected LH surge.  

 Acquisition of DNAm was positively correlated with progression of follicular 

stage (P < 0.001; Figure 3).  The most dramatic increase in methylation (150%) 

occurred during the transition from primary to secondary follicular stage.       
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Comparison of global DNA methylation during oocyte growth between 

unstimulated and hormonally-stimulated mice  

 Acquisition of DNAm was similar between NO and SO oocytes up to 50 

µm in size (Figure 4).  The progression of methylation was altered at H24 and 

H44 of eCG injection in >50-60 µm oocytes (Figure 5 and Table 2B).  At this 

oocyte size, exogenous hormonal stimulation caused an increase in the amount 

of methylation when compared to similar size oocytes in the control group at H24 

(11.38 ± .66 vs. 13.66 ± .90 for unstimulated and hormonally-stimulated, 

respectively P < 0.05).  A further increase in levels of methylation was observed 

in the SO group by H44 (12.30 ± .80 vs. 15.72 ± .1.19; P < 0.02).  The increase 

in methylation levels observed as a result of eCG injection was not maintained at 

subsequent oocyte sizes but rather started to decline at >60-70 µm (P = 0.09; 

Figure 5B) and the decline was most pronounced at the full grown stage (P < 

0.001).  As opposed to the NO group, in which the LH surge caused a drastic 

decrease in the levels of DNAm by H54 (Figure 4A), the LH surge in the SO 

group (hCG) did not cause a further decrease by H54 (Figure 4B).  This result 

was probably due to the lower level of methylation already observed at H44 in 

SO full grown oocytes.    
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Figure 1: Experimental Design.  A group of seven females at diestrus were 

randomly separated into two experimental groups: natural ovulation (control) and 

superovulation.  Labels on the left of the figure denote time from diestrus. 

Experiment was repeated for three times. 
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Figure 2: Immunohistochemical localization of 5MeC in mouse ovarian sections.  

Shown are representative pictures of growing oocytes in unstimulated and 

hormonally-stimulated cycles. Global DNA methylation was determined at 

several time-points from diestrus (H0). NO=natural ovulation, 

SO=superovulation.  No specific staining was observed in the oocyte or the 

surrounding granulosa cells in the negative control. 
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Table 1: Number of oocytes analyzed.  NO = naturally ovulated. SO = 

superovulated. H0, H24, H44, H54 = time from diestrus. 

 

 

 

 

 

     H54 
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Figure 3: Follicular growth and DNA methylation in naturally cycling mice. 

Formation of a secondary stage follicle is correlated with the acquisition of DNA 

methylation in mouse oocytes. Values are mean ± SEM. *= denotes statistically 

significant difference from previous follicular stage (P< 0.05).  
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Figure 4: Pattern of acquisition of global DNA methylation in mouse oocytes. 

Level of DNA methylation in natural (A) and hormonally-stimulated (B) mice 

during the two days preceding estrus.  The average values of three biological 

replications were determined for each oocyte size group. Values are mean ± 

SEM. Statistical differences among and between groups are shown in Table 2A 

and 2B. 
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Table 2.  Statistical analysis. Red arrows = significant differences within (A) and 

between (B) oocyte sizes of different treatments groups 

 

A. 

B. 
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Figure 5: Effects of hormonal hyperstimulation on the acquisition of DNA 

methylation in mouse oocytes.  A = Hour 24 and B = Hour 44. Values are mean ± 

SEM. *= denotes statistically significant difference (P< 0.05).  
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Discussion 

In the present study we examined the pattern of acquisition of global 

DNAm during oocyte growth in adult CF1 females.  We observed that oocyte 

growth is accompanied by a concomitant increase in the levels of DNAm.  The 

increase in DNAm is most likely the result of the accumulating levels of the DNA 

methyltransferases seen during oocyte growth (Lucifero et. al., 2007).   

In mammals, DNAm occurs primarily at the carbon-5 position of the 

cytosine pyrimidine ring when in a CpG context.  The key role of DNAm is to 

control gene expression as methylated sequences undergo transcriptional 

repression (Chomet 1991).  Oocytes are transcriptionally active during their 

growth (Oakberg 1968; Moore et al., 1974; Rodman and Bachvarova 1976; 

Sternlicht and Schultz 1981) but become transcriptionally quiescent once they 

reach their full-grown size (~70 um), an event coincident with antrum formation 

(Ericson and Sorensen 1974).  It may be speculated that the acquisition of 

DNAm in oocytes may be in part responsible for transcriptional silencing.  

Conversely, the transcriptionally silent state may bring about de novo DNAm in 

preparation for chromatin remodeling.  To this effect, Dnmt1 (the maintenance 

methyltansferase) has been demonstrated to bind directly to the heterochromatin 

associated proteins G9 and SUV39H1 in mammalian cells (Estève  2006).   

During the majority of its growth, the oocyte’s chromatin is in what is 

known as the non-surrounded nucleolus (NSN) configuration.  This is 

microscopically visible as ―naked‖ nucleoli due to a decondensed chromatin 
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state.  However, the chromatin undergoes a restructuring event while 

approaching the final stages of growth by forming a heterochromatin rim around 

the nucleolus.  This configuration is known as surrounded nucleolus (SN; De la 

fuente 2006).  SN is a chromatin conformation which is found in competent 

oocytes immediately prior to ovulation.   In our study we also observed that 

DNAm continues to be acquired even after the oocytes have reached their full-

grown size and does not subside until after the expected time of the LH surge.  

Even though the majority of the transcriptional activity of the oocyte has halted 

when they reach their full grown size (Abe et. al. 2010; Ericson and Sorensen 

1974), low level of transcriptional activity is still detectable up to two hours prior 

to ovulation (measured as 3H-uridine incorporation; Rodman and Bacharova 

1976).  We propose that the increased level of DNAm observed prior to ovulation 

may be involved in silencing the remaining transcriptional activity and/or in 

assisting the oocyte’s chromatin establish the SN conformation.   

The timing of acquisition of global DNAm in the adult female mouse has 

not been previously reported.  The knowledge we have to date about DNAm in 

mouse oocytes comes from studies looking at locus-specific methylation of 

imprinted loci (Hiura et. al., 2006) and repetitive elements (i.e. IAP; Lucifero et. 

al. 2004).  The literature suggests that methylation imprints are acquired 

asynchronously during oocyte growth, mostly when they are between 40 µm and 

65 µm in diameter (Hiura et. al., 2006). Repetitive elements, on the other hand, 

begin to get marked by methylation from the time of follicular recruitment.  By 

using an immunohistochemical approach, we were able to determine the 
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dynamics of methylation acquisition during oocyte growth.  We show that in the 

unstimulated (i.e. without the use of exogenous hormones) cycle, global 

methylation begins in oocytes as soon as they start their growth.  The pattern of 

methylation transforms from linear to exponential around 50 µm in diameter 

which is nearing the size when oocytes become meiotically competent (i.e. ~60 

um; Sorensen and Wasserman 1976; Eppig et. al., 1994).  Meiotic competence is 

defined as the ability of an oocyte to spontaneously resume meiosis beginning 

with the breakdown of the germinal vesicle and culminating with arrest at 

metaphase of the second meiosis.  Full developmental competence of oocytes 

requires additional events such as nuclear and cytoplasmic modifications which 

continue well past the time they have reached their full grown size and into the 

last stages of follicular growth.  We observed that an exponential progression of 

5MeC levels in oocytes starts approximately at 50 µm and continues for the last 

one third of their growth.  Oocytes reach their full grown size in a secondary 

follicle around the time of antrum formation (Brambel 1928).  Most of the follicles 

at this time will undergo atresia (McGEE and Hsueh 2000) but those that are 

destined to ovulate will continue to grow for another two weeks before they are 

ready for ovulation (Chouinard 1975).   We also observed that methylation of full 

grown-sized oocytes increases by ~30% from diestrus (i.e. two days before 

ovulation) until the time of the LH surge.  We did not measure time points in 

between the approximate time of the LH surge and the subsequent 10 hours; 

therefore, we are unable to make further conclusions about the dynamics of 

DNAm immediately after the LH surge.  We did however, measure DNAm in 
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oocytes approximately two hours prior to ovulation and obtained some puzzling 

results.  We found that global DNAm decreased in full-grown oocytes as the time 

of ovulation approaches.  Upon closer examination of the immunohistochemical 

sections, we observed that the ovarian sections from the H54 group appeared to 

have less staining that those of previous time points.   In order to make sure that 

this was not due to technical error, we performed the 5MeC localization 

simultaneously of all seven groups (one slide/group) on two different occasions 

with sections from different mice obtained on different days.  Yet, we still 

observed that the sections that belonged to ovaries of mice that were close to 

ovulation stained lighter than all other sections.  At this time, we are unable to 

explain this observation.   

Ovarian hyperstimulation had a profound effect on the total levels of 

DNAm in mid-sized and full-grown oocytes.  Levels of DNAm were for the most 

part lower in the SO group when compared to the NO group.  This is in 

accordance to our previous observation that the maternal pronucleus of zygotes 

produced after SO contain ~50% less methylated DNA than their NO 

counterparts (Unpublished observation).   

An interesting observation is that DNAm might be directed by the 

granulosa cells as we observed a dramatic increase in the total amount of DNAm 

when the second layer of granulosa cells began forming around the oocyte.  It is 

established that bidirectional communication between the oocyte and granulosa 

cells is needed for proper growth and differentiation of the oocyte (Eppig et. al., 

1997). The follicular cells that are in close proximity to the oocyte develop 
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projections (transzonal projections; TZP) that reach the oocyte and develop a 

communication channel which is the site of exchange of paracrine factors 

(Plancha et al., 2005).  Several studies have shown that FSH is involved in 

retracting the TZP (Combelles et. al., 2004) and this in turn causes the oocyte to 

go from a NSN to a SN chromatin configuration (Combelles et. al., 2004; De la 

Fuente and Eppig 2001).  As mentioned earlier, the pattern of global DNAm shifts 

from linear to exponential around the 50 µm in diameter in NO oocytes. However, 

this pattern was disrupted by the administration of eCG since the methylation 

level of the oocyte’s DNA from SO group plateaus at 50-60 µm and undergoes 

no further increase thereafter.  Our observation that the granulosa cells may be 

directly involved in methylating the chromatin would be in accordance with this 

result.  The follicle becomes responsive to the gonadotropins (FSH and LH) at 

the secondary stage when the granulosa cells express functional FSH receptors 

(McGee and Hsueh 2000).  The binding of eCG to the FSH receptors may affect 

the ability of the granulosa cells to communicate with the oocyte through the TZP 

thus affecting the methylation program.  

By administering exogenous gonadotropins we could potentially be 

recruiting oocytes that have not completed their developmental program and that 

have lower developmental competence.  To that effect, superovulation in mice 

results in slowed preimplantation development (Ertzeid and Storeng 2001; 

Auwera and D’Hooghe 2001) and decreased the proportion of morphologically 

normal preimplantation embryos (Ertzeid and Storeng 1992).  Postimplantation 

results showed that the weight of the fetuses (Malket-Velker  et. al., 2010; Ertzeid 
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and  Storeng 1992; Auwera and D’Hooghe 2001) and pups (Ertzeid and  Storeng 

2001) was lower in SO oocytes when compare to NO controls.  Those authors 

observed the main malformation of the SO fetuses to be related to skeletal 

malformations.  This is intriguing since in a large retrospective human study by 

Olson et al. (2005) noted an increased incidence of musculoskeletal birth defects 

in children conceived by intrauterine insemination after ovarian hyperstimulation 

(i.e. no in vitro procedures, control = 8,422 children, IUI - 343 children).   

The decreased level of global DNAm in superovulated oocytes may cause 

activation of the parasitic sequence elements like intracisternal A particle (IAP) 

retroviruses (repetitive retroviral-like sequence) that are normally transcriptionally 

silent by cytosine methylation (Walsh et. al., 1998).  The activation of parasitic 

particles can produce new forms of protein with adverse effects by misregulation 

of nearby genes (Yoder et al., 1997).  It has been reported that methylation on 

IAP occurs during oocyte growth (Lucifero et. al., 2004).  While repetitive 

elements are undermethylated in the dictyate stage oocyte, they are completely 

methylated in the ovulated egg.  Therefore, it may be possible that SO recruits 

oocytes without the proper silencing of transposon elements before ovulation.  

This hypothesis remains to be tested.   

  In conclusion, acquisition of global DNAm occurs in an oocyte size specific 

manner in adult mice. Initiation of global DNAm started in non-growing oocytes 

and continued in full-grown oocytes until ovulation.  Furthermore, superovulation 

affects the normal progression pattern of global DNAm and we put forth the 
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hypothesis that the lower developmental competence observed in superovulated 

oocytes may be in part due to improper DNAm during oocyte growth.  
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Chapter III 

Long term effects of hormonal hyperstimulation on gene expression in 

mouse oocytes 

Abstract  

The mouse oocyte synthesizes and store mRNA during its growth and any 

intervention in the accumulation of transcripts during oocyte growth may affect 

fertilization as well as subsequent embryo development. Our previous study 

showed that global DNA methylation (DNAm) on the maternal genome is 

established during oocyte growth in an oocyte size-specific manner.  Further we 

observed that superovulation affected the acquisition pattern of global DNAm in 

medium (50- 60 µm) and large (˃ 70 µm) size oocytes.  DNAm is associated with 

transcriptional silencing.  Therefore, we hypothesize that superovulation causes 

differential expression of genes involved in epigenetic control of the genome in 

ovulated mouse eggs and these deviant expression levels may be responsible 

for the observed aberrant DNAm and the lower developmental competence that 

other studies have reported.  We determined the mRNA levels of the DNA 

methyltransferases (Dnmt3a, Dnmt3b, Dnmt3l and Dnmt1), the histone 

acetyltransferase Ncoa1and Cited1, and the histone deacetylases HDAC1 and 

HDAC2.  In addition we determined if the lower level of methylation of the oocyte 

genome correlated with increased level of expression of the transposon IAP by 

quantitative RT-PCR.  For our analyses we used naturally ovulated eggs (control) 

and eggs collected from the superovulated cycle as well as the three subsequent 
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cycles after hormonal hyperstimulation of ovulation.  The mRNA level of Dnmt3a 

was 78% higher than Dnmt3b whereas the expression level of Dnmt3l was 

similar to Dnmt3a.  The Dnmt1 (maintenance DNA methyltransferases) is the 

most abundant transcript in ovulated eggs. The expression levels of all candidate 

genes analyzed in this study did not significantly differ among naturally ovulated 

and superovulated mice.  

 

Introduction 

Mammalian preimplantation embryos produced in vivo after 

superovulation have been used as controls for the study of gene expression and 

developmental competency in many research works. Recently, a microarray 

study showed that hormonal stimulation cause misregulation on the expression 

of 92 genes (76 down regulated and 16 up regulated) in blastocyst stage mouse 

embryos when compared to naturally ovulated counterparts (Zhang et. al., 2010).  

In addition, a study from our laboratory (unpublished data) shows that gene 

expression at the blastocyst stage of development is different between in vivo-

produced embryos generated after superovulation when compared to those 

produced after natural ovulation (i.e. control).   

Any intrusion during the growth phase of oocytes could potentially affect 

the expression of genes required for oocyte maturation, fertilization, and 

successive embryo development.  A number of studies in mice show that 

superovulation increases the proportion of abnormal preimplantation embryos, 
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increases the rate of postimplantation mortality, and causes pronounced fetal 

growth retardation when compared to naturally ovulated counterparts (Ertzeid 

and Storeng 1992; Ertzeid and Storeng 2001; Auwera and D’Hooghe 2001; 

Fortier et. al., 2008).  The abnormalities observed in pre- and post-implantation 

development have been concluded to be due in part to impaired oocyte 

competence (Ertzeid and Storeng 2001).  In humans, a retrospective study by 

Olson et. al. (2005) concluded that children conceived after IUI (343 infants) had 

a higher incidence of musculoskeletal defects when compared with naturally 

conceived children (8,422 infants).  This outcome can be attributed to the ovarian 

hyperstimulation procedure since 95% of the IUI cases received ovulation-

inducing medications. 

Methylation of CpG dinucleotides silence gene expression as the 

methylated cytosine attracts binding proteins and undergo a transcriptionally 

repressive conformation (Berger 2007; Newell-Price et. al., 2000; Bird 1992; 

Chomet 1991).  DNA methyltransferases (Dnmts) are required for the 

establishment and maintenance of DNAm. DNAm is required for genomic 

imprinting and X-chromosome inactivation (Bestor 2000; Reik and Walter 2001). 

The members of Dnmt3 (Dnmt3a, Dnmt3b, Dnmt3l) family of enzymes cause de 

novo DNAm in germ cells and the developing embryo/fetus (Okano et. al.,1999), 

whereas Dnmt1 is responsible for the maintenance of DNAm after DNA 

replication. Dnmt3a together with its cofactor Dnmt3L are required to establish 

methylation imprints during oocyte growth (Hata et. al., 2002).  The expression of 

Dnmt3a, Dnmt3b, Dnmt3L and Dnmt1o (the oocyte specific Dnmt1 isoform) 
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transcripts increase with the increased size of oocytes starting from 10-20 µm 

diameter to the full grown stage and then decrease in MII oocytes (Lucifero et. 

al., 2007). Oocytes accumulate Dnmts as maternal transcripts and take part in de 

novo and/or maintenance of methylation during preimplantation development.  

DNA methylation is also required for the silencing of transposable 

elements.  Transposons are positioned around and inside most genes. The 

activation of retrotransposons causes mis-regulation of nearby genes and can 

produce new translations with negative effects (Yoder et. al., 1997). One of the 

most abundant transposable elements in the mouse is intracisternal A particle 

(IAP).  Methylation of IAP occurs during oocyte growth in a pattern similar to 

imprinted loci (Lucifero et. al., 2004) and it has been shown that IAP is highly 

methylated in unfertilized oocytes.  This methylation has been demonstrated to 

be necessary to maintain this transposable element in a silent state as lack of 

Dnmt1 results in transcription of IAP in mouse embryos (Walsh et. al., 1998).  

The amino terminal tails of histones provide sites for several 

posttranslational modifications namely acetylation, methylation, phosphorylation, 

ubiquitylation and sumoylation. Histone modifications control higher order 

chromatin structures and have both transcriptional activation and repression 

effects.  Acetylation of histones is catalyzed by histone acetyltransferases 

(HATs). Acetylation is associated with decondensed chromatin structure and 

affects the interaction with chromatin associated proteins, and contributes to the 

establishment of transcriptionally active euchromatic regions (Shogren-Knaak et. 

al., 2006). The expression level of HATs is relatively low in oocytes from five day 
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old mice, slightly increases in day-10 old oocytes, and is highest in oocytes of 15 

day old mice (Kageyama et. al., 2007).  Nuclear receptor coactivator 1 (Ncoa1) 

also know as steroid receptor coactivator (SRC1) is a transcriptional coregulatory 

protein with HAT activity in its carboxy-terminal region and is specific for histone 

H3 and H4 (Spencer et.al., 1997). Cbp/p300 interacting transactivator with 

Glu/Asp-rich carboxy-terminal domain 1 (Cited1) also has histone 

acetrytransferase activity. Histone deacetylases (HDAC) remove acetyl groups 

from histone tails and direct a more closed chromatin configuration resulting in 

decreased transcriptional activity. A balanced level of histone acetylation is 

maintained by the opposing activities of HAT and HDAC (reviewed in Ruijter et. 

al., 2003).  

In our previous study (Chapter II), we determined the effect of exogenous 

hormonal stimulation on the acquisition of global DNAm in different sized of 

oocyte in adult mice (7-9 week old CF1 mice). We noticed that the total levels of 

DNAm were 35% lower in full grown oocytes from superovulated females when 

compared to control.  We also observed that superovulation affected the level of 

global DNAm in medium sized oocytes (50-60 µm diameter).  In addition, another 

study from our laboratory (unpublished), showed an effect of hormonal 

stimulation on the levels of histone acetylation in one-cell stage mouse embryos.  

Superovulation caused a 50% increase in the acetylation of lysines 9 and 14 on 

histone 3. From these observations, we were interested in determining whether 

the difference in the expression level of epigenetic modifiers is the underlying 

mechanism for the observed decrease in DNAm and increase in histone 
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acetylation in oocytes and embryos from superovulated mice. In this present 

study we determined the expression profile of Dnmt3a, Dnmt3b, Dnmt3l, Dnmt1, 

Ncoa1, Cited1, HDAC1, HDAC2 as well as the expression profiles of IAP in eggs 

from naturally ovulated and superovulated females in four consecutive cycles.   

 

Materials and Methods 

All animal experiments were approved by the University of Missouri 

Institutional Animal Care and Use Committee. 

A group of 7-8 week old CF1 female mice (Harlan) were monitored for the 

detection of the various stages of the estrous cycle. Mice were kept in an 

environmentally-controlled room at 20-23ᴼC under a 12 h light:12 h dark regimen 

(light on at 7:00 AM) with access to ad libitum food and water. The stages of the 

estrous cycle were determined by observing changes in the appearance of the 

vulva as described by Champlin et. al. (1973). All reagents were obtained from 

Sigma unless otherwise specified. 

 

Hormonal Stimulation and Oocyte collection 

Naturally ovulated group 

Estrus-stage mice were cocaged with a vasectomized male at 5:00 PM. 

Ovulation is expected to occur at the middle of dark phase (~ 1:00 AM, based on 
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a 7:00 PM to 7:00 AM light cycle) and ovulated eggs were collected the following 

morning at 8 AM from females that had a copulatory plug. 

Superovulated group  

Diestrus-stage mice were injected intraperitoneally with 5 IU of PMSG (at 

5:00 PM) followed 44 hours later by an injection of 5 IU of hCG and then mated 

to vasectomized males.  Ovulation is expected to occur 12 hours later (~1:00 

AM).  Ovulated eggs were collected the following morning at 8:00 am from 

females which exhibited a copulatory plug.  This group was designated as 

superovulation cycle zero (SOC0).  To study the long term effects of 

superovulation on gene expression, naturally ovulated eggs were collected at 

one (SOC1), two (SOC2), and three (SOC3) cycles after the superovulation 

treatment.  

Ovulated egg collection  

The cumulus-oocyte complexes were isolated from the oviduct by nicking 

the ampulla with a 30 gauge needle.  The oocytes were collected into a drop of 

minimum essential medium (MEM) containing 0.3 mg/ml of Type IV-S 

hyaluronidase (from bovine testis) as described by Nagy et. al. ( 2003).  Cumulus 

cells were completely removed from the egg by washing the oocytes several 

times in MEM.  A group of 60 ovulated eggs collected from approximately two to 

five females were pooled and added to 100 µl lysis buffer (Dynadeads).  Lysed 

oocytes were stored at – 80°C until RNA isolation. The number of eggs collected 
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per mouse varies in different treatment groups (Table 2) therefore; several mice 

were required to complete each individual biological replicate. 

RNA extraction 

A full-grown mouse oocyte is approximately 80 µm in diameter and 

contains about 80 pg of RNA (Duncan and Schultz 2010).  For our experiment, 

total RNA was isolated from a pool of 60 ovulated eggs by using commercially 

available kit (Absolutely RNA Microprep Kit; Stratagene).  Briefly, 60 ovulated 

eggs in a 1.5 ml microcentrifuge tube containing 100 µl lysis buffer were mixed 

with 0.7 µl of β- Mercaptoethanol and one microliter of  exogenous GFP RNA. 

GFP RNA was added to all groups prior to RNA isolation to serve as a normalizer 

for RNA recovery efficiency.  An equal volume (101.7 µl) of freshly prepared 70% 

ethanol was added to the tube. The manufacturer’s instructions were followed as 

specified.  RNA was eluted in 60 µl of prewarmed (60°C) elution buffer. RNA was 

precipitated overnight at – 20°C, followed by centrifugation at 4°C for 30 minutes. 

The RNA pellet was washed with 100 µl of freshly prepared cold 70% ethanol 

and then air dried and the pellet resuspended in 10 µl of RNAse/DNAse free 

water. The RNA was immediately used for reverse transcription. 

 

Reverse transcription 

 Extracted RNA was converted to cDNA using 0.5 µg random primers 

(Invitrogen), 1 µl of 10 mM dNTP (Fisher Scientific), 2 µl of 0.1M DTT, 1X First 

Strand Buffer, 40 units of Optizyme RNase Inhibitor (Fisher Bioreagents), 200 
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units of Superscript II (Invitrogen) in a final volume of 20 µl.  The reverse 

transcription reaction was performed at 42°C for 50 minutes, followed by heat-

inactivation at 70°C for 15 minutes. Total volume was adjusted to 30 µl so that 

each µl of sample contained amount of cDNA equivalent to two ovulated eggs. 

The synthesized cDNA was stored at – 20 °C until use for RT-PCR.  

 

Quantitative RT-PCR 

qRT-PCR quantifies the PCR products in real time during each PCR cycle 

and yields a quantitative measurement of the PCR products accumulated during 

the course of the reaction (VanGuilder et. al., 2008).  qRT-PCR was performed in 

a 20 µl reaction volume, containing 1 µl of cDNA (equivalent to two ovulated 

eggs) for 50 cycles by using commercially available TaqMan Gene Expression 

Assays (Table 1) and TaqMan universal PCR master mix (Applied Biosystems). 

The genes analyzed were; Dnmt3a, Dnmt3b, Dnmt3l, Dnmt1, Ncoa1, Cited1, 

HDAC1, HDAC2, IAP and MLV. The candidate genes and probe (labeled with 

FAM) sequences are presented in Table 2.  

For each treatment group (i.e. NO, SOC0, SOC1, SOC2, SOC3) we 

analyzed three to four biological replicates.  Due to the paucity of material that 

we had for the analysis (i.e. 60 eggs) we were unable to include a minus reverse  

transcriptase group to ascertain any DNA contamination in our samples. This 

does not create a problem with the analysis of the expression of all the 

epigenetic modifiers since our primers were intron-spanning.  However, IAP and 
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MLV are intronless.  In order to circumvent this problem, we generated primers 

for a region of DNA within the H19/IGF2 ICR.  These primers amplified genomic 

DNA from mouse somatic tissue but there was no amplification with cDNA 

isolated from ovulated eggs.  No DNA contamination was observed for any of the 

egg cDNA samples used for analysis.   

 

Statistical Analysis 

The level of mRNA encoding Dnmt3a, Dnmt3b, Dnmt3l, Dnmt1, Ncoa1, 

Cited, HDAC1, HDAC2, IAP and MLV for each group was normalized to the level 

of GFP mRNA of the same replicate.  The difference in cycle threshold (∆ CT) 

from GFP was used for statistical analysis.  The difference in CT of the genes in 

each SO group was compared to the CT of the genes in the NO group using the 

PROC GLM procedure of SAS 9.2 to determine least-squares means analysis of 

variance.  For data representation in fold difference from NO, we used the 

comparative CT method (∆∆ CT) to determine the difference CT between groups.  

Lastly, we determined fold difference from control by using the 2-∆∆ C
T formula.  

Additionally, we compared the mRNA levels of the DNA methyltransferases by 

ANOVA.  
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Results 

   Levels of expression differed among the Dnmts in naturally ovulated eggs 

(P < 0.0001; Figure 1).  The amount of Dnmt3b transcript was 78% lower than 

that of Dnmt3a while the expression level of Dnmt3l was similar to Dnmt3a.  The 

most abundant Dnmt transcript in ovulated eggs belongs to the maintenance 

Dnmt (i.e. Dnmt1; Figure 1). 

 Even though numerical differences are apparent between the naturally 

ovulated and the superovulated groups for several of the epigenetic modifiers 

studied (Figure 2 and 3) as well as for the transposon IAP (Figure 4), these 

differences did not reach statistical significance.  Lastly, the mRNA levels were 

undetectable for the histone acetyltranferase Cited1 and the retrosnposon MLV.   
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Table 2. Number of eggs collected per mouse 

 NO SOC0 SOC1 SOC2 SOC3 

Number of ovulated 
eggs/mouse 

12.10 43.67 10.46 12.31 12.64 
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Figure 1. Expression levels of all DNA methyltranferases in ovulated eggs from 

naturally ovulated mice. A= Fold difference (in log scale) of Dnmt3b, Dnmt3l and 

Dnmt1 as compared to the expression level of Dnmt3a. B= Difference in cycle 

threshold of all Dnmts from the exogenous normalizer GFP.  Data for B are 

expressed as mean ± SEM. 
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Figure 2. Expression levels of all DNA methyltransferases in naturally ovulated 

and superovulated mouse oocytes. Data is expressed as fold difference from 

control. SOC0 = (superovulation cycle 0), SOC1, SOC2, SOC3.  No statistical 

differences in gene expression were detected for any of the genes analyzed 

between the naturally and the superovulated groups. 
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Figure 3. Expression levels of a histone acetyltranferase and two class I histone 

deacetylases in naturally ovulated and superovulated mouse oocytes. Data is 

expressed as fold difference from control. SOC0 = (superovulation cycle 0), 

SOC1, SOC2, SOC3.  No statistical differences in gene expression were 

detected for any of the genes analyzed between the naturally and the 

superovulated groups. 
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Figure 4. Expression levels of the retrotransposon IAP in naturally ovulated and 

superovulated mouse oocytes. Data is expressed as fold difference from control. 

Cycle 0 = superovulation cycle.  No statistical differences in gene expression 

were detected between the naturally and the superovulated groups. 
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Discussion 

We determined the level of expression of several epigenetic modifiers (i.e. 

DNA methyltransferases and histone acetyltranferases and deacetylases) in 

ovulated mouse eggs from unstimulated and hormonally stimulated females.     

We observed that Dnmt3a and Dnmt3l are expressed in equal amounts 

while Dnmt3b is expressed at 20% of the level of the other two de novo 

methyltransferases.  This is in accordance to previously published work (Lucifero 

et. al., 2007).  DNAm is established and maintained by the DNA 

methyltransferase (Dnmts) enzymes. Dnmt3a together with it cofactor Dnmt3l are 

required to establish methylation imprints during oocyte growth (Hata et. al., 

2002; Kato et. al., 2007).  In addition, we observed that the highest number of 

transcripts for a DNA methyltansferase belonged to Dnmt1.  Published work has 

also shown that the mRNA expression of Dnmt1o (the oocyte specific Dnmt1 

isoform) increase with the increased size of oocytes. DNA methyltransferase 

activity is required for proper developmental competence.  Dnmt1 is required for 

proper preimplantation development (Li et. al., 1992) and for the maintenance of 

methylation imprints.  For example, developmental abnormalities and embryonic 

death were observed in DNA methyltransferase (Dnmt) gene mutant mice (Li et. 

al., 1992; Okano et. al., 1999).   

In this study, our main interest was to determine if the effects of 

superovulation previously observed by us (Chapter II) at the DNAm levels in the 

full grown and medium-sized oocyte would translate into improper level of gene 
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expression of proteins required to set, maintain, and erase the epigenetic 

program of oocytes.  The data presented here, although negative, provide the 

levels of the Dnmts (Dnmt3a, Dnmt3b, Dnmt3l and Dnmt1), Ncoa1, HDAC1, 

HDAC2 and IAP mRNA in ovulated eggs from naturally ovulated females as well 

as the levels of mRNA of eggs from superovulated females immediately after the 

superovulation procedure and during the next three subsequent unstimulated 

cycles.  Even though we observed several differences in the pattern of 

expression of the DNA methyltransferases Dnmt3a, Dnmt3b and Dnmt1 between 

the superovulated and naturally ovulated groups those differences did not reach 

statistical significance.   The paucity of biological material used (i.e. two eggs 

equivalent = ~160 pg; Duncan and Schultz 2010) in this study may have 

contributed to the variation within treatment, thus making it difficult to detect 

differences between treatments.  Further work will have to be done in order to 

determine if the numerical differences observed in the expression of some genes 

are authentic, and may contribute to the lowered developmental competence 

observed by others (Ertzeid and Storeng 1992; Ertzeid and Storeng 2001; 

Auwera and D’Hooghe 2001; Fortier et. al., 2008).     
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General Summary and Conclusion 

 In our study, we determined the progression of global DNAm during 

oocyte growth in naturally cycling and hormonally stimulated mice at different 

time points from diestrus by immunohistochemical localization using an antibody 

specific for the methylated state of cytosines.  We found that global DNAm is 

acquired in a size-specific manner in the adult animal. Our data also revealed 

that the acquisition of DNAm continues in full grown oocytes until the presumed 

LH surge and we speculate that this is necessary to attain full developmental 

competence. On the other hand, full-grown oocytes from superovulated mice do 

not attain an optimal methylation level before ovulation and this may in part 

account for the lower developmental competence observed in embryos produced 

from superovulated females.  We also observed that the levels of global DNAm in 

medium-sized oocytes were different between the naturally ovulated and the 

superovulated groups.  These medium sized oocytes could potentially ovulate in 

the subsequent estrous cycles and the inadequate levels of methylation could 

translate into inappropriate levels of gene expression in those oocytes when they 

continue to grow and ovulate.   

For our second study we set to determine the levels of gene expression in 

ovulated eggs superovulated (SOC0) as well as one (SOC1), two (SOC2), and 

three (SOC3) cycles after the superovulation treatment and then compared those 

expression levels to ovulated eggs from unstimulated mice. We failed to detect 

differences in gene expression among naturally ovulated and all superovulated 

groups.  
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In conclusion, we found that global DNAm is acquired during oocyte 

growth in a size-dependent fashion and superovulation affects the normal 

acquisition patterns of DNAm in medium and large size oocytes. Further 

experiments are required to determine the underlying mechanism responsible for 

the decrease level of DNAm in oocytes from superovulated mice.  
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