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7.0 Abstract

The success of human IVF is essentially determined by the quality of the embryo (itself a
function of the quality of the oocyte and sperm), the endometrium and of the interaction
between them. While there are established means of establishing the quality of each
individually, some of these are limited and, in particular, the embryo-endometrial
dialogue is difficult to capture and observe. As a result, it is under-studied and, with this

in mind, the aims of this thesis were threefold:

First, to investigate the corona cell transcriptome of euploid oocytes, RNA sequencing of
corona cells from individual cumulus oocyte complexes that developed into euploid
blastocysts was employed. Alongside bioinformatic and statistical analysis to compare IVF
outcomes, a mean number of sequence reads of 21.2 million were produced.
Differentially expressed gene analysis revealed 343 statistically significant transcripts and
enriched pathway analysis showed WNT signaling, MAPK signaling, focal adhesion and
TCA cycle to be related to IVF outcome. Specifically, key genes within the WNT/beta-
catenin signaling pathway, including AXIN, were associated with oocyte competence.
Furthermore, key genes and signaling pathways were identified in corona cell profiles in
association with IVF outcome following the transfer of euploid blastocysts previously

vitrified in a frozen embryo transfer.
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A second study investigated an association between advanced maternal age (AMA) and
endometriosis on the embryo-endometrial molecular dialogue before implantation. Co-
culture experiments were performed with endometrial epithelial cells (EEC) and
cryopreserved day 5 blastocysts from AMA or endometriosis patients. Extracellular
vesicles isolated from the co-culture supernatant were analyzed for miRNA expression
and revealed significant alterations correlating to AMA or endometriosis. Functional
annotation analysis of miRNA-target genes revealed enriched pathways for both infertility
etiologies, including disrupted cell cycle regulation and proliferation. These extracellular
vesicle-bound secreted miRNAs are key transcriptional regulators in embryo-endometrial

dialogue.

The third study was concerned with the placental epigenome, which plays a critical role
in regulating mammalian growth and development. Alterations to placental methylation,
often observed at imprinted genes, can lead to adverse pregnancy complications such as
intrauterine growth restriction and preterm birth. Similar associations have been
observed in offspring derived from advanced paternal age fathers. As parental age at time
of conception continues to rise, the impact of advanced paternal age on these
reproductive outcomes is a growing concern, but limited information is available on the
molecular mechanisms affected in utero. This longitudinal murine research study
investigated the impact of paternal aging on genomic imprinting. Paternal age

significantly impacted embryonic placental weight, fetal weight and length, significant
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hypermethylation was observed upon natural paternal aging and several transcript level

alterations attributable to advanced paternal age were identified.

This thesis also presents a series of co-authored studies on related subjects such as
embryonic epigenetic dysregulation, unexplained male factor and the sperm epigenome,
the dynamic transcriptome of IVF blastocysts in association with infertility, redox balance
and aging-related changes in the mouse ovary/oocyte, obesity and the human sperm

proteome.

Collectively, these data could inform the development novel biomarkers for non-invasive
assessment of oocyte competence and implantation success. They also demonstrate a
paternal age effect with dysregulation at numerous imprinted loci, providing a

mechanism for future adverse placental and offspring health conditions.
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10.0 General Introduction

Infertility is a disease defined by the World Health Organization as “failure to achieve a
clinical pregnancy after 12 months or more of regular unprotected sexual intercourse”
(Zegers-Hochschild et al. 2009). According to the European Society for Reproduction and
Embryology (ESHRE) and National Institute of Health and (NIH) its prevalenceis~ 1in 6

of couples trying to conceive. https://medlineplus.gov/infertility.html

According to the most recent data provided by the Centers for Disease Control and
Prevention, within the United States 35% of couples are diagnosed with infertility due to
a combination of male and female influences, with 8% of couples experiencing infertility
as male factor infertility as the principle cause
(https://www.cdc.gov/reproductivehealth/infertility/index.htm). There are many factors
contributing to the infertility phenotype including advanced maternal age, male factor,
uterine factors, endometriosis, tubal factor, ovulatory disorders, luteal phase defects,
repeated pregnancy loss, idiopathic (i.e. unknown), health and lifestyle, as well as specific
oocyte related factors including mitochondrial health, metabolomic processes, spindle
assembly functionality and meiotic success (Prates, Nunes, and Pereira 2014; Keefe,
Kumar, and Kalmbach 2015). Infertility treatment regimes are similarly numerous e.g.
intrauterine (IUl) or intracervical insemination (ICl) for patients with sufficient motile
sperm available, normal hormone profiles and a functional uterus. Other interventions

include optimal timing of intercourse, clomiphene citrate treatment to stimulate follicle
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growth, human chorionic gonadotrophin administration to trigger ovulation or low dose
gonadotropin administration to encourage ovarian follicular growth. Assisted
Reproductive Technology (ART) is a generally applied term applied to indicate when
oocytes, sperm and embryos are handled outside of the body including, significantly, in

vitro Fertilization (IVF).

10.1. In-vitro fertilization (IVF)

Louise Brown and Alastair MacDonald in 1978 - 1979 are credited as the world’s first IVF
babies (Steptoe and Edwards 1978) and the approach has significantly improved over the
years to one that is routine. Within the United States, it is currently estimated that 1in 6
couples will have difficulty conceiving a child through conventional means, and will
require the use of ART in order to be successful (Thoma et al. 2013). According to the
Society for Assisted Reproductive Technology, In 2017, 248,086 total IVF treatment cycles
had been performed in the United States. According to the Final National Summary
Report for 2017, the overall IVF birth rate for first embryo transfers in 2017 is estimated
to be 31.6 % for women aged 35-37, 21.5 % for women aged 38-40 and 11.2% for women

aged 41-42 (sartcorsonline.com).

There are essentially three factors that ensure IVF success, namely the quality of the
oocyte/embryo, uterus and sperm of the infertility patients. IVF begins with hyper-
stimulation of the ovaries, and the subsequent capture of ~10-20 oocytes. To do this, the
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pituitary gland is downregulated by administration of a dose of a gonadotrophin releasing
hormone (GnRH) analogue (agonist or antagonist) to suppress endogenous hormone
expression ahead of cycle commencement. Administration of follicle stimulating
hormone (FSH) and/or human menopausal gonadotrophin (hMG) results in the
recruitment and development of multiple antral follicles. Once follicles start to grow, they
produce estrogen, which causes the endometrial proliferation. Once the follicle reaches
a diameter of around 17mm, an artificial luteinising hormone (LH) surge is usually
generated by either a dose of human Chorionic Gonadotropin (hCG) or a combination of
a high dose agonist/low dose hCG to achieve the same effect. If an embryo transfer is to
occur in the same cycle (fresh transfer), then progesterone is administered after oocyte
retrieval to prepare the endometrium and maintain it. On the male side, semen is
collected by the male partner or donor either by masturbation or more invasive means,
including testicular sperm aspiration (TESA), percutaneous epididymal sperm aspiration
(PESA), testicular sperm extraction (TESE), microepididymal sperm aspiration (MESA) or
microdissection TESE (microTESE) (Coward and Mills 2017). Next, the sperm is purified
and concentrated prior to its quality/quantity is analysed. Specifically, the viscosity,
volume, color, pH, concentration, motility, vitality, the presence of leukocytes and the
morphology of the sperm are recorded (Cooper et al. 2010) Next, to ensure fertilization,
insemination is performed in the laboratory and sperm are either mixed with the
collected oocytes (IVF), or injected (intracytoplasmic sperm injection (ICSI)) directly.

Following fertilisation assessment, the following day (presence of 2 pronuclei), the
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embryos that have been generated are kept in culture with the hope that a proportion

will reach blastocyst stage.

Blastocyst transfer usually happens on day 5 post fertilization, and the remaining embryos
can be vitrified to be transferred in either a later natural or artificial cycle. In a natural
cycle, embryo transfer is timed either at 7 days following hCG trigger or 6 days following
LH surge. In an artificial cycle, pituitary gland down-regulation and administration of
exogenous oestrogen is applied to prepare the endometrium for implantation. When the
thickness and pattern of the endometrium are appropriate, progesterone administration

commences.

10.2. Endometrial factors affecting fertility

Implantation is an incredibly complex process determined by both embryonic and
endometrial factors. Gene expression studies demonstrate noticeable changes during the
cycle and, at the most receptive phase, growth factors, cytokines, glycoproteins and
immunosuppressive agents are secreted into the uterine cavity (Melford, Taylor, and
Konje 2014). The most receptive phase is usually termed the “window of Implantation”
(WOI) at around 5-7 days post ovulation (Lessey 2000). To ensure appropriate timing for
embryo transfer timing the WOI, which may differ between patients may be (Ruiz-Alonso
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et al. 2013; Mahajan 2015). Commercial assays to measure endometrial receptivity and
the WOI include “ERA” from Igenomix and “ER Peak” from Cooper Surgical. These have
been developed by analysing a series of genes that are differentially expressed at
different stages of the cycle. An algorithm is applied to accurately predict a personal WOI
for women with repeated implantation failure (RIF) (Ruiz-Alonso, Blesa, and Simon 2012).
Gomez et al (2015) (Gomez et al. 2015) reported that 25% of patients with RIF have an
altered WOI. A recent randomised controlled trial (RCT) established evidence of proof of
principle for the potential of using an ERA assay, demonstrating a significant increase in
cumulative pregnancy rate (intention to treat criteria) when the ERA was used (Simon et

al. 2020).

This thesis is concerned in part with the genetic quality of the embryo and partly its

interaction with the endometrium.

10.3. Factors affecting the quality of the Sperm

Recently, there have been several meta-analysis studies that show male factors are
present in 20-70% of all infertility cases. Furthermore, the overall quality of sperm among
men appears to be in decline (Agarwal et al. 2015; Sengupta et al. 2018; Levine et al.
2017). Male fertility is influenced by a variety of factors including environmental,
occupational and lifestyle choices as well as genetics, which may contribute to
deteriorating sperm quality. An example of an external factor that can affect male fertility
is smoking tobacco. Cigarette smoke for example contains over 7000 chemicals including
known carcinogens and volatile organic compounds. Smoking has been shown to affect
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male fertility and is associated with leucocytospermia, a major endogenous source of
reactive oxygen species (ROS). At elevated levels, these ROS can overwhelm endogenous
antioxidant defences leading to increased oxidative stress within the spermatozoa,
compromising male fertility (Harlev et al. 2015). Specifically smoking has been negatively
associated with sperm count, concentration motility as well as morphology (Adashi et al.
1994; Sharma, Harlev, et al. 2016). Additionally, the use of smoking tobacco products is
also associated with increases in DNA damage, aneuploidies and mutations in sperm
(Beal, Yauk, and Marchetti 2017). Similarly, frequent alcohol use also has negative
consequences for semen volume and sperm morphology and motility (Li et al. 2011;

Donnelly et al. 1999).

Males that have excessive fat accumulation resulting in a body mass index >30 have been
shown to have decreased sperm quality and increased risk of infertility and elevated levels
of ROS. A review of 30 studies including a total of 115,158 males found that paternal
obesity was associated with significantly reduced reproductive potential. Obese men
were found to have a higher percentage of sperm with DNA fragmentations, abnormal
morphology and low mitochondrial membrane potential (Campbell et al. 2015; Lobascio
et al. 2015). Additionally, obese men are also more likely to be oligozoospermic or

azoospermic compared to men of a healthy weight range (Sermondade et al. 2013).

High levels of psychological stress can have serious side effects on the reproductive

hormones and sperm quality in males. The HPA axis and gonadotrophin-inhibitory
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hormone (GnlH) exert an inhibitory effect on the HPG axis and testicular Leydig cells. The
resulting inhibition of the HPG axis reduces testosterone levels, which leads to changes in
sertoli cells and the blood—testis barrier. The consequences, cause spermatogenesis to be

suppressed, and further impairs testosterone secretion (Nargund 2015).

Another known contributor to male infertility is advanced paternal age. Advanced
paternal age is not particularly well defined, with most studies estimating it to start
between 35-50 years of age (Wu, Lipshultz, and Kovac 2016). A meta-analysis of 90
studies investigating the effects of advanced paternal age, involving 93 839 participants
reported a paternal age associated decline in semen volume, sperm total, and progressive
motility, normal sperm morphology as well as an increase in DNA fragmentation (Johnson
etal. 2015). As men advance in age, testicular function and metabolism deteriorates once
the testis undergoes morphological changes associated with aging, such as a decrease in
the number of germ cells, leydig and sertoli cells, as well as structural changes, which
include the narrowing of seminiferous tubules (Gunes et al. 2016). Concentrations of free
and total testosterone also steadily decline with advanced paternal age, leading to
primary hypogonadism. Regulation of the HPG axis is also shown to change as men get
older. Furthermore, accumulation of ROS in male germ cells throughout the course of

aging leads to oxidative stress, apoptosis and damage to sperm DNA (Gunes et al. 2016).

Finally, genetic factors have been found to contribute up to 15-30% of male infertility.

Spermatazoa occurs in a sequential manner, and genes are in control of programming the
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mitotic, meiotic, and postmeiotic differentiation phases (Shamsi, Kumar, and Dada 2011).
Genetic factors affecting the viability of sperm include chromosomal abnormalities which
can include both numerical errors and chromosomal anomalies, and account for 5-10% of
oligozoospermia (which may be balanced or unbalanced), to 15%—25% cases with
unobstructed azoospermia. An example of a numerical chromosome error found in male
infertility is 47, XXY Klinefelter syndrome which is the most common cause of
azoospermia (11% of cases), and is due to seminiferous tubule dysgenesis. Interestingly
studies on the sperm chromosome of Kilenefelter men have shown that the extra
chromosome is excluded during spermatogenesis, and that these men are able to have
normal offspring, however there is also an increased risk of aneuploidy (Martin 2008;

Selice et al. 2010; Rives et al. 2000).

Structural aberrations that can affect male fertility include Robertsonian and reciprocal
translocations. Robertsonian translocations result in the fusion long arm of 2 acrocentric
(Group D chromosomes: 13, 14, 15 and Group G chromosomes: 21, 22, and Y)
chromosomes. The fused short arms are typically lost, so the carrier has a chromosomal
constitution with 45 chromosomes. When the chromosomes pair during meiosis, they do
so as a trivalent, and the resulting gametes can be chromosomally normal or aneuploid
with an extra or missing long arm of chromosome (Kumar et al. 2007). Reciprical
translocations occur due to an interchange in genetic material between nonhomologous
chromosomes, and affects ~1% of infertile men (Meza-Espinoza, Anguiano, and Rivera

2008). During meiosis, chromosomes pair as quadravalents resulting in a higher

31



Molecular Signatures of Reproductive Success

frequency of unbalanced chromosomes as compared with carriers of Roberstsonian
translocations. Many of these imbalances lead to fetal mortality, with approximately 12%
of translocation imbalances at prenatal diagnosis being paternally derived (Boue and
Gallano 1984). Another structural aberration that may lead to male infertility are
inversions. Inversions are balanced structural rearrangements that occurs when 2
chromosome breaks occur on the same chromosome and join after a 180° rotation, and
are found within 0.1% of infertile men (Meza-Espinoza, Anguiano, and Rivera 2008).
Inversions can be paracentric, with both breakpoints are on one chromosome arm and
exclude the centromere or pericentric, when chromosome breaks include the centromere

and the short and long arm of the chromosome.

The Y chromosome is the smallest of the human chromosomes, and is polymorphic in
length, and divided into 7 deletion intervals. Microdeletions on the long arm of the Y
chromosome (Yq) is one of the most significant defects associated with male infertility.
Yg microdeletions are found within 13% azoospermic men, 1%-7% severely
oligozoospermic men (sperm count less than 0.5 million/mL). These deletions are

clustered in interval 5 and 6 of the Y chromosome (Colaco and Modi 2018).

Epigenetic modifications control a number of systems found within the body, and
epigenetic dysregulation/modifications can have significant effects on male fertility. Two
modifications that occur in chromatin are DNA methylation and post-translational histone

modifications. DNA methylation involves an additional methyl group at the 5’ position of
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the cytosine pyrimidine ring typically occurring in a CpG dinucleotide (Talbert and
Henikoff 2006). Histone modifications include acetylation, methylation, ubiquitylation
and phosphorylation and are believed to be major contributors to epigenetic regulatory
mechanisms(Lachner, O'Sullivan, and Jenuwein 2003). The acetylation of histones marks
active, transcriptionally competent regions, contrasted by hypoacetylated histones that
are found in transcriptionally inactive euchromatic or heterochromatic regions. In
contrast, histone methylation may be a marker for both active and inactive regions of
chromatin (Tamaru and Selker 2001; Tariq et al. 2003). During gametogenesis, germ cells
undergo extensive epigenetic reprograming which involves the establishment of sex
specific patterns in the sperm and oocytes(Loukinov et al. 2002). These reprograming
events can be affected by environmental factors which can cause idiopathic male
infertility and affect implantation potential, placentation, as well as fetal growth (Emery

and Carrell 2006; Dada et al. 2012; Jenkins et al. 2016).

10.4. Factors affecting the quality of the embryo or oocyte

Heavy emphasis is placed on the metric of oocyte/embryo competence, however this
remains an elusive factor to quantify accurately. Culturing and handling IVF embryos, of
course, exposes them to environmental stresses to which they otherwise would not have
been subject. An important objective in all IVF clinics is to generate a stress-free

environment for IVF and embryo growth, as close to natural conditions as can be made
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possible (Swain 2010; Swain et al. 2016). Factors to consider include the culture medium,

the surrounding gaseous environment, the laboratory consumables, pH and temperature.

The culture media currently in use has been continually modified over time, but is still
based more or less on mouse embryo culture media that formed the basis of model
species “work up” studies. Principally, it is a balanced salt solution (Chronopoulou and
Harper 2015). Manufacturers rely on the abundant supply of mouse embryos to assess
each batch (Quinn and Horstman 1998). This standard practice has limitations, however,
as mouse embryos have different needs and sensitivity to human ones (Ackerman et al.
1985; Ackerman et al. 1984). Such tests ensure that media has no obvious toxins and that

it is able to support growth of mouse embryos to blastocyst.

The precise composition of commercially available culture media are often a trade secret,
however, they incorporate varying concentrations of glucose, pyruvate, and lactate to
help embryo development (Gardner and Lane 1996). Contemporary formulations include

amino acids, chelating agents (EDTA) and growth factors.

In a review by Mantikou the efficacy of different culture media was compared, concluding
that there was no evidence to demonstrate the superiority of one medium over another
(Mantikou et al. 2013). Some studies do however demonstrate differences in clinical
outcomes between different media. For example, an RCT performed by (Kleijkers et al.

2016) demonstrated an increase in the incidence of low birthweight offspring using once
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commercially available medium. Whether or not media constituents or culture
environment generally affects the dynamics and rate of cell divisions and embryo

development is still a topic of much debate (Ciray et al. 2012; Meseguer et al. 2012).

As culture conditions have continued to improve, in part because of media development,
as well asimproved knowledge and more sophisticated and reliable incubators, the ability
to culture embryos beyond day 3, to day 5 has led to blastocyst stage transfer becoming

more the norm in most quality IVF clinics.

10.5. Estimating embryo viability by conventional means

Most commonly, the “best” available embryo for transfer are chosen for their
morphology and kinetics alone. If an embryo has successfully developed beyond day 3
when the embryonic genome is activated (Niakan et al. 2012) and undergone blastulation,
is seems reasonable to suggest that it has better chance of implantation compared to one
that has not. Failure to select a viable embryo for transfer will of course limit the chance
of a pregnancy in a given treatment cycle. Taking into account highly successful
vitrification regimes, it is is now thought that “freeze all” strategies and transferring the
patients’” embryos consecutively (following vitrification and warming) “one by one” can
have the same end result as selection of the morphologically “best looking” embryo on
the basis that, at some point, the best embryo will be transferred. However, to minimise
both the financial and emotional burden on patients, identification and selection of the
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most viable embryo should be prioritised. Visual observations (including time lapse)
creates a picture of the quality, or viability of the embryo and the focus is heavily weighted
on the embryo’s appearance and its progression from fertilisation and through
development. Given that many of the developing embryo’s morphological features are
more accurately assessed compared to time (morphokinetics) the assessment should be

performed within designated, evidence-based time windows.

10.6. Non-Invasive Analysis: Viability and Developmental

Competence in Assisted Reproduction

There is a fundamental need within the clinical laboratories of Reproduction
Endocrinology and Infertility (REIl) practices to continually improve and expedite
assessment methods for the health and overall viability of oocytes and embryos in an IVF
cycle. Current standards and practices within a modern IVF laboratory primarily use
extended day 5/6 culture, combined with grading systems based on morphology (Gardner
and Schoolcraft 1999b), and though widely integrated within daily use, it is unfortunately
imperfect in regards to questions pertaining to competence and viability. To date, studies
specifically investigating the embryo attrition rates associated with IVF (from oocyte
retrieval throughout embryo development to live birth) are scarce. This may be due to
individual clinics being reluctant to share the exact breakdown of their loss rate at each

individual stage of daily embryo development (Zhao et al. 2020). However, based on
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clinical data reported to the Society for Assisted Reproductive Technology (SART), the
likelihood of a single aspirated oocyte to successfully develop and result in a live birth is
merely ~5% (Patrizio and Caplan 2010). A recent study by Abe et al. found that the live
birth rate per matured ooctyte in clomiphene citrate only minimal stimulation cycle IVF
to vary heavily based on infertility etiology, as well as maternal age. However the loss to
attrition from oocyte to live birth was exceptionally high in patients of advanced maternal

age at ~2% (Table 1) (Abe et al. 2020).

Total Group A Group B Group C Group D Group E P value
(age: <34 years) (age: 35-37 years) (age: 38-40 years) (age: 41-42 years) (age: =43 years)
Number of patients 713 99 134 238 135 107
Number of oocytes retrieved 3264 304 476 1167 758 559
Number of live births 31273 73 118 37 11
Live birth rate per oocyte (%) 9.6  24.0° 15.3° 10.1° 494 2.0° P<0.01

Different letters represent significant differences between groups (P<0.01)

Table 1: Live birth rate per matured oocyte in clomiphene citrate only minimal

stimulation cycle IVF.

This extremely low efficiency translates to higher cost per patient due to the reality that
IVF technicians must devote extra time, materials and resources on each oocyte/embryo,
as itis impossible to select which developing embryo is competent to successfully implant

and develop following an embryo transfer.

One of the greatest developments in the field of ART, has been the advancement and
development of pre-genetic testing for aneuploidy (PGT-A), as many studies have

demonstrated that embryo aneuploidy is the most important factor of IVF failure
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(Litwicka et al. 2018; Dahdouh, Balayla, and Garcia-Velasco 2015; Sahin et al. 2014).
Recent 2018 Data from the Society for Assisted Reproductive Technologies (SART)/U.S.
Centers for Disease Control and Prevention (CDC) reveals that PGT-A improved live birth
rates by approximately 19.0% from embryos chosen for transfer in women who
underwent their first embryo transfer (D5/D6 day of transfer; frozen embryo transfer
only) aged 35-37, and by 25.1% in women aged 38-40 relative to their peers who did not
utilize PGT-A. This dramatic increase in live birth has revolutionized treatment strategies,
especially in women presenting with advanced maternal age (defined as women >37
years of age), where the live birth rate is improved approximately 36.5% (National

Summary Report. Atlanta: U.S. Department of Health and Human Services, 2018).

Though many IVF laboratories around the world have adopted PGT-A technologies, it
remains a controversial subject. Specifically, several studies utilizing PGT-A on cleavage
stage embryos had somewhat ambiguous or contrarian results with several studies
finding it to be useful (Munne et al. 1993; Gianaroli et al. 2005) while other RCTs found
no benefit from the practice (Mastenbroek et al. 2007; Schoolcraft et al. 2009).
Performing blastomere biopsies at this stage of embryo development (~8 cell stage) is
very invasive for the growing embryo, and the loss of ~25% of its cells retards its
development as it now has to regenerate the lost cells. Although it is considered much
less invasive, trophectoderm biopsy of blastocysts at the hatching stage is still an invasive
procedure that injures the embryo. Often after performing laser assisted biopsy, the

embryo will pulse in reaction to the large influx of energy, and may take an hour or more
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to re-expand. Several studies have questioned whether PGT-A on trophectoderm
biopsies is necessary at all, as by means of natural selection and attrition, blastocysts tend
to have a higher euploidy rate than cleavage stage embryos (Kokkali et al. 2007; Fragouli
et al. 2008). Finally, for a large proportion of patients, PGT-A may be unnecessary, it is
prohibitively expensive for many, and for patient populations outside of those presenting
with advanced maternal age, especially women under 38 years of age, the benefit may
not be worth the cost as the likelihood of having a transfer grade, euploid embryo within

a given cycle is high (Murphy et al. 2019; Doyle et al. 2020; Goldman et al. 2018).

A retrospective analysis of 15,162 trophectoderm biopsies with PGT-A, showed that
beginning at age 26, the rate of aneuploidy begins to notably increase. From a clinical
perspective, women aged 26-37 seeking ART treatment with PGT-A had at least one
euploid embryo available for transfer ~96% of the time. Women classified as advanced
maternal age had less favorable prognoses, with women aged 42 having one or more
euploid embryos in ~77% of cases. By age 44, the number of patients that produced at

least one euploid embryo fell to approximately 47% (Figure 1)(Franasiak and Scott 2014).
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Figure 1: A) Prevalence of aneuploidy in embryos relative to the maternal age of the
female partner. B) The odds of an ART cycle resulting in no-euploid blastocysts available

for transfer (adapted from Franasiak JM et al, 2014)(Franasiak and Scott 2014).
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However, even with these improved rates of positive clinical pregnancy and live birth,
there remains room for improvement. One ongoing question that researchers continue
to examine is, what additional factors are causing implantation failure and pregnancy loss
in the instance of a morphologically top quality, euploid blastocyst embryo transfer into
a seemingly healthy and receptive endometrium? Any extraneous factors affecting the
quality of care, once known and addressed, will help further increase success rates in
modern ART laboratories, as well as provide additional information for patients. This will
allow them to make more informed decisions regarding their care, and give them a more
accurate representation of their probabilities for success. The integration of additional
accurate, non-invasive means by which to measure developmental competence would be
a boon to the ART community, and it would potentially reduce the time to conception,

and increase pregnancy rates and clinical success.

10.6.1. Time-lapse Monitoring Systems

Simple monitoring of morphological characteristics and cleavage rates are the most
widely used criteria for embryo selection in clinical ART laboratories, used worldwide as
a selection tool prior to blastocyst transfer (Bromer and Seli 2008). Traditionally, embryos
are observed and removed from culture incubators every 24-48 hours to limit the
developing embryos exposure to light and atmospheric changes, giving embryologists
only select time points of observation. However, up to 70% of embryos created through

IVF treatment are considered unusable for transfer based on their morphological
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characteristics, and by some estimations, up to 84.9% of embryos considered selectable
for transfer based on their morphological characteristics and cleavage rates fail to
produce a live birth (Min et al. 2010; Kovalevsky and Patrizio 2005; Guerif et al. 2007;

Racowsky et al. 2009).

Technological advancements have led to the development of time-lapse monitoring
systems (TMS) that have been integrated into conventional gassed incubator systems.
TMS generate a developmental time-line specific to each individual embryo, capturing
images every 10-20 minutes, and do not require periodic removal of embryos from the
incubator. This provides a non-invasive source of embryo specific morphokinetic
information, allowing clinicians to capture subtle differences in development between
embryos of the same cohort, in an effort to discern the top quality blastocyst for transfer

(Figure 2) (Otsuki et al. 2019).
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Figure 2: Example of images taken of a zygote in which the female (fPN) and male (mPN)
pronuclei were successfully tracked. (a) First and second polar body become visible. (b) A
male pronuclei (mPN) is formed has moved toward the center of the oocyte. (c—e) A
female pronuclei fPN has formed close to the second polar body and is being drawn

toward the mPN. (adapted from Otsuki J et al., 2019)(Otsuki et al. 2019).

An initial randomized control trial investigated use of a TMS with a novel morphokinetic
algorithm and compared it to a standard cabinet culture incubator combined with routine
morphological assessment. The results exhibited a significant increase in implantation
and ongoing pregnancy rates in the TMS group, with a significant decrease in early
pregnancy loss (Meseguer et al. 2011). The algorithm utilized previously un-used
morphokinetic time points including duration of the first cytokinesis as well as duration
of the 3-cell stage, and was determined to be a better oocyte and embryo selection
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method than standard culture practices. However, after additional studies into the
technology, the usefulness of TMS remains controversial, with some researchers
concluding that fully integrating time-lapse imaging technologies into their already
established daily routines, would not result in a net benefit (Armstrong et al. 2015; Wong,
Repping, and Mastenbroek 2014). Recently, a meta-analysis of time-lapse culture,
incorporating morphokinetic embryo selection, was published. This meta-analysis
examined five randomized control trials including 1637 ART patients. The authors
concluded that although the studies did not weight equally within the combined dataset,
all showed some degree of benefit from TMS, with a total increase in ongoing pregnancy

rates from 39.9% to 51.0% (Pribenszky, Nilselid, and Montag 2017).

One of the noted limitations of the initial TMS studies was the subjective nature of the
annotations created by individual embryologists monitoring the time lapse data. Although
embryologists within a single lab may show high levels of congruency, morphokinetic
milestone annotation becomes much more difficult to normalize across multiple
locations, with intrinsic inter-reader and intra-reader variability (Storr et al. 2017). In an
effort to address some of these concerns and integrate new technologies into the existing
platform, deep learning (a subfield of machine learning) has been utilized to remove as
much subjectivity from the platform as possible. Combined retrospective data, including
time lapse imaging and individual annotations from eight IVF laboratories across four
countries, was incorporated into a deep learning model, which was then able to predict

positive pregnancy with an average area under the curve (AUC) of 0.90-.95, despite the
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data coming from different laboratories with different culture and laboratory practices
(Tran et al. 2019). This model, combining TMS with robust machine learned algorithms
can provide insight, non-invasively, into the predicted viability of individual embryos,
giving embryologists additional selection criteria when choosing single transferable grade

embryos out of a larger cohort of potential candidates.

10.6.2. Spent Culture Media (SCM): Secretomics, Metabolomics &

Non-Invasive Screening

Another potentially valuable resource capable of providing developmental information
for growing embryos, is the excess and often discarded media an embryo has been grown
in. As an embryo develops and interacts with its environment, it absorbs and releases key
nutrients found within the media. Previous studies have shown it is possible to observe
an individual embryos metabolism (metabolome) by measuring the uptake of amino acids
and carbohydrates from the surrounding media, and creating a unique, individual
metabolic profile (Lane and Gardner 1996). It has been demonstrated that for the earliest
stages of embryo development pyruvate is the primary substrate (1-8 cell stage), which
later shifts to an increasingly glucose driven metabolism during the post compaction
stages (Leese and Barton 1984; Gott et al. 1990). Embryonic glucose consumption results
in subsequent lactate production, and it is by this glucose consumption to lactate
production ratio that we can quantify an embryos glycolytic rate (Lane and Gardner
1996). Other important amino acids such as serine and potentially proline, may be
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predictive of embryo viability, and embryos above a cutoff value for serine showed a
statistically significant increase in pregnancy rates in a double embryo transfer, 62.5% vs

12.5% respectively (Zivi et al. 2014).

An embryos secretome is defined as the protein production of an embryo which is then
sometimes secreted into the surrounding media. Secretome analysis of protein profiles
of individual blastocysts have shown potential, and researchers have found that increased
levels of ubiquitin were associated with increased implantation potential (Katz-Jaffe,
Gardner, and Schoolcraft 2006; Katz-Jaffe, Schoolcraft, and Gardner 2006). Furthermore,
the secretome from spent media has also been studied in conjunction with aneuploidy
screening to determine if aneuploid embryos exhibit a different secretomic profile
compared to euploid embryos. Lipocalin-1 is a protein that is secreted by embryos under
stress, infection or inflammation and was discovered to be significantly increased in the
spent media of aneuploid embryos (McReynolds et al. 2011). Embryo metabolism may
also be used to observe effects of external factors, for example maternal obesity, which
has been shown to impact embryo metabolism and embryonic development, resulting in
a reduction of saturated fatty-acids in obese women compared to non-obese women

(Bellver et al. 2015).

Researchers have also discovered that over the course of their development embryos also
release genomic DNA and mitochondrial DNA into the surrounding media. In a study of

699 day 3 SCM samples, this ratio of mitochondrial DNA to genomic DNA was significantly
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higher in viable embryos associated with successful implantation (Stigliani et al. 2014).
Other molecules, including MicroRNAs have also been observed in the spent media of
cultured embryos, including several microRNA profiles associated with positive IVF
outcomes including miR-191 and miR-372 (Rosenbluth et al. 2014). Non-invasive
detection of Mendelian genetic disorders such as alpha-thalassemia, has also been
investigated by the quantification of cell-free DNA within spent media. When the SCM
results were compared to traditional biopsy based PGD, researchers found a high rate of

efficiency for diagnosis of this disorder (Wu et al. 2015).

One principal concern when considering spent media as a non-invasive tool is the
requirement that embryos must be cultured individually, as it has been established that
embryos have improved development when cultured together in groups (Holm et al.
1999; Hoelker et al. 2009). Individual embryo culture in low volumes is important so that
the metabolic signature it leaves behind in the spent media is not diluted out by excess
media and remains detectable. A low volume tool to measure glycolytic activity has been
under development which utilizes a fused-silica capillary (Madr et al. 2015). This
technology requires a relatively small volume of media, 2ulL, to accurately measure
pyruvate and lactate substrates, which would be advantageous for single embryo culture
where low volume media drops allow for a more concentrated substrate for molecular

analysis.

47



Molecular Signatures of Reproductive Success

Although promising, there are limitations of metabolomics and spent media analysis, as

the results have not always been easily reproducible. A study by the Aarhus University of

Denmark found that NMR analysis of day 3 and day 5 spent media was unable to link the

embryonic metabolome of good prognosis patients to embryo viability and subsequent

embryo selection outcome (Kirkegaard et al. 2014). However, metabolomics combined

with other analysis, such as when used in conjunction with time-lapse imaging software

may prove to be a useful tool for research. For example, studies have found that

morphokinetically advanced embryos demonstrated a higher metabolic rate, and

resulted in higher fetal survival post-implantation compared to embryos with lower

metabolic rates (Figure 3) (Lee, Thouas, and Gardner 2015).
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Figure 3: Correlation between morphokinetic activity and blastocyst carbohydrate

metabolism. (A) Glucose consumption and lactate production (B) Glycolytic rate of
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blastocysts, % of glucose converted to lactate. n 2 30 embryos per group, 12 biological
replicates, *P < 0.05, ***P < 0.001. White bars represent ‘fast’ cleaving embryos and dark
bars represent ‘slow’ cleaving embryos as observed with time lapse imaging (adapted

from Lee et al., 2015)(Lee, Thouas, and Gardner 2015).

Beyond traditional secretomics and metabolomics investigating culture media, is a newly
developed a non-invasive PGT-A technique utilizing SCM. As an embryo grows and divides
throughout its development, small amounts of genomic DNA and mitochondrial DNA are
shed into the surrounding environment, allowing detection as early as day 2-3 of
development (Hammond et al. 2017; Yang et al. 2017). It has also been shown that this is
more than mere DNA contamination, and that the genetic information leaked into the
culture medium increases during embryo culture (Vera-Rodriguez et al. 2018). The source
of this genomic DNA is still a cause of debate. Apoptosis of cells is one proposed theory,
although many healthy embryos display none of the hallmarks of apoptosis as they grow
and develop, despite this increase of genomic DNA found within SCM (Chi et al. 2011).
However, SCM samples with the highest concentration of genomic and mitochondrial
DNA was found in samples associated with poor to average quality blastocysts, with top
quality blastocysts displaying less on average (Stigliani et al. 2013). Researchers have been
attempting to use SCM proactively in conjunction with traditional trophectoderm biopsy
based PGT-A to look for concordance between the two techniques. There are ongoing
clinical trials investigating SCM use as an alternative source of genomic DNA, and initial

results from a few pilot studies have been interesting. One report used vitrified embryos
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combined with next generation sequencing (NGS) and evaluated the results found within
the day 3-5 SCM and compared it to the corresponding whole blastocyst and discovered
100% chromosome copy number evaluation in 42 embryos obtained from 17 couples,

representing the highest rate achieved by a study to date (Figure 4) (Xu et al. 2016).

NICS 45,XX,-18

Embryo 45,XX.-18

Figure 4: Example of validation of results from the comparison of non invasive
chromosome screening (NICS) with spent media, versus the whole-blastocyst embryos

(adapted figure from Xu J et al., 2016)(Xu et al. 2016).

Additional promising studies have concluded that although the techniques involved could
use some additional refining, SCM is an alternative source of individual embryonic
genomic DNA, and may be a promising alternative to more invasive, and technically
difficult methods of blastocyst trophectoderm biopsy PGT-A screening (Fang et al. 2019;

Rubio et al. 2019).

10.6.3. Follicular Fluid for Assessing Oocytes
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During fetal development, primordial germ cells multiply, forming approximately 400,000
primordial follicles at birth within the ovary. These primordial follicles contain primary
oocytes that will remain arrested within prophase stage of meiotic division I, until sexual
maturity is reached. Upon reaching sexual maturity, two hormones, follicle stimulating
hormone (FSH) and lutenising hormone (LH), are produced by the pituitary gland. The
production of these hormones results in primary follicle development. In each
subsequent ovarian cycle, approximately 20 primordial follicles are activated to begin

maturation and development throughout the stages of folliculogenesis.

Within the standard operating procedure for oocyte retrieval during an ART cycle,
follicular fluid is aspirated at the time of oocyte retrieval and is generally discarded post
cumulus oocyte complex isolation (Figure 5). Prior to aspiration, this fluid is contained
within the follicular antrum which surrounds the oocyte and changes its composition
throughout the process of folliculogenesis. The intimate proximity of follicular fluid to the
developing cumulus oocyte complex is important for follicular development, and the
follicular fluid contains vital nutrients, including proteins associated with lipid transport,
complement pathways, blood coagulation as well as plasma proteins (Schweigert et al.

2006; Jarkovska et al. 2010).
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Figure 5: Follicular fluid aspiration is performed using transvaginal ultrasound guidance
and a 22-gauge needle in human subjects. The collected fluid contains an abundance of
cellular messages exchanged during follicle development (adapted from Kenigsberg S et

al., 2017)(Kenigsberg et al. 2017).

This makes follicular fluid analysis an attractive prospect for the non-invasive analysis of
oocytes because it reflects the metabolism of the developing follicle and is routinely
discarded within an IVF lab. A recent investigation into the protein composition of
follicular fluid identified a subset of 75 follicular fluid proteins that were linked with IVF
outcome. Within the 75 proteins, 13 were involved in acute response signaling,

coagulation, prothrombin activity, compliment system and growth hormone pathways
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(Kushnir et al. 2012). Interestingly, follicular fluid protein composition appears to be
dynamic, and studies have shown, that by using MALDI-TOF/TOF-MS technologies,
observable differences are found in the follicular fluid proteins from women of advanced
maternal age (38-42 years old), as compared to younger women (20-32 years old), with
both groups of patients exhibiting normal FSH levels. The proteins serotransferrin,
hemopexin precursor, complement C3, C4 and kininogen were uniquely down regulated
in follicular fluid obtained from patients of advanced maternal age (Hashemitabar et al.

2014).

One theory pertaining to the cause and effect regarding changes within the ovary as it
ages and the follicular metabolic age, states that improper levels of reactive oxygen
species in follicular fluid may have the adverse effect of gradually distorting the levels of
hydrogen peroxide in the follicles. By assessing the levels of ROS and H202 within the
follicular fluid, it may be possible to determine the follicular metabolic state as a result of
ovarian aging (Elizur et al. 2014). Outside of maternal age, oxidative stresses can also be
induced by other factors such as high-fat diets, which can affect the levels of Malon-di-
aldehyde (MDA) and total antioxidant capacity (TAC) within follicular fluid, which then has
a negative effect on oocyte fertilization, and future developmental competence (Kazemi,
Ramezanzadeh, Nasr-Esfahani, et al. 2013; Kazemi, Ramezanzadeh, Esfahani, et al. 2013).
Follicular fluid also contains a number of exosomes, which are small vesicles used for
transferring molecules in cell-to-cell signaling. A recent investigation into the function of

exosomes within the follicular fluid discovered that exosomes contain a total of 35
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microRNAs (small non-protein nucleotide chains of RNA) which were not present in serum
derived from the same patient. Of the 35 microRNAs, 32 were transported by
microvesicles containing exosomal biomarkers CD63 and CD81. These follicular fluid
microRNAs are involved in critical pathways including follicle growth and oocyte
maturation (Santonocito et al. 2014). Additionally, specific metabolites (arginine,
glutamate, isoleucine and valine) found within follicular fluid are associated with oocyte
developmental stage and maturity based upon their consumption and release (Hemmings

et al. 2013).

Clinically, specific metabolic profiles of follicular fluids have also been correlated to cycle
outcomes in patients who utilized ART. Researchers were able to correlate the metabolic
profiles of follicular fluid containing variable concentrations of glucose, lactose,
choline/phosphocholine and lipoproteins, to pregnancy outcome in patients undergoing
an ART cycle (Wallace et al. 2012). Fatty acid ratios and carbohydrate concentrations have
been associated with specific developmental stages including embryogenesis. Follicular
fluid also contains cytokines and additional growth factors, including BMP2, interleukins
6, 8, 12 and 18, GDF-9, GCSF and amphiregulin (Sugiyama et al. 2010; Sarapik et al. 2012;
Bedaiwy et al. 2007; Gode et al. 2011; Ledee et al. 2013; Liu et al. 2012). Several studies
have used this information to develop multifactorial, individual, predictive values for
oocytes to assess developmental potential and subsequent viability (Matoba et al. 2014;

Wallace et al. 2012; O'Gorman et al. 2013).

54



Molecular Signatures of Reproductive Success

Recently, the predictive values of follicular fluid profiles have been investigated,
prospectively. One prospective analysis investigated the concentrations of anti-Miillerian
hormone (AMH) and progesterone (P4) levels in follicular fluid, where it was discovered
that elevated levels of these two molecules were correlated with increased oocyte
viability and competence, and were able to predict which fertilized oocytes were
developmentally competent enough to grow to the blastocyst stage (O'Brien, Wingfield,
and O'Shea 2019). Another prospective analysis of 322 oocytes paired with follicular fluid
samples found that increased levels of AMH and decreased levels of FSH were correlated
with top quality blastocysts, whose transfer led to a live birth, compared with oocytes
that failed to fertilize (91.2% sensitivity; 91.7% specificity) (Ciepiela et al. 2019). Follicular
fluid collection and molecular biomarker analysis remains a promising, yet underutilized
resource for the non-invasive assessment of oocyte developmental potential, which may

be integrated into the standard operating protocols of ART laboratories in the future.

10.6.4. Cumulus Cells

During oocyte retrieval, follicles are aspirated from the ovary, and cumulus-oocyte-
complexes (COC) are retrieved and isolated (Figure 6). Given ample time to complete
maturation and development, the cumulus is then mechanically separated from the
oocyte. To remove the remaining corona cells, the innermost collection of cells

immediately surrounding the oocyte, diluted hyaluronidase is used to denude the corona
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cells so the oocyte may be washed and held separately for future fertilization. The cumuli,

as well as the corona cells, are then discarded.

Figure 6: Cumulus oocyte complex before denudation, with compact, non-radiating
cumulus cells. (100x magnification) (image adapted from Rienzi L et al., Atlas of Human

Embryology atlas@eshre.eu 2020).

The molecular analysis of these follicular cells is another potential source for non-invasive
oocyte viability assay development. Cumulus cells (CC) are nurse cells that surround the
oocyte during development, and maintain a close bond through transzonal processes and
gap junctions. These bonds serve to provide key nutrients and additional factors to the
oocyte, which are crucial for oocyte development and maturation (Anderson and Albertini

1976).

This discarded material had been developing in conjunction with the oocyte, and may

provide valuable information pertaining to the oocytes developmental potential. Gene
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expression of CCs has been conducted, and found specific profiles able to predict oocyte
maturation, cumulus expansion and fertilization potential (McKenzie et al. 2004; Assou et
al. 2006; Anderson et al. 2009; Ouandaogo et al. 2011; Feuerstein et al. 2012; Yerushalmi
et al. 2014). Gene expression within cumulus cells is very active, and is affected by specific
events including maternal age (Al-Edani et al. 2014) as well as specific ovarian stimulation
gonadatropin regimens (Assou, Al-edani, et al. 2013). CC gene profiles have also been
investigated with regard to oocyte competence, and several CC genes were identified as
potential developmental biomarkers, including BCL2L11, PCK1 and NFIB (Assou et al.
2008). Following this initial study, a panel of 45 CC genes associated with oocyte and
embryo developmental potential were utilized in a prospective study by the researchers.
The test group included patients receiving a day 3 transfer based solely on the gene
expression of the panel of 45 genes, while the control group consisted of patients who
received a day 3 transfer based on the standard morphological grading practices.
Implantation rates and ongoing pregnancy rates were then observed between the two
groups of subjects. The test group exhibited a statistically significant increase in
pregnancy outcome as compared to control (40% vs 26.7% for implantation and 70% vs
47.7% for ongoing pregnancy rates). The study included the analysis of 267 CC samples,
of which 27% had a gene expression profile predicting positive pregnancy outcome, 42%
that predicted negative pregnancy outcome and 13% that predicted early arrested
development. It is also noteworthy that no link between the gene expression of CCs and

the morphological grades of the subsequent embryos was observed (Assou et al. 2010).
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There have also been several retrospective studies of CC gene expression, and the
following genes have been correlated with positive pregnancy outcome: NRP1, UBQLN1,
PSMD6, HIST1H4C, CALM1, PTGS2, EFNB2 and CAMK1D. Alternatively, TOM1 has been
correlated to negative pregnancy outcome (Assidi et al. 2011; Wathlet et al. 2012).
Researchers have also looked beyond genes purely associated with developmental
potential, and investigated a combinatorial panel of 12 genes found in CCs involved in
glucose metabolism, transcription, gonadotropin regulation and apoptosis. By analyzing
the gene expression of the specific 12 genes, researchers were able to predict pregnancy
outcome for 55 patients with 78% accuracy (lager et al. 2013). Although these studies
show great potential, there are many inconsistencies between gene expression data. This
may be due to differences in experimental design, or failure to take into account
important parameters such as maternal age, IVF laboratory practices and specific ovarian

stimulation protocols, all of which may affect embryo development.

10.6.5. Endometrial Environment

Although the oocyte and subsequent embryo remains the primary contributor to a failed
IVF cycle, it is also important to consider the environment it is being transferred into. The
embryo-endometrium interface represents the initial stages of implantation with
blastocyst adhesion to a receptive uterus. Specifically, the endometrium is the
compromised of mucosa and multiple tissue types including reticular connective tissue,

secreted proteins, epithelial cells as well as a proliferation of blood vessels which supply
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nutrients to the cells (Beier and Beier-Hellwig 1998). The endometrial cycle is tightly
regulated by physiological alterations caused by changes in expression of genes and
proteins. This cycle is composed of three specific phases which are marked by
physiological changes controlled by circulating levels of estrogen and progesterone

secreted and synthesized by the ovary (Ruiz-Alonso, Blesa, and Simon 2012).

The first phase of the endometrial cycle is the proliferative phase. During the proliferative
phase, estradiol derived from growing follicles leads to the regeneration of the
functionalis layer with re-epithelialization, which occurs on approximately day 5 of the
menstrual cycle (Makieva et al. 2018). This phase is primarily characterized by the
proliferation and hypertrophy of glands, increased stromal matrix and elongation of the
terminal arterioles of the luminal epithelium (Gray et al. 2001; Taylor et al. 2001).
Estrogen also upregulates the progesterone receptors, which alters the environment for
the subsequent secretory phase (Fox et al. 2016; Gellersen and Brosens 2014). The
cellular structure of the endometrial stromal cells during the proliferative phase,
resemble a fibroblast-like appearance with developed rough endoplasmic reticulum and
Golgi apparatus elongated nuclei and reduced cytoplasm (Cornillie and Lauweryns 1984).
During decidual transformation, the nucleus of the stromal cells becomes rounded, the
endoplasmic reticulum of the Golgi systems become dilated, and the cytoplasm begins to
accumulate lipids and glycogens (Kajihara et al. 2014). Progesterone also induces the
formation of pinopodes, the epithelial cells that lose their polarity and microvilli through

down regulation of cell-to-cell adhesion molecules, producing a smooth apical surface
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(Thie et al. 1995). This is critical for all future implantation, as the introduction of
pinopodes also serves to decrease surface glycoprotein mucin 1 (MUC1), a mucus
secretion responsible for forming a barrier against pathogens, which is inhibitory during
the subsequent window of implantation (Haller-Kikkatalo et al. 2014; Redzovic et al.

2013).

The secretory phase is the second phase of the endometrial cycle. During the early and
mid-secretory phase, cytoplasmic processes extend within the edematous connective
tissue, releasing secretory products into the extracellular space. In the late-secretory
phase, decidualizing cells display pseudopodia extensions engulfing the extracellular
matrix. This phase of extreme remodeling may be attributed to the exhibition of
phagocytotic activity during stromal cell decidualization (Cornillie, Lauweryns, and
Brosens 1985). During this phase it is vital that the intercellular communication between
the endometrial stromal cells is established in order to create the surface that will
function as the site of embryo implantation along the fetomaternal interface (Figure 7).
This communication is established by either direct cell to cell contact, or through
intracellular junctions which mediate selective paracellular and intracellular transport of
molecules (Garcia, Nelson, and Chavez 2018). Extensive communication networks are
established which exert influence on the tissue, allowing physiological alterations as well
as changes in homeostasis and tissue remodeling, making the endometrial surface one of

great plasticity (Grund and Grummer 2018).
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Figure 7: Changes within the human endometrium during the menstrual cycle, illustrating
the growth, differentiation and shedding of the functionalis layer. The functionalis layer
regenerates 4-10 mm during the proliferative phase (10 days) as cells proliferate in
response to rising circulation of estrogen levels. During the secretory phase, progesterone
induces differentiation of the luminal epithelium and stroma to generate an environment
that is receptive to the implantation of an embryo (adapted from Gargett CE et al.,

2007)(Gargett, Chan, and Schwab 2007).

The subsequent window of implantation occurs naturally between day six and day ten
post ovulation (Figure8). Endometrial receptivity is characterized by changes in the
endometrial layer and secretion of nutrients, including numerous vitamins and steroid-
dependent proteins (Martin et al. 2002). During this period of endometrial receptivity,

molecular dialogue is exchanged between the implanting blastocyst and the luminal
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epithelium of the endometrial layer (Cuman et al. 2015). As the embryo approaches the
uterine luminal epithelium near the future sight of implantation (usually near the upper
posterior wall in the midsaggittal plane), a pro inflammatory reaction occurs causing
endometrial vascular permeability to increase at the implantation site, mediated by
Cyclooxygenase (Cox)-derived prostaglandins (van der Weiden, Helmerhorst, and Keirse
1991). Next, prostaglandin E; is increased in both the luminal epithelium and surrounding
stromal cells, which has the added benefit of activating a multitude of other signaling

proteins (Nicola, Lala, and Chakraborty 2008).

BL: Blastocyst;

2ZP: Zona pellucida;

LE: Luminal epithelium of the endometrium
CT: Cytotrophoblast;

LIF: Leukaemia inhibitory factor;

P: Pinopode;
GE: Glandular epithelium; sgp130: soluble gp130; ST: Syncytiotrophoblast; IL-1: Interleukin-1

Figure 8: The blastocyst and uterus establish intimate physical and physiological contact
resulting in the penetration of the basal membrane and controlled invasion of the stromal

endometrium (adapted from Fitzgerald JS et al., 2008)(Fitzgerald et al. 2008).
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Recently, researchers have benefited from transcriptomic studies investigating the
endometrial window of implantation, which enabled the development of several
commercial endometrial receptivity assays to diagnose the receptivity window including
the Endometrial Receptivity Array (ERA) (Igenomix®), ERPeak®™ Endometrial Receptivity
Test (CooperSurgical®) and the ReceptDivaDX (CiceroDX, Inc.). The ERA is a customized
array containing 238 genes that are known to be differentially expressed depending on
the receptivity status of the sample, is highly reproducible and more accurate than
histologic dating (Garrido-Gomez et al. 2013). Likewise, the CooperSurgial and CiceroDX
offerings also examine the expression of hormone-regulated genes to help determine a
patients individual and uniquely timed window of implantation or identifies potential
problems based on the upregulation of inflammatory genes, such as BCL6, based on a

previously regulated cycle (Ruiz-Alonso et al. 2013; Tan et al. 2018; AlImquist et al. 2017).

Researchers are also interested in alternative methods for evaluating the uterine
environment, as these assays require an endometrial biopsy from a previously regulated
cycle, and may not always accurately represent future endometrial receptivity profiles.

One of the more prolific types of signaling molecules found to be biologically active during
the window of implantation are cytokines, which are regulatory peptides or
glycoproteins. Cytokines act as local autocrine or paracrine signals, and occasionally have
more distant effects as endocrine mediators (McEwan et al. 2009). Cytokines critical for
successful implantation include Leukemia-inhibitory factor (LIF), a member of the

interleukin-6 family of cytokines responsible for mediating estrogen actions. Knockout
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studies investigating the Lif gene in mice found animals lacking this gene have a defect in
implantation and decidualization that can be rescued by adding recombinant LIF into the
environment (Stewart et al. 1992). LIF is also important for driving stromal proliferation
by regulating epidermal growth factor (EGF) (Hantak, Bagchi, and Bagchi 2014). Another
active cytokine during the window of implantation within the uterine environment is
colony-stimulating factor-1 (CSF-1), believed to be involved in molecular dialogue
between the implanting embryo and the endometrium due to both cell types having CSF-
1 receptor mRNA (Pollard et al. 1991). Other cytokines involved in implantation and pre-
implantation cellular development include interleukin 1 (IL-1), interleukin 6 (IL-6) and
Heparin-binding epidermal growth factor-like growth factor (HB-EGF) (Krussel et al. 2003;

Dominguez et al. 2015; Cha, Sun, and Dey 2012).

One minimally invasive method used to study the extracellular signaling molecules found
within the endometrial environment, in-vitro, was the development and use of an
endometrial co-culture system. This method involves taking a small endometrial biopsy
from a subject prior to any further ART treatment, separating endometrial and stromal
cells for culture, and finally growing a monolayer of these cell types in order to explore
the molecular interactions between the culture media and the cells either in the presence

or absence of an embryo (Figure 9) (Simon et al. 1997; Dominguez et al. 2010).
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Figure 9: A) Confluent monolayer of epithelial endometrial primary cells. B) Example of a
co-cultured fully hatched blastocyst. C) Co-cultured hatched blastocyst adhering to the
monolayer on day 7 of embryo development (images Presented at ASRM by Parks et al.,

2014).

To further study the molecular interaction between a developing embryo and a
monolayer of endometrial epithelial cells (EECs), researchers co-cultured the cell types
together and performed embryo transfer with the co-cultured blastocyst, and correlated
the clinical outcome with the secreted molecules found within the co-cultured spent
media. When compared with the spent media of embryos grown sans EECs, they

discovered increased concentrations of IL-6, PLGF, and BCL (CXCL13) (indicating they were
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secreted by the EECs in the presence of an embryo), and decreased levels of FGF-4, IL-
12p40, VEGF, and uPAR (indicating EEC consumption) (Dominguez et al. 2010). These
minimally invasive techniques offer insight into the molecular dialogue that occurs in the
moments prior to implantation, and allows researchers to further investigate the

beneficial, and the mandatory signalling molecules involved during this critical time.

Finally, the third phase of endometrial cycle consists of menstruation. When hormone
levels are decreased during this final phase, the modified endometrium is unable to be
maintained, and menses begins, and is considered to be day 0 to day 5 of the next
menstrual cycle. The duration of menses is variable, but the usual duration of the
menstrual flow is 3-5 days, and the amount of blood loss can vary, with the average being
30mL. Menstrual blood is mostly arterial in nature, and contains prostaglandins, tissue
debris, and relatively large amounts of fibrinolysis from endometrial tissue. The
fibrinolysis lyses clot so that menstrual blood does not contain clots typically unless the
flow is particularly heavy. On average, a woman will experience 450 menses throughout

her lifetime (Thiyagarajan, Basit, and Jeanmonod 2021).

10.6.6. Uterine Environment Aspiration

A common criticism of extrapolating data from endometrial co-culture data is that it
oversimplifies the complex nature of the in-vivo environment. Furthermore, inter cycle

reliability may be a concern, where uterine conditions may subtly vary from cycle to cycle,
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and one brief snapshot may not perfectly represent all cycles going forward. In an attempt
to address these concerns, a technique called uterine fluid aspiration has been developed
to, non-invasively, study the in-vivo uterine microenvironment during the window of
implantation. This method involves a transfer catheter and gentle suction to sample one
isolated location of the uterine luminal endometrium, adjacent to potential implantation

sites (Figure 10).

* L
o y
Endometrial Fluid Tip of catheter containing Aspirate sample snap
Aspiration aspirate transferred to 1.5ml frozen for storage and
sterile low-bind tube. future analysis

Figure 10: Endometrial aspirations taken at the time of embryo transfer, offer a brief
snapshot into the uterine microenvironment the embryo is likely to encounter as it
searches for a potential implantation site (images presented at ASRM by Parks JC et al.,

2019).

The superficial uterine environment is composed of a protein-rich histotroph, made up of
specific glandular secretions. It contains cytokines, anti-proteases, transport proteins,
nutrients and enzymes (Hannan et al. 2010; Leese et al. 2008). Studies have shown uterine
secretion aspiration at the time of transfer is a minimally invasive technique, capable of

safely sampling the endometrial microenvironment (van der Gaast et al. 2003; Hannan et
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al. 2012). Endometrial aspirations taken 24 hours prior to embryo transfer are an
effective, minimally invasive means of sampling the endometrial micro-environment of a
patients’ current embryo transfer cycle. Studies, have demonstrated that endometrial
aspirates collected 24 hours prior to embryo transfer contained specific prostaglandin

levels that were correlated with successful implantation (Vilella et al. 2013).

Although this technique seems promising, in practice successful integration into ART
laboratories has been thus far unconvincing. Based on the literature and previous studies,
researchers have unsuccessfully attempted to use pre-determined cut-off values for a
panel of promising molecular biomarkers (including urocortin, activin A, human decidua-
associated protein (hDP) and interleukin-18), to predict endometrial receptivity and
subsequent implantation success (Ledee-Bataille et al. 2004; Florio et al. 2008; Florio et
al. 2010). Similarly, additional studies investigated other molecular biomarkers found
within the uterine fluid milieu, including the mean levels of cytokines, glycodelin, isoforms
of leucine-rich alpha2-glycoprotein, LIF and TNF, interleukin-1B, TNF-a, interferon
gamma-induced protein 10 and monocyte chemoattractant protein. These levels were
then categorized based on fertility treatments and outcomes to search for commonalities
between patients who experienced successful implantation (Gillott et al. 2008; Boomsma,
Kavelaars, Eijkemans, Amarouchi, et al. 2009; Boomsma, Kavelaars, Eijkemans, Lentjes, et
al. 2009; Bentin-Ley et al. 2011; Rahiminejad et al. 2015; Rahiminejad et al. 2016). The
results of these studies indicate that the individual levels of these potential molecular

biomarkers are far too variable from one subject to the next, and that the use of uterine
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aspirate assays are thus inadequate for determining implantation receptivity, so their use

in a clinical setting is very limited.

10.6.7. Sperm Analysis

An integral component of an ART cycle is the analysis of the male gamete. However, the
standard operating protocols focus more on simple, superficial observations. The
methods for the evaluation of semen is described in World Health Organization (WHO)
manuals, and includes viscosity, volume, color, pH, concentration, motility, vitality, the
presence of leukocytes and the morphology of the sperm (Cooper et al. 2010). These
parameters are used to standardize male subfertility in the population, and while they
are correlated with successful oocyte fertilization and embryonic development,
collectively, they do not produce a definitive predictive threshold of whether or not a
patient will be able to conceive within an ART setting (van der Steeg et al. 2011; van Weert

et al. 2004).

One factor limiting the usefulness of conventional semen analysis is that it fails to account
for the integrity of sperm genome constitution and DNA integrity. There are many causes
of sperm DNA damage and fragmentation, including defective apoptosis, excessive
reactive oxygen species (ROS) production, toxic effects of drugs, pollution, cigarette use
and even high testicular temperature (Boissonneault 2002; Moustafa et al. 2004; Saalu

2010; Sakkas et al. 2002; Colagar, Jorsaraee, and Marzony 2007). Several techniques have
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been developed to investigate the sperm DNA integrity of patients including the sperm
chromatin structure assay (SCSA) which utilizes specific staining techniques and a flow
cytometer to quantitate the percentage of sperm with intact vs. fragmented chromatin.
Another technique is the sperm chromatin dispersion (SCD) detects DNA fragmentation
by incubating spermatozoa in a thin inert matrix with an acid solution that denatures the
DNA, followed by an adapted lysing solution that removes the majority of nuclear
proteins. This procedure results in DNA loops spreading out into the inert matrix,
producing halos of chromatin, which will be largely absent in samples with DNA
fragmentation. Alternatively, the single cell gel electrophoresis (Comet) assay embeds
sperm cells in a thin layer of agarose on a microscope slide and subsequently lysed with
detergent under high salt conditions. This process removes protamines and histones
allowing the nucleus to form a nucleoid-like structure containing supercoiled loops of
DNA. Alkaline pH conditions result in unwinding of double-stranded DNA, and
subsequent electrophoresis results in the migration of broken strands towards the anode,
forming a comet tail, when observed under fluorescence microscope. The amount of DNA
in the head and tail is reflected by its fluorescent intensity. The relative fluorescence in
the tail compared with its head serves as a measure of the level of DNA damage (Simon
and Carrell 2013). Finally the terminal deoxynucleotidyl transferase mediated
deoxyuridine triphosphate nick end labelling (TUNEL) assay analyzes DNA fragmentation
by measuring the number of breaks or nicks in the DNA of the sperm. It can be performed
on as few as 1,000 sperm, even on sperm retrieved from a small testis biopsy (Sharma et

al. 2010). Of the four clinical assays developed, the COMET and TUNEL assays have been
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the most successful at reliably predicting the DNA integrity of sub fertile men (Figure 11)
(Cissen, Wely, et al. 2016). These assays have been integrated into many ART laboratories
to evaluate sperm genome integrity, and have been successful at detecting damaged DNA
within sperm. These assays are helpful for counseling patients regarding the cause of their
infertility, however the predictive value of DNA fragmentation on evaluating the chances
of achieving a successful pregnancy may need further research and analysis (Cissen,

Bensdorp, et al. 2016).

Figure 11: Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
immunofluorescent staining of human spermatozoa aids in detection of DNA
fragmentation. Cells which fluoresce green are indicative of DNA fragmentation which
takes place during late stages of apoptosis. Spermatozoa are considered TUNEL positive
if approximately 40% or more of the head is fluorescent (adapted from Palermo GD et al.,

2017)(Palermo et al. 2017).
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Investigation into genome wide mutation rates reveal up to 80% originating in the
paternal lineage (Acuna-Hidalgo, Veltman, and Hoischen 2016), and studies analyzing
multi-generational sperm genomic DNA have observed an increase in de novo point
mutations over the course of a males lifetime at a rate of 2 base pair changes per year on
average (Kong et al. 2012; O'Roak et al. 2012) There are several mechanisms responsible
for these de novo base substitutions sometimes acting in combination, including errors in
replication and damage induction. As male germ cells undergo continuous mitotic cell
divisions (800 rounds of division and replication by age 50), this leads to increased
mutation rates as men age, although many remain fertile well past middle age. Mutations
may also occur when the template or free nucleotides are damaged prior to replication.
Interestingly, not all mutations found within the paternal genome are correlated with
paternal age; in fact, a recent study found that a significant proportion of human germline
mutations were correlated with maternal age at conception. As a woman reaches
advanced maternal age, there is an accumulation of damage in oocytes and the
subsequent number of postzygotic mutations in the embryo and the oocyte is no longer
able to repair the damage introduced by the fertilizing sperm, as is seen in younger
women (Gao et al. 2019). The known effects of these mutations are accumulating , and
a recent publication of a parallel two-group, randomised trial indicated that although
poor quality sperm can successfully fertilize and produce transfer grade blastocysts, the
subsequent pregnancies have a much higher incidence of miscarriage following clinical

pregnancy (Miller et al. 2019). Furthermore, evidence also points to a correlation
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between de novo point mutations in sperm and adverse health effects in offspring,
including increased risks of birth defects and neurodevelopmental and psychological
disorders (Kojima et al. 2018; Kimura et al. 2018). Although not currently practical due to
cost and techniques involved, screening for DNA mutations found within sperm may be
incorporated into ART laboratories in the future, which would provide potential parents

with additional information and assist with potential offspring health risk evaluation.

10.6.8. Placental Epigenetics

One of the earliest events which occurs during embryonic development, is the
differentiation of the inner cell mass (ICM) and the trophectoderm cells (TE). This stage in
development is the first period during which two distinct tissue types can be observed
after successful fertilization has occurred. The TE cells make up the periphery of the
blastocyst, while the ICM is located on a single side within the blastocoel cavity (Niwa et
al. 2005). These two tissue types also give rise to two distinct types of stem cells, the
embryonic stem cells that will eventually develop into the subsequent fetus, while the
trophoblast stem cells will continue to develop and differentiate into the placenta, which
is the first fetal organ to develop as well as the largest. Proper development and growth
of the placenta is critical to the health of the fetus and the mother, and defects can lead
to several major disease etiologies found within pregnancy including pre-eclampsia, fetal

growth restriction, still birth and recurrent miscarriage, which can result in long term
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health consequences for the mother and subsequent offspring (Brosens et al. 2011;

Salam, Das, and Bhutta 2014; Amaral et al. 2015).

Epigenetics is the study of inherited changes in gene expression, whose mechanisms do
not involve changes to a specific DNA sequence. This may be accomplished by several
distinct mechanisms, including DNA methylation, acetylation, phosphorylation,

ubiquitylation, and sumolyation (Weinhold 2006).

Recently, studies focusing on the importance of epigenetics and placental development
by way of genome-wide methylome sequencing have revealed large partially methylated
domains within the human placenta, interspersed with highly methylated domains
(Schroeder and LaSalle 2013). These partially methylated domains are developmentally
dynamic, and usually cover tissue-specific genes that are transcriptionally repressed.
There are several factors that make placental tissue appealing as a study material for
investigating epigenetic disturbances in methylation patterns. A 2015 study concluded
that hypomethylation found within the placenta is likely derived from the
hypomethylated state of an early embryo and trophectoderm. Thus, large-scale
methylation disturbances found within the placenta may be indicative of methylation
perturbations present in the embryo, and subsequent fetal development (Bianco-Miotto
et al. 2016). Upon closer observation, researchers discovered that some of the genes
statistically overrepresented by these partially methylated domains, include genes

associated with neuronal development and synaptic transmission, making them excellent
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candidate biomarker genes for autism spectrum disorder in at risk patient populations

(Schroeder et al. 2016).

Genomic imprinting is a form of epigenetic modification in which gene expression differs
in an allele-specific manner depending on parent of origin. Imprinting restricts gene
expression to only one of the parental alleles, from either the sperm or egg. While 99%
of the genes in our genome are bi-allelically expressed from both chromosomes,
imprinted genes are a small subset of genes that are expressed only from one

chromosome (sperm or egg).
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Genomic Imprinting
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Figure 12: Genomic imprinting is an epigenetic phenomenon resulting from differences
in methylation depending on whether the allele originated from the maternal allele (egg),

or paternal allele (sperm) (Presented by Parks et al., at the 2017 ASRM conference).

In this diagram (Figure 12), methylated, or silenced imprinting regions are represented by
the closed circles, whereas an unmethylated imprinting region is indicated by open
circles. For example if a gene is paternally imprinted and silenced by DNA methylation on
the chromosome from the sperm, it results in that gene being maternally expressed from
the egg. Genomic imprinting offers an opportunity to study the expression of genes that
may be transient and highly tissue specific. The placenta contains a high number of

imprinted genes compared to many mammalian organs (Frost and Moore 2010). Within
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the context of ART, researchers have studied placental tissue samples derived from
murine embryos cultured in an in-vitro setting and discovered aberrant DNA methylation
of imprinted genes after in vitro preimplantation culture of mouse embryos when
compared to in-vivo derived controls, specifically the loss of imprinted expression of H19
and Snrpn imprinting control regions (Mann et al. 2004). This led to questions regarding
the safety of extended embryo culture and ART practices, however it is difficult to
replicate such a study in humans, as many IVF patients have a number of different
infertility etiologies which act as confounding variables in relation to any aberrant

epigenetic imprinting (Litzky and Marsit 2019).

10.6.9. Perspectives On The Potential To Improve ART Standard

Operating Protocols

Although the field of ART has come a very long way in a relatively short amount of time,
it also has ample room for improvement. In order to continue to advance and increase
clinical excellence, we must build upon our great, but ultimately inadequate, base of
knowledge. Non-invasive methods for evaluating fertility constitution should be focused
on materials that are considered excess, and are commonly discarded, for its low-risk
high-reward potential. If we can develop additional techniques and skills to incorporate

into our clinical practices, we will get closer to our ultimate goal of providing top quality
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care to sub fertile and infertile couples, assisting them to achieve their goal of having a

successful and healthy pregnancy, and build their family.

As pointed out in section 10.5.4., the gene expression profiling of cumulus cells has
revealed cumulus cell gene expression involved in glucose metabolism, transcription,
gonadotropin regulation and apoptosis, and although promising, so far this data has had
limited success predicting pregnancy outcome. Although cumulus cells are a potential
window into oocyte competence and viability, inconsistency in the methodology and
subjects studied has resulted in a need for a study investigating individual cumulus cell
transcriptomes of chromosomally normal (euploid) embryos, to eliminate aneuploidy as
a confounding variable, and finally, utilizing RNA sequencing to identify novel biological

pathways associated with implantation outcome.

As pointed out in section 10.5.5, the co-culture model, taking an endometrial biopsy,
isolating and culturing the endometrial cells into a monolayer with a late-stage blastocyst,
is a great way to study the molecular dialogue that occurs between the luminal epithelial
cells of the endometrium and the implanting blastocyst. However, the literature has not
explored the differences in the secretomic dialogue that occurs between the blastocysts
and endometrium of specific infertility etiologies that may have sub-optimal implantation
rates. Such a study would be beneficial, as it may help doctors and clinicians understand
the effects of infertility etiologies on the window of implantation, and provide them with

information for counselling as well as potential treatment opportunities.
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As pointed out in section 10.5.8, studies investigating the effects of ART and prolonged
embryo culture on genomic imprinting, have found correlations with deficiencies in the
subsequent placenta and offspring in murine studies. However, there is insufficient
evidence as to the causal nature of these correlations, and there is limited information
available overall on the direct effects of external influences on epigenetics and genomic
imprinting. Specifically, due to the bi-allelic nature of genomic imprinting within the
placenta, this offers an opportunity to investigate any potential paternal lifestyle choices
and their impact, especially in a mouse model by controlling for any female factors that
may be present. Furthermore, patients seeking fertility treatment are older on average,
and especially in men, the effects of this advanced age etiology on their offspring is poorly
understood. Therefore, an investigation into the effects of advanced paternal age on the
epigenetics of the placenta, and viability and health of the subsequent offspring would be

beneficial to the field, in an effort to better understand and treat this patient population.
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11.0 Specific aims of this thesis

With the above in mind, the purpose of this thesis was to perform basic and applied
research with the aim, ultimately, of providing underlying data to support the

improvement of IVF:
Specificaim 1. To test the hypothesis, through corona cell RNA sequencing from individual
oocytes, that transcripts and pathways are linked to euploid oocyte competence and live

birth.

Specific aim 2. To investigate the impact of infertility diagnosis on embryo-endometrial

dialogue.

Specific aim 3. To test the hypothesis that advanced paternal age directly impacts mouse

embryonic placental imprinting.

The specific aims are supported by a series of published works to which | contributed (see

page 5) with a similar overall purpose.
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11.1. Specificaim 1

This chapter is based on published work from the following publication.

Parks JC, Patton AL, McCallie BR, Griffin DK, Schoolcraft WB, Katz-Jaffe MG. Corona cell
RNA sequencing from individual oocytes revealed transcripts and pathways linked to
euploid oocyte competence and live birth. Reprod Biomed Online. 2016 May;32(5):518-

26. doi: 10.1016/j.rbmo.2016.02.002. Epub 2016 Feb 24.

11.1.1. My contribution to the work

| worked closely with Dr. Katz-Jaffe to develop and implement the experimental design of
this experiment. | coordinated corona cell collection with the embryologists within the
IVF lab at the Colorado Center for Reproductive Medicine during their routine IVF
procedures. | performed the subsequent experiments, results analysis and interpretation,

and wrote and edited the manuscript for publication.

11.1.2. Chapter summary

Capsule. RNA-sequencing of corona cells identified differentially expressed transcripts
and observed numerous signaling pathways in association with euploid oocyte

competence, including live birth and negative IVF outcome.
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Purpose: To investigate the corona cell transcriptome of euploid oocytes utilizing RNA
sequencing technologies.

Methods: Corona cell samples from individual cumulus oocyte complexes that developed
into euploid blastocysts and were transferred in a frozen embryo transfer (n=10), were
collected during oocyte retrieval. RNA-Sequencing was performed on corona cell samples
alongside bioinformatics and statistical analysis to compare IVF outcomes.

Results: RNA-Sequencing of corona cell samples, produced a mean number of sequence
reads of 21.2 million. Statistical analysis of differentially expressed genes revealed 343
statistically significant transcripts (P<0.05; fold change >=2). Enriched pathway analysis
showed WNT signalling, MAPK signalling, focal adhesion and TCA cycle to be impacted by
IVF outcome. Specifically, key genes within the WNT/beta-catenin signalling pathway,
including AXIN, were associated with oocyte competence.

Conclusions: Oocyte-specific transcriptomic corona cell profiles were successfully
generated by RNA-sequencing. Key genes and signalling pathways were identified in
association with IVF outcome following the transfer of a euploid blastocyst in a frozen
embryo transfer. This new information could provide novel biomarkers for the non-

invasive assessment of oocyte competence.

11.1.3. Introduction

Current estimates state that 1 in 6 couples in the United States will require the use of

Assisted Reproductive Technologies (ART) to successfully conceive a child (Thoma et al.
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2013). For many infertile couples treatment will involve in vitro fertilization (IVF) and a
subsequent embryo transfer. The oocyte is a major contributor to the success of an IVF
cycle with oocyte competence tightly linked to embryo viability. Numerous factors
determine oocyte competence including mitochondrial health, metabolomic processes,
functional spindle assembly and successful meiotic division (Prates, Nunes, and Pereira
2014), (Keefe, Kumar, and Kalmbach 2015). Based on current IVF protocols, the likelihood
of a single aspirated oocyte being fertilized, successfully developing, implanting and
resulting in a healthy live birth is ~5% (Patrizio and Sakkas 2009). Consequently, additional
non-invasive methods to measure oocyte competence could represent a valuable asset

to improve embryo selection and IVF outcomes.

Follicular fluid is a potential non-invasive source of oocyte information. The fluid is
aspirated at the time of oocyte retrieval and discarded following oocyte isolation.
Follicular fluid is contained within the follicular antrum surrounding the oocyte and the
composition of this fluid changes throughout folliculogenesis. Protein analysis of follicular
fluid revealed diverse protein compositions containing mostly plasma proteins and
proteins associated with lipid transport, complement pathways and blood coagulation
(Schweigert et al. 2006), (Jarkovska et al. 2010). A recent study identified a subset of 75
follicular fluid proteins correlated with IVF outcome. Thirteen of these proteins were
involved in acute response signaling, coagulation, prothrombin activation, complement
system and growth hormone pathways, uniquely associated with IVF outcome (Kushnir

et al. 2012). Metabolic analysis of follicular fluid has revealed metabolites that are
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correlated with oocyte maturity based on the depletion/appearance of specific amino
acids: arginine, glutamate, glutamine, isoleucine and valine (Hemmings et al. 2013). In
addition to amino acids, carbohydrates and fatty acid ratios have been shown to correlate
with developmental milestones including embryogenesis and form an overall predictive
value of oocyte quality and developmental potential (Matoba et al. 2014), (Wallace et al.
2012), (O'Gorman et al. 2013). However, it is important to understand that many of these
predictive studies are based on retrospective data, and are not equivalent to a truly
independent prediction/replication experiment. Additional studies have linked oocyte
quality with cytokines and growth factors in follicular fluid, including increased BMP2,
interleukins (6, 8, 12 and 18), GDF-9, GCSF and amphiregulin (Sugiyama et al. 2010),
(Sarapik et al. 2012), (Bedaiwy et al. 2007), (Gode et al. 2011), (Ledee et al. 2013), (Liu et
al. 2012). Although follicular fluid molecular profiling appears promising, to date, there
are no prospective studies utilizing a panel of follicular fluid biomarkers to determine

potential clinical value in identifying oocyte competence.

Another promising area of research into oocyte competence has been the molecular
analysis of follicular cells. Corona cells (CC) surrounding the oocyte maintain a close
relationship via transzonal processes and gap junctions, providing key nutrients and other
factors essential for oocyte maturation and future developmental competence (Anderson
and Albertini 1976). CC’s remain in close proximity to the oocyte throughout
development through gap junctions which are formed by transzonal cytoplasmic

projections transverse the zona pelucida matrix (ERICKSON et al. 1985). This in turn
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results in the cumulus-oocyte-complex development(Plancha et al. 2005). Cumulus cells
surround the oocyte and form the cumulus oophorus and corona radiata inner cell layer.
Gap junctions connect the corona cells to the oocyte and allow bi-directional
communication and the exchange of nutrients and metabolites. This results in the
stimulation of the oocyte, triggering maturation (Saeed-Zidane et al. 2017; Mora et al.
2012). Transzonal projections, which penetrate the zona pelucida surrounding the oocyte
allow the corona cells to maintain contact with the oocyte through and are believed to be
involved in paracrine gap junctional communication and adhesion between the oocyte
and corona cells (Simon and Goodenough 1998). Amino acids are transported through
these gap junctions enhancing uptake of glycine, alanine, lysine and taurine required for
oocyte development(Pelland, Corbett, and Baltz 2009). Specific profiles of cumulus cell
gene expression have been able to predict oocyte maturation, cumulus expansion and
fertilization (McKenzie et al. 2004), (Assou et al. 2006), (Anderson et al. 2009),
(Ouandaogo et al. 2011), (Feuerstein et al. 2012), (Yerushalmi et al. 2014). CC gene
expression is dynamic and can be affected by specific events such as maternal aging (Al-
Edani et al. 2014) and ovarian gonadotropin treatments (Assou, Haouzi, et al. 2013). One
of the first studies to investigate oocyte competence identified several CC genes as
biomarkers for assessing developmental potential including BCL2L11, PCK1 and NFIB
(Assou et al. 2008). Follow up investigations identified 45 CC genes of interest to be
considered biomarkers of successful embryo development and pregnancy outcomes that
were tested in a prospective study. The test group received a day 3 embryo transfer based

on the 45 CC gene expression profiles, while the control group had a day 3 embryo
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transfer based on traditional embryo grading selection. Both implantation and ongoing
pregnancy rates were significantly higher in the test group after embryos were chosen
based upon their CC gene expression profile (40% vs control = 26.7% and 70% vs control
= 46.7% respectively). Of the 267 CC samples studied, 27% had a CC gene expression
profile that predicted positive pregnancy outcome, 42% that predicted negative
pregnancy outcome and 13% that predicted early arrested development. Remarkably, no
relationship between traditional morphological grading and CC gene expression was
observed (Assou et al. 2010). Other retrospective studies have shown a significant
correlation between the cumulus transcriptome and subsequent pregnancy outcome
where NRP1, UBQLN1, PSMD6, DPP8, HIST1H4C, CALM1, PTGS2, EFNB2 and CAMK1D
gene expression correlated with pregnancy and TOM1 with negative outcome (Assidi et
al. 2011), (Wathlet et al. 2012). Recently the combinatorial expression of 12 CC genes
involved in glucose metabolism, transcription, gonadotropin regulation and apoptosis
were utilized to estimate pregnancy outcome for 55 patients with 78% accuracy for an
independent sample (lager et al. 2013). Together, these studies indicate cumulus cells are
a potential valuable source of information relative to the oocyte competence. However,
there exists inconsistency in the CC transcriptome data to date primarily due to
differences in experimental design and methodology including factors such as maternal

age, ovarian stimulation protocols and various in vitro laboratory protocols.

The purpose of this study was to investigate the individual CC transcriptome of

chromosomally normal (euploid) embryos utilizing RNA sequencing to identify novel
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biological pathways associated with implantation outcome. Results demonstrated that
the WNT-Canonical pathway and AXIN transcription are strong indicators of oocyte

developmental competence and subsequent chromosomally normal live birth.

11.1.4. Materials and Methods

11.1.4.1. Corona Cell Collection

Corona cells were donated from individual cumulus oocyte complexes (COC's) (n=10) with
patient and consent by the Western Institutional Review Board, Inc (WIRB® Protocol
#20142383). Female subjects presented with normal ovarian reserve (AMH>1.0, FSH<10,
AFC>6) and advanced maternal age (36-43 years old) but no other infertility diagnosis.
Cumulus cells were collected and stored at -80 degrees Celsius from up to 10 oocytes per
patient (30 patients, n=300 total), only cumulus cell samples that met the following
criteria were analysed for this study, and oocytes that failed to fertilize or develop to the
blastocyst stage were excluded from further experimentation. Next, patients underwent
routine IVF with embryos individually cultured to the blastocyst stage for a
trophectoderm (TE) biopsy prior to vitrification. Only embryos graded 3BB or better were
chosen for TE biopsy, based on the Gardner Schoolcraft grading system (Gardner and
Schoolcraft 1999a). Comprehensive chromosome screening (CCS) was performed on
biopsied TE cells, and following the identification of a euploid blastocyst, patients were

scheduled for a frozen embryo transfer (FET). Cumulus samples were chosen based upon
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the previously described criteria and were subsequently randomized and grouped based

on implantation outcome (live birth n=5 and negative implantation n=5).

Following routine oocyte retrieval, cumulus cells were mechanically separated from each
individual COC without disturbing the inner corona cells. Oocyte maturity was visually
confirmed and individual oocyte corona complexes were allowed to recover for 4 hours
in an incubator at 7% CO,, 5% O,. Corona cells were removed prior to ICSI using a media
solution containing 0.33mg/mL hyaluronidase and rinsed through sequential 3x20uL
drops of PBS/BSA before transfer into 10 uL of Extraction Buffer (PicoPure® RNA-isolation
kit, Life Technologies, Carlsbad CA). All CC samples were snap-frozen in liquid nitrogen

and stored at -80°C until later analysis.

11.1.4.2. RNA Sequencing

Purified cDNA libraries were constructed from 50ng of rRNA-depleted Total RNA using the
lon Total RNA-Seq Kit v2, Whole Transcriptome Library Prep protocol (Life Technologies,
Carlsbad CA). rRNA-depleted Total RNA was fragmented using RNase lll and purified by
Agencourt Ampure XP micro-beads (Beckman Coulter Inc., Brea CA). The fragmented RNA
was then hybridized and ligated prior to reverse transcription and addition of multiplexing
barcode adaptor. The subsequent cDNA was then amplified via PCR and purified again.
Barcoded libraries were equalized and pooled into an evenly represented final library
consisting of 100pM cDNA, which was then coupled onto templated capture beads and

enriched using the lon OneTouch 2 and OneTouch ES systems (Life Technologies, Carlsbad
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CA). Final libraries were prepped for loading on the ION PI v2 chip and then sequenced on

the lon Proton with a P1 200 v2 Sequencing kit (Life Technologies, Carlsbad CA).

11.1.4.3. RNA-Sequencing Data and Bioinformatic analysis

Raw reads in FASTQ format were trimmed and filtered with FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) such that only reads with

Phred Q-scores > 20 and read lengths > 35 bp were retained. Duplicate reads were
removed thus retaining unique reads with higher average base quality. Strand NGS v.2.1
(Strand Life Sciences Inc., Aurora CO) was used for subsequent RNA-Seq data analysis. The
trimmed/filtered reads were aligned to NCBI RefSeq human reference genome
(GRCh37/hg19) and human transcriptome. Transcript isoform assembly, abundance
estimation and quantification were performed with Strand NGS. Differential gene
expression was performed with DESeq v.3.0 normalization and Fold Change > 2.0
(bioconductor.org). Strand NGS identified significantly differentially expressed up- and
down-regulated genes. Gene annotations were provided by NCBI Entrez Gene database.
Biological pathway analysis was performed with Strand NGS based on WikiPathways
Analysis, Reactome, GenMAPP and Other pathway databases and the BioCyc pathway
database (Martens et al. 2018; Fabregat et al. 2017; Prickett and Watson 2009; Paley and
Karp 2017). Significantly enriched pathways were identified with a threshold Fold Change

> 2.0.
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11.1.4.4. RNA-Sequencing Gene Expression Validation

Additional individual CC samples (n = 10) were collected for RNA-sequencing validation
using the PicoPure® RNA Isolation Kit (Life Technologies, Carlsbad CA) with modifications.
Briefly, samples were lysed and bound to a silica-based filter, treated with RNase-free
DNase | (Qiagen, Valencia CA) and washed several times before recovered in 20 pL elution
solution. Reverse transcription was performed using the High Capacity Reverse
Transcription cDNA kit (Life Technologies, Carlsbad CA) to generate cDNA template for

real-time polymerase chain reaction (PCR).

Quantitative real-time PCR (Q RT-PCR) was performed using the ABI 7300 Real Time PCR
System with the Power SYBR Green PCR Master Mix (Life Technologies, Carlsbad CA).
After a 10-minute incubation at 95°C, amplification was performed for 40 cycles at 95°C
for 15 seconds and 60°C for 1 minute, then a dissociation stage for 15 seconds at 95°C, 1
minute at 60°C, 15 seconds at 95°C, and 15 seconds at 60°C. The quantification of two
genes, AXIN1 (GenBank NM_003502.3) and TNFRSF10A (GenBank NM_003844.3), was
calculated relative to the constant level of transcription in every sample of the
housekeeping gene, RPL19. The PCR reaction efficiency recorded R? values 0.9, and the
correlation coefficient was calculated to be >0.99. Statistical analysis was performed with
REST-2008 software using bootstrap randomization techniques (Qiagen, Valencia CA).

Gene expression fold differences with P<0.05 were considered statistically significant.
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11.1.5. Results

Traditional oocyte and embryo morphology parameters were not predictors of
chromosome constitution, or implantation outcome. Embryos of equivalent good

blastocyst morphology resulted in both negative and positive implantation (Table 2).

Blastocyst Embryo
Oocyte Ml Day 3 Cell #
CoCc# Grade at Transfer
Morphology (Grade)
Biopsy Outcome
1 Normal 9 (4-) 3BA Negative
2 Normal 8 (4-C) 5BB Negative
3 Normal 12(4-C) 5AA Negative
4 Normal 8(4-) 5BA Negative
5 Normal 9(3+) 4BB Live Birth
6 Normal 10(4) 5AA Live Birth
7 Normal 8(4) 4BB Live Birth
8 Normal 8(4-) 5BB Live Birth
9 Normal 8(3+) 3BB Negative
10 Normal 8(4) 4AA Live Birth

Table 2: Oocyte and embryo morphology with embryo transfer outcome.
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RNA-sequencing was successfully performed for individual CC samples, with the mean
number of sequence reads per individual CC sample, 21.2 million (range = 10.2 million to
29.8 million reads). Following CC gene expression quantification with DESeq
normalization, an unpaired t-test was performed comparing live birth (n=5) with negative
outcome (n=5) that identified 343 significantly differentially expressed genes (P<0.05;
fold change >=2). Of these 343 differentially expressed CC genes, 82 were observed to
have increased expression and 261 CC genes decreased expression in association with a
live birth. A volcano plot was generated to visualize RNA-sequencing transcripts between
live birth and negative outcome CC samples. Each dot on the volcano plot represents a
transcript, red dots indicate transcripts that showed statistically significant differential
expression between the two groups of CC samples, with p-value on the y-axis. The x-axis
represents increased and decreased fold change reflecting differential gene expression

observed between live birth and negative outcome (Figure 13).
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Figure 13: Volcano Plot for live birth vs. negative RNA-sequencing transcripts. Each dot
represents a gene; red dots are significantly differentially expressed genes at p< 0.05 and
fold change >=2. Up-regulated genes are shown as positive values on the x-axis, and

down-regulated genes are shown as negative values on the x-axis.

Upon further examination of these differentially expressed genes, 87% were observed to
be protein-coding, with the remaining 13% being either pseudo or small regulatory RNAs.

Several genes were identified in the RNA-Sequencing data with differential expression
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relative to live birth that have been published previously in association with oocyte
competence including HDAC2, ANG and TNFRSF10A (data not shown) (Bessa et al. 2013),

(Feuerstein et al. 2012), (Santonocito et al. 2013).

Gene Ontology analysis revealed significantly enriched biological processes among the
differentially expressed transcripts including response to hormone stimulus, regulation of
cellular protein metabolic processes, as well as, transcription and transmembrane
transport in association with a live birth (P<0.05; >=2 fold). Pathway analysis of the
differentially expressed transcripts identified enriched downstream biochemical signaling
pathways. Table 3A displays the enriched signaling pathways with increased differentially
expressed transcripts in association with live birth including WNT signaling, MAPK

signaling, focal adhesion and TCA cycle (Table 3A).

Enriched Signaling Pathways with Increased Expression p-value
Mitotic Prometaphase 0.00011
Mitotic Metaphase and Anaphase 0.00127
Hedgehog Signaling Pathway 0.00692
TCA cycle 0.00789
Glutamate removal from folates 0.00789
Methylglyoxal degradation VI 0.00789
Whnt Signaling Pathway and Pluripotency 0.00824
Toll-like receptor signaling pathway 0.00882
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Nucleosome assembly 0.01291
Signal Transduction of S1P Receptor 0.01527
Focal Adhesion 0.01570
Histone Modifications 0.01607
Activation of Genes by ATF4 0.01651

Table 3A: Enriched signaling pathways with increased differentially expressed

transcripts in association with live birth.

In contrast, Table 3B shows the enriched signaling pathways identified with decreased
differentially expressed transcripts in association with live birth including degradation of
beta-catenin, apoptosis, DNA damage response and the detoxification of reactive oxygen

species (Table 3B).

Enriched Signaling Pathways with Decreased Expression p-value
Degradation of beta-catenin by the destruction complex 0.000000367
Metabolism of non-coding RNA 0.000002327
Metabolism of amino acids and derivatives 0.000007400
MAPK Signaling Pathway 0.000016274
Mitotic Prophase 0.000024329
Whnt Signaling Pathway and Pluripotency 0.000046015
RNA Polymerase Il Transcription 0.000046015
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Apoptosis Modulation and Signaling 0.000049197
Cell Cycle Checkpoints 0.000053863
Synthesis of DNA 0.000055260
Metabolism of carbohydrates 0.000074778
Detoxification of Reactive Oxygen Species 0.000077281
M-G1 Transition 0.000115366

Table 3B: Enriched signaling pathways with decreased differentially expressed

transcripts in association with live birth.

Further examination of both enriched signaling pathway lists revealed the WNT signaling
pathway and the degradation of beta-catenin by the destruction complex pathway as two
highly significant pathways associated with IVF outcome. These pathways are
components of the WNT-canonical pathway, which is known to be functionally critical
during development (Logan and Nusse 2004). It is important to note, FSH stimulates
proliferation of granulosa cells; however, after the LH surge, granulosa cells stop dividing
and exit the cell cycle (Baumgarten and Stocco 2018). This may account for the similarities
in the observed cell signalling pathways and those expected within oocytes, such as a

strong G2/M arrest, decrease of S phase and G1 genes etc.

A key gene of the WNT-canonical pathway is AXIN1, which showed differential expression

in the RNA-sequencing data, and thus was chosen for gPCR validation. Additional CC
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samples were collected and run individually using RT-PCR for AXIN1 gene expression
relative to the internal constant housekeeping gene RPL19. AXIN1 showed significantly
increased expression in individual CC samples that resulted in negative implantation

versus live birth CC outcomes, in concordance with the RNA-sequencing data (Figure 14).

25 7 ¥ Live Birth
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Figure 14: gPCR validation validated the RNA sequencing data showing a significant
increase in AXIN1 expression with negative outcome relative to the internal housekeeping

gene RPL19 (P<0.05; >2 fold).

11.1.6. Discussion

In this study RNA-sequencing technologies were utilized to generate an individual profile
of corona cell (CC) gene expression in association with oocyte developmental potential

and successful live birth following the transfer of a euploid blastocyst. This is the first
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study to investigate CC gene expression in correlation with the frozen embryo transfer of
a euploid blastocyst, thereby controlling for embryonic chromosomes and an
unstimulated uterine environment. This ongoing research of cumulus cell gene expression
biomarkers for non-invasive assessment of oocyte competence could represent a

valuable tool in IVF.

Initial analysis of the CC RNA sequencing data confirmed genes previously published in
association with oocyte competence including HDAC2, a member of the histone
deacetylase family. This gene is responsible for the formation of large multi-protein
complexes and the deacetylation of core histone complexes allowing for more compact
histones wrapping around the DNA helix. HDAC2 gene expression has been shown to be
vital for oocyte competence acquisition, and is critical for chromosomal segregation

during maturation (Ma and Schultz 2013).

Another previously reported CC gene associated with oocyte competence that had
increased expression levels relative to live birth is ANG. ANG is an angiogenesis stimulator
promoter, responsible for transcribing the protein angiogenin, and stimulating the
production of novel blood vessels. ANG expression in mechanically separated cumulus
clouds has been observed to be a good predictor of oocyte development, and therefore

a potential biomarker of oocyte competence (Feuerstein et al. 2012).
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TNFRSF10A is a member of the TNF-receptor superfamily. The TNFRSF10A receptor is
activated by the tumor necrosis factor-related apoptosis inducing ligand
(TNFSF10/TRAIL), which is responsible for inducing apoptosis and cell death. In this study,
decreased TNFRSF10A expression levels were observed in relation to live birth.
Overexpression of TNFRSF10A is indicative of problematic cell regulation, which leads to
increased apoptosis, and decreased developmental competence. Apoptosis is an essential
pathway during folliculogenesis, however a balance between cell death and division is
crucial with increased levels of apoptosis shown to be associated with impaired oocyte
maturation, as well as fertilization and pregnancy outcome (Lee et al. 2001), (Host et al.

2002).

The WNT-Canonical Pathway was associated with both increased and decreased
differentially expressed transcripts, suggesting this pathway may play a key role in oocyte
developmental competence. When WNT binds to cell surface receptors, it turns off beta-
catenin destruction, which in turn stabilizes beta-catenin, allowing translocation into the
nucleus (Clevers 2006). Accumulation of beta catenin within the nucleus, activates genes
by binding to transcriptional activators including transcription factors belonging to the
TCF/LEF family (Clevers 2006), activating WNT target gene transcription (MacDonald,

Tamai, and He 2009) (Figure 15).
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Figure 15: Wnt’s are secreted extracellular signaling molecules that exert local control
over diverse developmental processes including cell-fate specification, differentiation

and regulation of cell-cell interactions.

WNT’s are extracellular molecules that are secreted locally to exert control over a
multitude of developmental processes including cell-to-cell interactions, differentiation,
cell-fate specification and regulation. WNT signaling is vital for development, and is
modulated by cytoplasmic, extracellular and nuclear regulations. Within the WNT
signaling pathway WNT4 regulates a number of genes involved in late follicular
development is required for normal antral follicular development (Boyer et al. 2010). In
a mouse knock-out study, it was shown that inhibition of the Wnt4 gene led to a
phenotype of compromised ovarian folliculogenesis and severely reduced fertility and
premature ovarian failure (Prunskaite-Hyyrylainen et al. 2014). WNT signaling during

embryogenesis participates in multiple processes including cell differentiation, regulation
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and migration (Logan and Nusse 2004), and loss of even a single WNT gene can produce
embryonic lethality (Gilbert et al. 2010). In the absence of WNT stimulus, cytoplasmic
beta-catenin is targeted for proteolysis by a large multi-protein assembly called the beta-
catenin destruction complex. Additionally the relative levels of the destruction proteins;
Axin, adenomatosis polyposis coli (APC), protein phosphatase 2A (PP2A), glycogen
synthase kinase 3 (GSK3) and casein kinase 1a (CK1a) are critical for both homeostasis as
well as responsiveness to WNT (Minde et al. 2011). It has been suggested that WNT
signaling in cumulus cells may act by recruiting beta-catenin and promoting the formation
of adherens junctions, and may be important for folliculogenesis (Wang, Tekpetey, and

Kidder 2009).

Key genes within the WNT/beta-catenin signaling pathway were observed in CC samples
to be associated with oocyte competence. For example, AXIN which is expressed mostly
within the cytoplasm can function as a negative regulator of the WNT signaling pathway,
is capable of inducing apoptosis. AXIN acts by recruiting beta-catenin into plasma
membranes and promotes the formation of adherens junctions (Wang, Tekpetey, and
Kidder 2009). AXIN functions also as a scaffold protein capable of shuttling between the
nucleus and cytoplasm, allowing beta-catenin to be transported from the nucleus to the
cytoplasm where it is degraded (Wiechens et al. 2004). The increase of AXIN observed in
CC samples with negative outcome may be indicative of a degradation of beta-catenin,
causing a reduction in WNT-signaling, cellular proliferation, cellular migration and an

increase in apoptosis.

101



Molecular Signatures of Reproductive Success

Additional enriched CC signaling pathways in association with a live birth included the
MAPK signaling pathway which moderates multiple cellular processes including
differentiation, growth and proliferation (Ono and Han 2000). In oocytes the MAPK
signaling pathway is associated with maintaining an arrested metaphase Il, though
recently it has been discovered that when it is inhibited during the transition from meiosis
I and meiosis I, meiosis | is accelerated, leading to an increase in aneuploidy in the
metaphase |l stage of development (Nabti et al. 2014). MAPK signaling is mediated by FSH
and EGF, essential for cumulus expansion which is critical for oocyte advancement
(Dragovic et al. 2007). The Focal adhesion pathway similarly showed increased expression
in CC's resulting in live birth. This pathway is responsible for the transmission of
mechanical force and regulatory signaling between extracellular matrices and cells (Chen
et al. 2003). The focal adhesion pathway has been linked to oocyte maturation thereby
impacting oocyte developmental competence, and is partially involved in the
communication between CCs and the developing oocyte (Ohtake et al. 2015). In cumulus
cells, disruption of the MAPK/focal adhesion signaling pathways may affect critical
processes involved in cumulus-oocyte communication, which may result in a less

competent oocyte and embryo.

Finally, the citric acid (TCA) cycle and respiratory electron transport pathway were
observed to have increased CC gene expression in association with a live birth. These

pathways are responsible for generating energy in eukaryotic cells in the form of
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adenosine triphosphate (ATP). Energy production can be glucose derived, or extracellular
pyruvate may be metabolized by the mitochondria, producing most of the ATP found in
the oocyte (Dumollard et al. 2007), (Dumollard et al. 2009). In the mouse, the oocyte
controls intercellular metabolomic cooperation for energy production through the TCA
cycle between the CCs and the developing oocyte. Sufficient energy production during

development is crucial for oocyte competence (Sugiura, Pendola, and Eppig 2005).

In summary this study has demonstrated that RNA-Sequencing technologies can
retrospectively generate a unique, oocyte-specific, transcriptomic corona cell profile on
individual corona cell samples. This data looks promising, but more research, specifically
an experiment designed around independent prediction and replication, must be
performed to truly assess the value of the proposed developmental biomarkers
highlighted in this study. Another limitation of this study is that the patients’ stimulation
protocols were not the same between the patients, nor the test groups, and the
researchers did not perform any analysis of the stimulation protocol as a variable that
may affect the molecular profiles discovered. However, the transfer of known euploid
blastocysts into an unstimulated uterine environment strengthens this corona cell
transcriptome data, specifically in relation to true negative outcomes. Ongoing research
to elucidate the biological and signaling pathways of corona cells associated with oocyte
competence could assist with advancements in embryo selection. A corona cell biomarker

assay developed for the identification of oocyte viability, utilized in conjunction with
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advanced morphological algorithms and comprehensive chromosome screening, could

result in the routine use of single embryo transfers and overall improved IVF outcomes.
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11.2. Specific aim 2

This chapter is based on published work from the following publication.

Parks JC, McCallie BR, Patton AL, Al-Safi ZA, Polotsky AJ, Griffin DK, Schoolcraft WB, Katz-
Jaffe MG. The impact of infertility diagnosis on embryo-endometrial dialogue.

Reproduction. 2018 Jun;155(6):543-552. doi: 10.1530/REP-17-0566. Epub 2018 Apr 10.

11.2.1. My contribution to this work

| worked closely with Dr. Katz-Jaffe to develop and implement the experimental design of
this experiment. | coordinated endometrial biopsy collection taken at the time of oocyte
retrieval with the physicians at the Colorado Center for Reproductive Medicine during
their routine IVF procedures. | performed the subsequent experiments, results analysis

and interpretation, and wrote and edited the manuscript for publication.

11.2.2. Chapter summary

Initial stages of implantation involve bi-directional molecular crosstalk between the

blastocyst and endometrium. This study investigated an association between infertility
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etiologies, specifically advanced maternal age (AMA) and endometriosis, on the embryo-
endometrial molecular dialogue prior to implantation. Co-culture experiments were
performed with endometrial epithelial cells (EEC) and cryopreserved day 5 blastocysts (n
= 41 > Grade 3BB) donated from patients presenting with AMA or endometriosis,
compared to fertile donor oocyte controls. Extracellular vesicles isolated from co-culture
supernatant were analyzed for miRNA expression and revealed significant alterations
correlating to AMA or endometriosis. Specifically, AMA resulted in 16 miRNAs with
increased expression (P < 0.05) and strong evidence for negative regulation toward 206
target genes. VEGFA, a known activator of cell adhesion, displayed decreased expression
(P < 0.05), validating negative regulation by 4 of these increased miRNAs: miR-126; 150;
29a; 29b (P < 0.05). In endometriosis patients, a total of 10 significantly altered miRNAs
displayed increased expression compared to controls (miR-7b; 9; 24; 34b; 106a; 191;
200b; 200c; 342-3p; 484) (P < 0.05), targeting 1014 strong evidence-based genes. Three
target genes of miR-106a (CDKN1A, E2F1 and RUNX1) were independently validated.
Functional annotation analysis of miRNA-target genes revealed enriched pathways for
both infertility etiologies, including disrupted cell cycle regulation and proliferation (P <
0.05). These extracellular vesicle-bound secreted miRNAs are key transcriptional
regulators in embryo-endometrial dialogue and may be prospective biomarkers of
implantation success. One of the limitations of this study is that it was a stimulated, in

vitro model and therefore may not accurately reflect the in-vivo environment.
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11.2.3. Chapter Introduction

The World Health Organization estimates that 10% of couples worldwide will struggle
with infertility. Although a small number of these reproductive-age couples may succeed
using conventional methods over many months and possibly years, most will require the
use of assisted reproductive technologies (ARTs) and often in vitro fertilization (IVF) to
establish a pregnancy (Thoma et al. 2013). Although considered relatively successful, 70%

of IVF cycles will not result in a live birth (Weimar et al. 2013).

An intricate, bi-directional molecular dialogue between embryo and endometrium during
the window of implantation, approximately 6-12 days post ovulation, is crucial for
success (Wilcox, Baird, and Weinberg 1999). Without a precise interchange between the
two, implantation will ultimately fail. Key genes involved with cell cycle regulation, as well
as ion-binding and signal-transporting proteins, have been identified as contributors to
the molecular dialogue between the embryo and a receptive endometrium by sampling
the uterine microenvironment (Hannan et al. 2012; Ruiz-Alonso, Blesa, and Simon 2012).
MicroRNAs (miRNAs) also play an important role during the window of implantation and
are expressed by both the implanting embryo and the receptive endometrium (Blakaj and
Lin 2008; Laurent 2008). Altered expression of miRNAs (including miR- 30b, miR-30d and

miR-494) have been shown to regulate endometrial receptivity (Altmae et al. 2013).
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An in vitro co-culture system can provide valuable insight into the initial bi-directional
dialogue (Simon et al. 1998). In vitro studies utilizing an embryo/endometrial co-culture
system have observed key components of the molecular crosstalk between the embryo
and endometrial epithelial cells (EEC). However, limited information regarding this

interaction is known (Barmat et al. 1999; Rubio et al. 2000; Simon et al. 1999).

Our unique study utilized a human uterine luminal endometrial epithelial cell and human
blastocyst co-culture system to investigate the molecular dialogue at the time of
adhesion, in association with two major causes of female factor infertility (endometriosis
and advanced maternal age). The researchers specifically chose to investigate the role
miRNAs within extracellular vesicles play during the window of implantation because of
miRNAs ability to perform essential post-transcriptional regulation of gene expression.
MiRNAs accomplish this through either the degradation of a transcript or the inhibition
of translation and their involvement in key cellular processes, such as apoptosis,
proliferation, or differentiation, all of which are occurring on a large scale within the
uterine microenvironment during endometrial development and blastocyst implantation
(Revel et al. 2011). By utilizing the miRNA data discovered within this study, the
researchers hope to examine mRNA transcriptome and protein/protein communications
in the future to get a more complete understanding of the intricate molecular dialogue
during the window of implantation. Advanced maternal age (AMA) is associated with a
substantial linear decline in reproductive potential and is the major cause of female

infertility (Rosenwaks, Davis, and Damario 1995). There are many factors contributing to
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the significant decrease in live births as women approach their 5th decade, including
diminishing ovarian reserve (Zhang 2015), and the increase in oocyte chromosomal
aneuploidy (Harton et al. 2013). Aneuploidy screening in IVF cycles has allowed for the
transfer of euploid blastocysts, resulting in higher implantation rates, independent of
maternal age (Schoolcraft et al. 2011). However, there are other variables beyond the
oocyte/embryo chromosome constitution that impact the ability of a euploid blastocyst
to successfully implant. Traditionally, AMA patients are shown to have a longer infertility
duration and diminished ovarian reserve and require a higher dose of gonadotropins in
controlled ovarian hyperstimulation, all resulting in poorer oocyte quality (Ocal et al.

2012).

Another pathological cause of infertility, widely diagnosed and treated within the field of
reproductive medicine, is endometriosis. Endometriosis is a disease which causes tissue
normally found within the uterus, to migrate and grow outside of it (Buck Louis et al.
2011). This debilitating disease is often painful, impacting a woman’s quality of life, and
greatly reduces the chances of conception. It is estimated that nearly half of all women
with this diagnosis will have difficulty achieving a pregnancy (Practice Committee of the
American Society for Reproductive Medicine 2006, (Ozkan, Murk, and Arici 2008)). The
causes of endometriosis remain unclear; however a genetic predisposition is suspected
as a common risk factor, including a family history of the condition (Wenzl et al. 2003).
Several pathways have also been identified within patients diagnosed with endometriosis

which may contribute to the poor oocyte quality associated with the disease (Shebl et al.
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2017). Within infertile populations, it is estimated that the prevalence of patients
diagnosed with endometriosis is approximately 26.13% in women undergoing

laparoscopy (Garcia-Velasco and Quea 2005; Rizk et al. 2015).

The aim of this study is to investigate these different primary infertility etiologies within
a controlled co-culture system, and to elucidate differences within the secretome that
may offer insight, non-invasively, into the competence and viability of the blastocyst and
endometrial monolayer. We found significant differences in the miRNA content within
the extracellular vesicles of the supernatant, as well as differences in gene expression
within the co-cultured endometrial cells and blastocysts which may impact endometrial

function during the window of implantation.

11.2.4. Materials and Methods

11.2.4.1. Study Design

This study was conducted in two phases, each examining a distinct infertility etiology.
This included women presenting with advanced maternal age, or endometriosis. These
particular infertility etiologies were chosen due to their significant impact on implantation
potential and the high number of patients presenting with these distinct phenotypes
available to participate in the study. Both phases utilized surplus cryopreserved human

blastocysts and endometrial biopsies, which were donated to research with consent by
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current and prior IVF patients under the guidance of the Western Institutional Review

Board, Inc (WIRB® Protocol #20140449).

Phase 1 incorporated blastocysts from infertile endometriosis patients, while phase two
examined blastocysts from patients presenting with advanced maternal age (Figure 16).
Our control group across both phases consisted of blastocysts from fertile oocyte donor

cycles described below.

Phase 1: Endometriosis
Experimental Design

Individual blastocyst culture on epithelial
endometrial cell monolayer (48 hours):

o CD (Control) = donor oocyte blastocysts (n=6) &
maternal age matched EECs (n = 6)

o ED = donor oocyte blastocysts (n =7) & EECS from

endometriosis patients (n=7) Exosome Bound miRNAs
In Supernatant Collection
o EE = blastocysts from endometriosis patients (n = 7) 1 \
& EECs from endometriosis patients (n = 7).
Blastocyst Collection

Figure 16: Phase 1 Experimental groups (CD = fertile control endometrium/fertile control
blastocyst; ED = endometriosis endometrium/fertile control blastocyst; EE =

endometriosis endometrium/endometriosis blastocyst) and the affected miRNAs for
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embryos and endometrial cells derived from patients diagnosed with endometriosis

compared with fertile control.

Phase 2 examined advanced maternal age by utilizing our co-culture model with two
groups, a control which consisted of donor oocyte blastocysts co-cultured with donor
endometrial cells, and an advanced maternal age group which consisted of AMA
blastocysts co-cultured with donor endometrial cells. Following the establishment of the
EEC monolayer, individual vitrified blastocysts that were donated to research were

warmed and co-cultured with the EEC monolayer for 48 hours.

Similarly, following the 48 hour co-culture, the EEC monolayer was collected, as well as

the supernatant and the associated blastocyst for analysis (Figure 17).
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Phase 2: AMA Experimental
Design

AMA blastocyst culture on EEC monolayer
(48 hours):

o Control = donor oocyte blastocyst (n = 6) —> ;

co-cultured with donor EECs (n = 6)

Exosome Bound miRNAs
In Supernatant Collection
o AMA Group = AMA blastocyst (n = 6) co-
cultured with donor EECs (n = 6) %v
Blastocyst Collection

Figure 17: Phase 2 Experimental groups (Control = donor oocyte blastocyst co-cultured
with donor EECs; AMA Group = AMA blastocyst co-cultured with donor EECs) and the
affected miRNAs for embryos and endometrial cells derived from patients diagnosed with

endometriosis compared with fertile control.

11.2.4.2. Embryos

Surplus, cryopreserved, hatching, transfer-grade blastocysts as identified by the Gardner
& Schoolcraft grading system (Gardner & Schoolcraft 1999) as >Grade 3BB on day 5 of
embryonic development (n = 41) were donated with patient consent and IRB approval.
Blastocysts were derived from IVF cycles: young fertile oocyte donor controls (fertile
control group) with no history of female or male factor infertility, based on WHO

guidelines (maternal age <32 years old, BMI <29, non-smoker, non-drug user, with normal
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ovarian reserve and regular menstrual cycles, n = 15), infertile women of AMA group
without pre-implantation genetic diagnosis (239 years or older, with no other infertility
diagnosis, n = 14), and younger female patients diagnosed with endometriosis as the only
cause of infertility (mean maternal age of 34.3, with 11 of the 12 patients <33 years old,
n = 12). Subjects underwent an ovarian stimulation protocol based on clinical discretion
which included gonadotropin-releasing hormone (GnRH) agonist down-regulation,
microdose GnRH agonist flare or GnRH antagonist with Menopur (Ferring
Pharmaceuticals, Saint-Prex, Switzerland) or Bravelle (Ferring Pharmaceuticals) with or
without clomiphene citrate. Final oocyte maturation trigger was induced when the lead
follicle reached 20 mm mean diameter using an intramuscular injection of hCG, a
subcutaneous injection of leuprolide acetate, or a combination of both, based on clinical
judgment. Routine oocyte retrieval was performed transvaginally under ultrasound
guidance 35 h post trigger. Patients within the endometriosis group were asymptomatic
at the time of their oocyte retrieval and biopsy. Patients were excluded from the study if
they had any other infertility comorbidities including polycystic ovary syndrome and
depleted ovarian reserve. Embryos were vitrified and warmed according to routine
laboratory procedures described previously (Kuwayama et al. 2005). Total time spent

frozen varied, with an average time of approximately 4 years.

11.2.4.3. Endometrial Biopsies

Endometrial biopsies were collected from either young, fertile oocyte donors (fertile

control group, n = 7) or from patients diagnosed with endometriosis who were currently
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asymptomatic at the time of their oocyte retrieval (n = 2). Subjects were stimulated as
described earlier. Endometrial biopsies measured 1.5—-3.0 cm in length and approximately
0.5 cm in diameter. For every endometrial biopsy collected, tissue was minced into <1
mm sections and incubated at 4°C overnight in a 0.1% collagenase solution (Sigma-
Aldrich). The primary epithelial endometrial cells (EEC) were isolated by vigorously
vortexing and rinsing the cell milieu in 10 mL of room temperature DMEM (Sigma-
Aldrich), prior to resting the cells for 5-10 min as they settled into distinct layers of EEC
and stromal cells. The supernatant containing stromal cells was then removed and the
process was repeated three times until no further stromal cells remained. 500 pL of the
EEC/DMEM was then added to 6 wells of a Falcon Multiwell 24-well Tissue Culture Plate
(Corning Incorporated) (Mercader et al. 2003). Cells were cultured in a media composed
of 75% Dulbecco Modified Eagle Medium (Sigma) and 25% MCDB- 105 (Sigma) containing
antibiotics, 5 ug/mL insulin (Sigma) and supplemented with 10% exosome-depleted fetal
bovine serum (System Biosciences, Palo Alto, CA, USA) and observed daily to monitor the
development of an EEC monolayer. The monolayer reached acceptable levels of well
coverage at >65% after 4—6 days. The growth medium was then replaced with a serum-
free medium for embryo development and supplemented with 4% recombinant human
serum albumin (Vitrolife, Englewood, CO, USA). For each endometrial biopsy processed,
4-6 wells received an individual thawed blastocyst which was co-cultured for 48 h at 5%
02 and 6% CO2 at 37°C based on current laboratory practices for human blastocyst

culture (Kovacic 2012).
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11.2.4.4. Co-culture collection

Blastocysts were co-cultured together for 48 h prior to collection. AMA or fertile control
donor blastocysts were co-cultured with fertile control donor endometrial tissue.
Additionally, the endometriosis subjects were divided into three groups: fertile control
donor blastocysts co-cultured with fertile control donor endometrium (CD), fertile control
donor blastocysts co-cultured with endometrial cells from patients diagnosed with
endometriosis (ED) and blastocysts and endometrial cells that were both obtained from
patients diagnosed with endometriosis (EE). Adhesion by the blastocyst to the
endometrial monolayer was observed twice in the AMA group, twice in the fertile control
group and once in both of the endometriosis groups. Adhered blastocysts were gently
scraped off the monolayer prior to collection. Following co-culture, blastocysts were
graded and rinsed in 10% phosphate buffered saline-bovine serum albumin (PBS-BSA)
before lysis in 10 uL of extraction buffer (PicoPureRNA Isolation Kit, Thermo Fisher
Scientific). Co-culture supernatant was collected (500 uL) and snap-frozen in liquid
nitrogen. The monolayer was visually measured for 100% confluence, then rinsed with
DPBS (Thermo Fisher) and incubated at 37°C with 1x diluted TrypLESelect (10x) (Thermo
Fisher) until cells lifted from the bottom of the plate (5—15 min). Each well of EEC were
collected individually. The pelleted EEC were lysed with 50 plL Extraction Buffer
(PicoPureRNA Isolation Kit, Thermo Fisher) and snap-frozen with liquid nitrogen. All

samples were stored at —80°C until further analysis (Figure 16).
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11.2.4.5. Supernatant extracellular vesicle miRNA analysis

Extracellular vesicles were isolated using Total Exosome Isolation Reagent (from cell
culture media) kit (Thermo Fisher) which isolates small vesicles (30-120 nm) from water
molecules. The reagent forces less-soluble components such as vesicles out of solution,
allowing them to be collected by a short, low-speed centrifugation. The reagent is added
to the cell media sample, and the solution is incubated overnight at 2°C to 8°C. The
precipitated extracellular vesicles are recovered by standard centrifugation at 10,000 x g
for 60 min. The pellet is then resuspended in PBS, and the extracellular vesicles are ready
for downstream analysis or further purification by affinity methods. 350 pL of
supernatant was combined with 175 uL of reagent and vortex-mixed prior to an overnight
incubation at 4°C. Samples were centrifuged under refrigerated conditions for 1 h, then
the supernatant was aspirated and discarded. The resulting pellet was lysed in 10 pL of
lysis solution containing DNase (Tagman MicroRNA Cells-to-CT Kit, Thermo Fisher) and
incubated at room temperature for 8 min. Lysed miRNA was reverse-transcribed using
the Tagman MicroRNA Reverse Transcription Kit with MegaPlex RT Human Primer Pool A
(Thermo Fisher) in a final volume of 7.5 uL under the following thermal cycling conditions:
40 cycles at 16°C for 2 min, 42°C for 1 min and 50°C for 1 s followed by a hold for 5 min at
85°C. cDNA was pre-amplified using the Tagman PreAmp Mastermix with MegaPlex
PreAmp Human Primer Pool A (Thermo Fisher). 100 pL of the diluted pre-amplified
product was added to each well of the Tagman Human MicroRNA Array Card A and was
then run on the 7900HT Fast Real-Time PCR System (Thermo Fisher) under the following

thermal cycling conditions: 50°C for 2 min, 94.5°C for 10 min and 40 cycles at 97°C for 30
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s and 59.7°C for 1 min. Data were analyzed using the RQ Manager 1.2.1 (Thermo Fisher),
and statistical analysis was performed using REST 2009 software (Qiagen). miRNAs that
displayed significantly altered expression profiles were further investigated for target
gene analysis using miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/index.php), a
database of experimentally validated miRNA-target interactions that are classified as

strong evidence based if there is sufficient published empirical evidence.

11.2.4.6. Blastocyst gene expression

Individual blastocysts stored in 10 plL of extraction buffer (PicoPure RNA Isolation Kit,
Thermo Fisher) were incubated at 42°C for 30 min prior to isolating RNA. This procedure
entailed adding 1 volume of 70% EtOH to each sample before transferring to a pre-
conditioned purification column. Samples were then DNase-treated using the RNase-Free
DNase Set (Qiagen) and eluted in 20 pL following several washes. All 20 pL of purified
total RNA was reverse-transcribed using the High-Capacity cDNA Reverse Transcription
Kit (Thermo Fisher) in a final volume of 40 pL. The reaction occurred in a thermal cycler
at 25°C for 10 min followed by 37°C for 2 h. cDNA samples were diluted 1:5 with nuclease-
free water and a 5 plL template was used for real-time PCR using the Power SYBR Green
PCR Master Mix (Thermo Fisher) and a 5 uM primer mix (forward + reverse) in a 25 pL
final volume. Duplicates of each sample were performed on the ABI 7300 Real-Time PCR
System under the following thermal cycling conditions: 95°C for 10 min, 40 cycles at 95°C
for 15 s and 60°C for 1 min, followed by a dissociation stage to determine melt

temperatures. Standard curves were also employed for each gene using Universal Human

118



Molecular Signatures of Reproductive Success

Reference RNA (Agilent) in 10-fold serial dilutions and an internal housekeeping gene

(PPIA) was used to normalize each sample.

11.2.4.7. Endometrial cell molecular analysis

EEC samples were lysed in 75 plL of lysis solution and miRNAs were isolated using the
RNaqueous-Micro Kit (Thermo Fisher) which required the addition of 1.25 volumes of
100% EtOH prior to loading onto a micro filter cartridge assembly. Samples were DNase-
treated in the same manner as the blastocyst samples, and washed several times before
eluting in 10 pL of elution solution previously heated to 75°C (performed twice for
maximum recovery, 20 pL final volume). miRNA samples were then concentrated down

to a 10 puL volume using a vacuum concentrator (Vacufuge Plus, Eppendorf).

miRNA samples were pre-amplified, diluted and evaluated using the Tagman Human

MicroRNA Array Card A (Thermo Fisher) as described in the earlier supernatant exosome

miRNA analysis section. Data were analyzed using the RQ Manager 1.2.1 (Thermo Fisher)

and statistical analysis was performed as described in the following.

11.2.4.8. Statistical analysis
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A Mann—-Whitney U test was used to compare differences in the age of the donor women
(fertile control, AMA and endometriosis blastocysts), with significance at P < 0.05. The
PCR reaction efficiencies recorded R? values 20.9 and correlation coefficients were
calculated to be >0.99. Statistical analysis was performed with REST-2009 software
(Qiagen) which uses bootstrap randomization techniques to correct for exact PCR
efficiencies with mean crossing point deviations between sample and control groups to
determine an expression ratio that is tested for significance by a pair wise fixed
reallocation randomization test. The standard error and the 95% confidence interval (Cl)
given by REST-2009 software are not derived from Ct values. They are the standard error
and the Cl for the 50,000 iterations the program runs to calculate the P value; thus, no
error bars are generated for graphical presentation. Gene expression fold differences with

P <£0.05 were considered statistically significant.

11.2.5. Results

11.2.5.1. Co-culture of AMA blastocysts and fertile control blastocysts

The age of the donors in the fertile control blastocyst group were significantly different
than those in the AMA blastocyst group (P < 0.05). Isolated cargo of extracellular vesicles
from supernatant collected after co-culture of fertile endometrial epithelial cells with
blastocysts from infertile AMA patients revealed altered miRNA expression profiles
compared to fertile control blastocysts. A total of 16 miRNAs showed increased

expression and 2 exhibited reduced expression in association with the maternal age of
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the blastocyst relative to the internal housekeeping gene RNU48 (P < 0.05, Figure 18).
Target gene investigation of these 18 altered miRNAs using miRTarBase
(http://mirtarbase. mbc.nctu.edu.tw/index.php) revealed 576 genes, 206 of which
displayed strong evidence as defined by Western blot, qPCR or reporter assay as
described previously. Of these strong evidence-based genes, VEGFA was identified as a
target gene, specifically regulated by four of the altered miRNAs: miR-126, 150, 29a and
29b. Examination of VEGFA transcription by gPCR observed decreased expression in both
the corresponding endometrial epithelial cells and blastocysts from infertile AMA patients
following co-culture, specifically a 50% fold change reduction compared to fertile controls

(P <0.05; Figure 18).
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Figure 18: Differential expression of extracellular vesicle-bound miRNAs in co-culture

supernatant in association with maternal age (*P < 0.05).

121



Molecular Signatures of Reproductive Success

Fold A Relative to Fertile Control
|
o
-y

Figure 19: Target gene VEGFA expression in endometrial cells (A) and AMA blastocysts (B)

compared to young fertile controls (*P < 0.05).

11.2.5.2. Co-culture of endometriosis blastocysts or fertile control blastocysts on

donor endometrium or endometriosis endometrium

The ages of the donors in the fertile control blastocyst group were not significantly
different from those in the endometriosis blastocyst group (P > 0.05; ns). Isolated
extracellular vesicles from supernatant collected after co-culture of endometriosis EEC
with blastocysts from endometriosis patients revealed an altered miRNAome compared
to fertile controls. Specifically, 10 miRNAs showed significant decreased expression
including miR-7b miR-24, miR-34b, miR-200c, miR- 342-3p, miR-9, miR-484, miR-200b,
miR-106a and miR-191 (P < 0.05; Figures 18 and 19) compared to fertile control
endometrium co-cultured with fertile control blastocysts. Using mirTarBase, strong
evidence-based target genes were revealed, including, among others, 27 target genes for

miR-106a. Of these 27 target genes CDKN1A, E2F1 and RUNX1 were chosen for further
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investigation because of their known roles in association with implantation in murine
(Cdknla) (Das 2009) and human models (E2F1 and RUNX1) (Tapia et al. 2011; Tapia-
Pizarro et al. 2014). gPCR analysis observed increased expression of CDKNIA in
endometriosis blastocysts compared to fertile controls when co-cultured with fertile
control derived EEC (P £ 0.05). This expression was further increased when endometriosis
derived blastocysts were co-cultured with endometriosis derived EEC (P < 0.05; Figure
22A). Endometriosis EEC co-cultured with fertile control blastocysts displayed increased
expression of E2F1 and RUNX1 (P < 0.05). This significant difference in expression was
further increased when endometriosis derived blastocysts were co-cultured using

endometriosis derived EEC(P < 0.05; Figure. 20B).

11.2.5.3. Gene ontology and pathway analysis

DAVID Bioinformatics Resources 6.8 (https://david. ncifcrf.gov/) was utilized for
functional annotation clustering analyses of differentially expressed miRNAs to explore
the GO biological processes and pathways, common to both infertility etiologies, and

included cellular development, proliferation and cell cycle regulation.

The enriched pathways and processes that were identified as being specific to only the

AMA etiology included PI3K-Akt and vascular endothelial growth factor (VEGF) signaling,

as well as biological processes involving cellular development and migration, adhesion
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and cell cycle regulation (P < 0.05; Table S1, see section on supplementary data given at

the end of this article).

For the endometriosis etiology group, enriched biological processes and pathways crucial
for development and implantation were revealed within functional annotation clusters of
the 1014 strong evidence-based target genes, including positive regulation of cell
proliferation, G1/S transition of mitotic cell cycle and the p53 signaling pathway and
angiogenesis (P < 0.05). Additionally, cell cycle regulation and arrest, positive regulation
of cell proliferation, negative regulation of apoptotic processes and negative regulation

of G1/S transition of mitotic cell cycles were also identified (Table S2).

Endometriosis EEC co-cultured with Fertile Control Embryo (Group ED)
Vs. Fertile EEC co-Cultured with Fertile Control Embryo (Group CD)
Decreased miR-9 miR-16 miR-24 miR-106a miR-191

expressionl i o =
(p<0.05) miR-200b miR-200c miR-484

Supernatant

Endometriosis EEC co-cultured with Endometriosis Embryo (Group EE)
Vs. Fertile EEC co-Cultured with Fertile Control Embryo (Group CD)

Day 5 Embryo

Decreased l miR-9 miR-16 miR-34b miR-106a

expression | g 191 miR-200b  miR-200c
(p<0.05)

Extracellular Endometriosis EEC with Endometriosis Embryo (Group EE)

VSRR Exgaﬁe'l'”'a' Vs. Endometriosis EEC with Fertile Control Embryo(Group ED)
esicles
OOO [o) o OO No significant differences in expression (p>0.05)
00 ©

EEC Monolayer

Figure 20: Experimental groups (CD = fertile control endometrium/fertile control
blastocyst (n = 6); ED = endometriosis endometrium/fertile control blastocyst (n = 7); EE
= endometriosis endometrium/endometriosis blastocyst (n = 7)) and the affected miRNAs

for embryos and endometrial cells derived from patients diagnosed with endometriosis
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compared with fertile control. No significant differences in expression were found

between groups EE and ED (p>0.05).
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Figure 21: Extracellular vesicle-bound microRNA expression of co-culture supernatant.
Endometriosis derived blastocysts cultured on a monolayer of endometriosis derived
endometrial tissue and fertile control derived endometrial tissue, fertile control oocyte

derived blastocysts (*P < 0.05).
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Figure 22: (A) miR-106a target gene validation of endometriosis derived blastocysts
revealed significantly increased expression of CDKN1A when co-cultured with
endometriosis derived endometrial cells compared to fertile control (CD = fertile control
endometrium/ fertile control blastocyst (n = 6); ED = endometriosis endometrium/fertile
control blastocyst (n = 7); EE = endometriosis endometrium/endometriosis blastocyst (n
= 7)) (*P < 0.05). (B) miR-106a target gene validation of endometriosis derived
endometrial cells co-cultured with endometriosis derived blastocysts revealed
significantly increased expression of E2F1 and RUNX1 compared to fertile control derived

controls (CD = fertile control endometrium/fertile control blastocyst (n = 6); ED =
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endometriosis endometrium/fertile control blastocyst (n = 7); EE = endometriosis

endometrium/endometriosis blastocyst (n = 7)) (*P < 0.05).

11.2.6. Discussion

This is a novel study investigating the bi-directional molecular communication at the time
of implantation in association with infertility etiologies, a model which will offer a non-
invasive way to identify deficiencies found within the secretome. Blastocysts from
patients presenting with AMA or endometriosis were co-cultured on a monolayer of
endometrial cells to capture the molecular dialogue between a blastocyst and the
endometrium during the initial stages of implantation. Specific extracellular vesicle-
bound miRNAs derived from co-culture supernatant were identified to have significantly
altered expression in association with AMA or endometriosis, highlighted by the
differences within embryo-endometrial communication depending on the source of the
embryo or endometrium. This impacted downstream target gene expression in either

blastocysts or endometrial cells during the window of implantation.

11.2.6.1. Advanced maternal age

It is well documented that infertile women presenting with advanced maternal age have
some of the poorest prognoses with regard to oocyte and blastocyst quality. Additionally,
there is some evidence that the endometrium is also affected by advanced age, resulting

in embryo-endometrial asynchrony (Shapiro et al. 2016). The molecular dialogue between
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the embryo and endometrium is crucial for successful implantation, and it is believed that
miRNA-bound extracellular vesicles are involved in this bi-directional molecular

communication.

A total of 18 extracellular vesicle-bound miRNAs displayed altered expression with the
presence of AMA blastocysts. One example was miR-150, a critically important miRNA for
lineage cell differentiation, which also plays a role in mediating an appropriate
inflammatory response within the endometrial environment. This response includes not
only the endometrial epithelial cells and stromal cells, but also the immune-related cells
and vasculature (Elton et al. 2013; Goossens et al. 2013; Pan and Chegini 2008). Pregnancy
is a pro-inflammatory state and molecular miscommunication may result in an improperly
coordinated auto-immune response, leading to inflammation at the implantation site,
causing implantation failure and embryonic death. This is a delicate balance, and if the
immune response is too great or insufficient, implantation potential may be impacted
(Clark 2008). miR-150 is also a regulatory miRNA for the platelet-derived growth
factor/VEGF family of genes, responsible for both angiogenesis and vasculogenesis, and
is vital for successful embryo implantation. It has also been shown that supplementing
embryo culture media with VEGF had beneficial effects with regard to post-compaction
mouse embryo development, outgrowth, implantation and fetal development (Binder et

al. 2014; Binder et al. 2016).
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VEGFA is a glycosylated mitogen that specifically acts on endothelial cells with various
effects, including mediating vascular permeability, angiogenesis, cell growth and cell
migration and inhibiting apoptosis. Treatment of human endometrial cells with
recombinant human VEGFA protein has been found to significantly increase endometrial
cell adhesion (Hannan et al. 2011). In this study, VEGFA displayed a significantly lower
expression in AMA samples (P < 0.05), which may lead to dysregulated cellular function
and increased apoptosis. This decrease in VEGFA expression may be indicative of the
compromised communication between the AMA blastocyst and fertile control

endometrium.

An additional altered miRNA observed in extracellular vesicles following co-culture was
miR- 135a with an 8-fold decrease in expression in AMA blastocysts (P < 0.05). A previous
study observed that increased expression of miR-135a during pre-implantation embryo
development led to the down-regulation of E3 ubiquitin ligase seven in absentia
homologue 1A (SIAH1A) expression (Pang et al. 2011). The SIAH1A protein is involved in
many cellular processes including apoptosis, TNF-alpha signaling and cell cycle regulation
(Relaix et al. 2000). Nearly a third of the zygotes injected with miR-135a inhibitor were
observed to arrest in development. The mechanism for this disruption is believed to be
due to dysregulated proteosomal degradation, possibly controlling the expression of
chemokines in DNA-binding protein (Pang et al. 2011). miR-135a has also been correlated
to increased apoptosis resistance in cancer cells by BCL2 regulation, a protein which

determines cell survival and death through the mitochondrial apoptotic signaling
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pathway. Dysregulation of BCL2 and disruption of the apoptotic pathway resulted in
interference of not only the establishment of pregnancy, but also pregnancy maintenance
if successful implantation was able to occur at all (Mathew et al. 2009; Pan et al. 2014).
The dysregulation of miR-135a observed in our samples suggests that the cellular
regulation of blastocysts derived from AMA patients may be compromised, thus

decreasing their viability and implantation potential.

Another miRNA found in the extracellular vesicles of the supernatant that displayed
significantly disrupted differential expression was miR-449b. One strong, evidence-based
target gene for miR-449b is NOTCH1 which has demonstrated its ability to act as a
promoter of centriole multiplication multiciliogenesis by repressing the Delta/Notch
pathway in Xenopus laevis embryonic dermis (Marcet et al. 2011). It is currently unknown
precisely how mammalian cells are affected by this pathway; however it is hypothesized
that, rather than the cilia found in Xenopus cells, it is the formation of the pseudopodia
within the blastocyst trophectoderm that is being directly regulated (Goossens et al.
2013). miR-449b showed significantly increased expression in the co-culture supernatant
of AMA blastocysts, which may indicate compromised trophectoderm formation, leading

to an increase in failed implantation as observed clinically in this patient population.

11.2.6.2. Endometriosis

Endometriosis is a disease characterized by an abnormal, and in many cases,

compromised endometrium. The impact this diagnosis bears on the bi-directional
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embryo-endometrial dialogue at the time of implantation is largely unexplored. In our
study, co-culture of endometriosis endometrium with blastocysts derived from patients
diagnosed with endometriosis displayed significantly decreased extracellular miRNA,
from within the isolated extracellular vesicles, when compared to fertile control
endometrium with fertile control derived blastocysts for 10 key miRNAs (P < 0.05). Of
particular interest was miR-106a, commonly associated with adherens junctions, receptor
interactions, metabolic pathways and VEGF signaling. In one study utilizing a uterine
cavity lavage, miR-106a was identified in the exosomes found within the mucus near the
time implantation may occur. It is suspected that as the blastocyst transitions toward the
implantation site and begins to adhere, exosomes trapped within the mucus on the
luminal surface of the endometrium release miRNAs which contribute to endometrial-
embryo crosstalk by binding to the trophectoderm cells themselves (Ng et al. 2013). miR-
106a has also revealed itself to be a strong identifying biomarker for various types of
cancer where it is often down-regulated (Wang 2016). MiRTarBase target gene analysis
of miR-106a identified 29 strong evidence-based target genes, including CDKN1A, E2F1

and RUNX1.

CDKN1A works in conjunction with TP53 and is linked to stress response in the G1 phase.
If this stress response continues to cascade, it causes arrested cell cycle, potentially
compromising the viability of embryos, and also contributing to possible de-regulation of
the endometrium itself (Sharma, Kubaczka, et al. 2016). CDKN1A expression has been

shown to induce cellular growth, arrest, terminal differentiation or apoptosis (Ying et al.
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2011). Altered aberrant CDKN1A expression is also believed to play a vital role in the
pathogenesis of specific cancer types, including ovarian and uterine carcinomas
(Elbendary et al. 1996). Our results demonstrate altered CDKNIA gene expression in
blastocysts derived from patients diagnosed with endometriosis, which may negatively
impact their viability, and also contribute to the reduced implantation potential of

embryos derived from this patient population.

E2F1 is a transcription factor that plays a crucial role in the control of the cell cycle and
can mediate apoptosis. Over-expression of E2F1 in myoblasts has demonstrated
proliferation stimulation while also inhibiting differentiation (Luo et al. 2016). E2F1
induces the transcription of several genes involved in cell cycle entry, resulting in either
the induction or inhibition of apoptosis. This influence leads to both negative and positive
feedback loops, having a critical impact on the outcome of the cell’s fate. The E2F1 protein
has also shown increased expression in patients diagnosed with endometrial cancer,
where the cell cycle becomes accelerated and irregular (Mints et al. 2016). Decreased
expression of miR-106a can increase p53 expression in human glioma cells by inhibiting
E2F1, negatively effecting cell proliferation and inducing apoptosis (Feng, Cao, and Wang
2013; Yang et al. 2011). Within the endometrium derived from patients diagnosed with
endometriosis, irregular feedback loops may lead to inhibited differentiation,

compromising the viability of the implantation site.
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RUNX1 is also a transcription factor that, when over expressed, increases apoptosis. In a
mouse embryo knockout study, embryos with homozygous mutations on Runxl
terminated after 12.5 days of development, and suffered from a lack of fetal liver
hematopoiesis as well as hemorrhaging of the central nervous system (Okuda et al. 1996;
Wang et al. 1996). Similar to E2F1, over-expression of the RUNX1 protein has been linked
to various forms of cancer, including endometrial and endometrioid carcinomas (Abal et
al. 2006; Planaguma et al. 2004). In mice, Runx1 also plays an important role in regulating
the gene expression of Ada in trophoblast cell lineage which is critical for embryo
development (Schaubach, Wen, and Kellems 2006). In our study, endometriosis derived
endometrium showed increased expression of RUNXI that may lead to decreased
implantation potential by compromising hematopoiesis and influencing the gene

expression of placental ADA.

DAVID functional annotation bioinformatics microarray analysis revealed further
dysfunction within the expression of miRNAs for both infertility etiologies, in relation to
GO biological processes and pathways. When comparing the three different design
groups, we found that miR-24, 34b and 484 were not commonly expressed between the
groups of ED vs CD and EE vs CD, highlighting a subset of developmental pathways that
were affected by the presence of endometrial cells from patients diagnosed with
endometriosis (Table S3). Interestingly, there were also no significant differences in
mMiRNA expression between the groups of EE and ED (P > 0.05), which signifies that the

endometriosis EEC are contributing the majority of the extracellular vesicles to the
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supernatant and may affect the developmental potential of the implanting blastocyst.
Target gene validation within the EE and ED endometrial cell samples did show significant
differences in expression of CDKN1A, E2F1 and RUNX1, which may be indicative that the
blastocysts from endometriosis phenotype may have an increased sensitivity to miRNA
dysregulation found within the supernatant. One commonality between the
endometriosis and AMA groups was the focus on cell cycle regulation. This may be
indicative of compromised dialogue within the extracellular matrix. As the window of
implantation approaches, specific auto-induction loops must occur to mediate the critical
crosstalk between a competent blastocyst and the uterine epithelium at the implantation
site (Hamatani et al. 2004). If these critical processes and pathways are disrupted, the
resulting cell cycle dysregulation may contribute to a harsh environment, unsuitable for
implantation and further development necessary for a viable pregnancy by preventing

firm adhesion between the blastocyst and the uterine epithelium (Wang et al. 2008).

A few limitations of this study include the source of the endometrial biopsy. These
biopsies were taken at the time of oocyte retrieval from women undergoing controlled
ovarian stimulation. It has been shown that this leads to estrogen-dependent changes in
the protein profiles of the endometrial compartments which may affect endometrial
receptivity (Ullah et al. 2017). Most importantly, these biopsies were not taken during
the window of implantation, and as such are not truly representative of endometrial
micro environment found in vivo. Furthermore, due to the scarcity of research materials,

these protein profile alterations were unable to be validated further by ELISA analysis.
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In conclusion, our study displayed a theme of compromised cellular communication in
blastocysts and endometrium derived from patients diagnosed with AMA or
endometriosis. These alterations may account for the lower implantation potential and
clinical outcomes observed for these infertile patient populations, and future studies
utilizing a model that includes independent prediction and replication will be the best way
to proactively test these molecular data for their usefulness as developmental biomarkers
to be used clinically in the future. Any compromise in the delicate embryo-endometrial
molecular dialogue, either autocrine or paracrine, may impact transcription levels of key
miRNAs and their target signaling molecules, resulting in significantly lower potential for
reproductive success. Further investigation of the bi-directional molecular dialogue may
help elucidate important implantation biomarkers during this critical time point, and

advance our understanding of reproductive success.

Supplementary data

This is linked to the online version of the paper at https://doi.org/10.1530/REP-17-0566.

Table S1: Enriched pathways of statistically significant miRNA target genes (p<0.05)

increased or decreased in the Endometriosis group compared to donor controls

hsa-miR-106a
GO Term Term # of genes | P-Value
G0:0008284 positive regulation of cell proliferation 4 3.40E-02
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G0:2000134 negative regulation of G1/S transition of mitotic cell cycle | 3 6.80E-04
G0:0043066 negative regulation of apoptotic process 7 5.60E-05
G0:0051726 regulation of cell cycle 5 3.70E-05
# of

KEGG Pathway Pathway Genes P-Value
hsa04110 Cell cycle 5 3.10E-04
hsa-miR-let-7b

GO Term Term # of genes | P-Value
G0:2000766 negative regulation of cytoplasmic translation 3 8.30E-05
G0:0071230 cellular response to amino acid stimulus 4 1.16E-04
G0:0000082 G1/S transition of mitotic cell cycle 5 5.17E-05
G0:0051301 cell division 7 6.45E-05
G0:0001934 positive regulation of protein phosphorylation 3 0.027192
G0:0030335 positive regulation of cell migration 6 3.22E-05
G0:0008284 positive regulation of cell proliferation 5 0.014057

# of

KEGG Pathway Pathway Genes P-Value
hsa04914 Progesterone-mediated oocyte maturation 7 3.76E-07
hsa04152 AMPK signaling pathway 6 5.13E-05
hsa04914 Progesterone-mediated oocyte maturation 7 3.76E-07
hsa04114 Oocyte meiosis 4 0.006072
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hsa04110 Cell cycle 5 7.95E-04

hsa04115 p53 signaling pathway 3 0.022282

hsa04151 PI3K-Akt signaling pathway 10 1.17E-06

hsa04068 FoxO signaling pathway 7 4.80E-06

hsa05213 Endometrial cancer 3 0.013792

hsa-miR-200c

GO Term Term # of genes | P-Value

G0:0001525 angiogenesis 7 6.36E-04
vascular endothelial growth factor receptor signaling

G0:0048010 pathway 6 2.22E-05

G0:0010595 positive regulation of endothelial cell migration 4 0.001315

G0:0001701 in utero embryonic development 7 2.49E-04
cellular response to vascular endothelial growth factor

G0:0035924 stimulus 4 1.66E-04

G0:0045766 positive regulation of angiogenesis 5 0.002113

# of
KEGG Pathway Pathway Genes P-Value
hsa04510 Focal adhesion 9 6.30E-05

Table S2: Enriched pathways of statistically significant miRNA target genes (p<0.05)

increased or decreased in the AMA group
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hsa-miR-126
GO Term Term # of genes | P-Value
G0:0001938 positive regulation of endothelial cell proliferation 5 3.13E-05
G0:0045766 positive regulation of angiogenesis 5 2.29E-04
G0:0001525 angiogenesis 5 2.70E-03
G0:0048010 vascular endothelial growth factor receptor signaling pathway | 3 1.53E-02
# of
KEGG Pathway | Pathway Genes P-Value
hsa04151 PI3K-Akt signaling pathway 10 1.32E-05
hsa04012 ErbB signaling pathway 6 3.70E-05
hsa04015 Rap1 signaling pathway 7 2.86E-04
hsa04370 VEGF signaling pathway 4 2.46E-03
hsa04210 Apoptosis 4 2.59E-03
hsa04668 TNF signaling pathway 4 1.15E-02
hsa04010 MAPK signaling pathway 5 2.60E-02
hsa04664 Fc epsilon Rl signaling pathway 3 3.69E-02
hsa05213 Endometrial cancer 5 7.72E-05
hsa04152 AMPK signaling pathway 5 2.01E-03
miR-150
GO Term Term # of genes | P-Value
G0:0043066 negative regulation of apoptotic process 5 3.68E-03
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G0:0008284 positive regulation of cell proliferation 5 4.00E-03
# of

KEGG Pathway | Pathway Genes P-Value
hsa04110 Cell cycle 3 4.90E-02
miR-29a

GO Term Term # of genes | P-Value
G0:2000352 negative regulation of endothelial cell apoptotic process 4 2.80E-04
G0:0007160 cell-matrix adhesion 5 7.75E-04
G0:0030335 positive regulation of cell migration 9 1.97E-06
G0:0048010 vascular endothelial growth factor receptor signaling pathway | 3 4.32E-02

# of

KEGG Pathway | Pathway Genes P-Value
hsa04510 Focal adhesion 16 1.81E-11
hsa04151 PI3K-Akt signaling pathway 18 3.14E-10
hsa04068 FoxO signaling pathway 7 5.17E-04
hsa04115 p53 signaling pathway 5 1.65E-03
hsa05213 Endometrial cancer 4 7.22E-03
hsa04370 VEGF signaling pathway 4 1.12E-02
miR-29b

GO Term Term # of genes | P-Value
G0:0030335 positive regulation of cell migration 11 8.74E-09
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G0:0051781 positive regulation of cell division 7 6.01E-08
G0:0043406 positive regulation of MAP kinase activity 7 2.42E-07
G0:0016477 cell migration 6 1.03E-03
G0:0050680 negative regulation of epithelial cell proliferation 4 2.00E-02
G0:0016049 cell growth 4 2.00E-02
G0:0043065 positive regulation of apoptotic process 7 2.22E-02
G0:0007050 cell cycle arrest 4 2.52E-02
G0:0007160 cell-matrix adhesion 8 1.48E-07
G0:0050714 positive regulation of protein secretion 6 5.25E-07
G0:2000352 negative regulation of endothelial cell apoptotic process 5 6.93E-06
G0:0048010 vascular endothelial growth factor receptor signaling pathway | 3 4.11E-02
# of

KEGG Pathway | Pathway Genes P-Value

hsa04510 Focal adhesion 22 2.71E-19
hsa04151 PI3K-Akt signaling pathway 24 4.96E-17
hsa04014 Ras signaling pathway 9 2.51E-04
hsa04068 FoxO signaling pathway 7 4.65E-04
hsa05213 Endometrial cancer 4 6.85E-03
hsa04110 Cell cycle 6 2.27E-03
hsa04350 TGF-beta signaling pathway 5 3.53E-03
hsa04370 VEGF signaling pathway 4 1.06E-02
hsa04390 Hippo signaling pathway 5 2.64E-02
hsa05213 Endometrial cancer 4 6.85E-03
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hsa04370 VEGF signaling pathway 4 1.06E-02

hsa04668 TNF signaling pathway 4 4.51E-02

Table S3: Enriched pathways of statistically significant miRNA target genes (p<0.05)
increased or decreased in Combined Differentially expressed miRNA in Association with

Endometriosis Diagnosis Endometrial Cells

GO Term Term # of genes | P-Value
G0:0000082 G1/S transition of mitotic cell cycle 12 4.01E-12
G0:0051301 cell division 8 0.002112036
G0:0001701 in utero embryonic development 7 3.96E-04
G0:0060070 canonical Wnt signaling pathway 4 0.00887545
G0:0016055 Whnt signaling pathway 4 0.071185563
G0:0048599 oocyte development 3 0.001949408
G0:2001234 negative regulation of apoptotic signaling pathway 3 0.002969315
G0:0045766 positive regulation of angiogenesis 6 3.09E-04
G0:0001525 angiogenesis 6 0.005756441
# of
KEGG Pathway Pathway Genes P-Value
hsa04151 PI3K-Akt signaling pathway 16 3.01E-07
hsa04110 Cell cycle 13 8.02E-10
hsa04115 p53 signaling pathway 7 2.92E-05
hsa04390 Hippo signaling pathway 8 4.11E-04
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hsa05213 Endometrial cancer 5 0.001224143
hsa04310 Whnt signaling pathway 6 0.008213403
hsa04510 Focal adhesion 9 5.15E-04

hsa04370 VEGF signaling pathway 4 0.017862483
hsa04350 TGF-beta signaling pathway 5 0.007023653
hsa04068 FoxO signaling pathway 5 0.033410186
hsa04010 MAPK signaling pathway 6 0.081996404
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11.3. Specificaim 3

This chapter is based on published work from the following publication.

Denomme MM#*, Parks JC*, McCallie BR, McCubbin NI, Schoolcraft WB, Katz-Jaffe MG.
Advanced paternal age directly impacts mouse embryonic placental imprinting. PLoS One.

2020 Mar 6;15(3):€0229904. doi: 10.1371/journal.pone.0229904. eCollection 2020.

11.3.1. My personal contribution to the work

| worked closely with Dr. Katz-Jaffe and Dr. Denomme to develop and implement the
design of this experiment. | worked in tandem with Dr. Denomme to perform the
subsequent experiments, results analysis and interpretation, and co-wrote and edited the

manuscript for publication as a co-first author.

11.3.2. Chapter summary

The placental epigenome plays a critical role in regulating mammalian growth and
development. Alterations to placental methylation, often observed at imprinted genes,
can lead to adverse pregnancy complications such as intrauterine growth restriction and
preterm birth. Similar associations have been observed in offspring derived from

advanced paternal age fathers. As parental age at time of conception continues to rise,
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the impact of advanced paternal age on these reproductive outcomes is a growing
concern, but limited information is available on the molecular mechanisms affected in
utero. This longitudinal murine research study thus investigated the impact of paternal
aging on genomic imprinting in viable F1 embryonic portions of the placentas derived
from the same paternal males when they were young (4-6 months) and when they aged
(11-15 months). The use of a controlled outbred mouse model (male and female) enabled
analysis of offspring throughout the natural lifetime of the same paternal males and
excluded confounding factors like female age or infertility. It was also the researcher’s
opinion that the use of an outbred model more accurately mimics the genetic diversity
found within an analogous homo sapien population (please note that this is a limitation
that will be discussed in section 11.3.6). Firstly, paternal age significantly impacted
embryonic placental weight, fetal weight and length. Targeted bisulfite sequencing was
utilized to examine imprinted methylation at the Kcnglotl imprinting control region, with
significant hypermethylation observed upon natural paternal aging. Quantitative real-
time PCR assessed imprinted gene expression levels at various imprinting clusters,
resulting in transcript level alterations attributable to advanced paternal age. In summary,
our results demonstrate a paternal age effect with dysregulation at numerous imprinted

loci, providing a mechanism for future adverse placental and offspring health conditions.

11.3.3. Introduction
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As couples delay childbearing to later stages in life, the impact of increasing parental age
on reproductive outcomes has become a significant concern (Kimura, Yoshizaki, and
Osumi 2018). Advanced paternal age (APA) is associated with various pregnancy
complications including increased risks for placental abruption, miscarriage, premature
birth and low birth weight (Alio et al. 2012; Brandt et al. 2019; Khandwala et al. 2018).
Long-term effects from delayed fatherhood have also been reported in mice, including
reproductive fitness and longevity (Garcia-Palomares, Navarro, et al. 2009) as well as
postnatal development and behavioural traits in offspring (Garcia-Palomares, Pertusa, et
al. 2009). However, limited information is available on the direct influence of APA on the

molecular mechanisms driving embryonic development in utero.

Our preceding murine study showed an adverse effect of APA on in vivo and in vitro
reproductive outcomes commencing at paternal midlife (Katz-Jaffe et al. 2013). The use
of a murine model comes with some inherent limitations, as they are such a short-lived
species when compared to homo sapiens. Because of this, the underlying mechanisms
that cause epigenetic perturbations caused by aging may be different. It has been well
established that in human beings, epigenetic alterations in sperm can be caused by
environmental stressors individuals are exposed to throughout their lifetime including
metals, air pollution, benzene, organic pollutants, and electromagnetic radiation
(Baccarelli and Bollati 2009; Berthaut et al. 2013; Miao et al. 2014) in addition to any
change in epigenetics associated with natural aging. To date, most human studies have

studied the epigenetics of aging sperm as populations of young individuals vs those of
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aged individuals, rather than across the same males natural lifetime, (Jenkins, Aston, and
Carrell 2018). However, quantifying exposure risks of environmental stressors within an
aged individual is extremely difficult to assess, especially over the course of a man’s
natural lifetime. This makes the prospect of using a short-lived species more attractive,
as it is much easier to control their environment. This allows researchers to choose to
eliminate environmental confounding variables to focus instead on epigenetic
permutations that occur naturally sans environmental exposures. One potential
underlying mechanism involves perturbations in epigenetic modifications, such as DNA
methylation, which regulate gene expression without alterations to the DNA sequence.
Gametogenesis and embryogenesis are important stages for the establishment and
maintenance of epigenetic marks. It is thus hypothesized that epigenetic errors during
spermatogenesis can occur over time as males age. In fact, age-related methylation errors
have already been identified in human sperm (Atsem et al. 2016; Jenkins et al. 2014) as
well as mouse sperm (Kobayashi et al. 2016; Milekic et al. 2015). Evidence has shown a
critical role for the paternal epigenome in embryo development, and so temporal
alterations to the sperm epigenetic landscape as fathers age may be inherited by progeny

and subsequently affect offspring development.

The placental epigenome plays a key role in regulating embryonic growth and
development. Alterations in embryonic placental DNA methylation, frequently occurring
at imprinted genes, have been associated with adverse pregnancy complications

including preterm birth, intrauterine growth restriction and preeclampsia (Tilley et al.
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2018; Toure et al. 2016). Genomic imprinting is a phenomenon that leads to monoallelic
gene expression based on parental-origin (Bartolomei and Ferguson-Smith 2011).
Imprinted domains often comprise of multiple genes under coordinated epigenetic
control. The Kcnglotl imprinting cluster consists of a maternally-methylated imprinting
control region (ICR) with paternally-expressed Kcnglotl non-coding RNA and numerous
maternally-expressed protein-coding genes (Mancini-DiNardo et al. 2003). Importantly, a
large proportion of imprinted genes are involved in growth, development and

metabolism, and play critical roles in both the placenta and the brain.

The aim of this longitudinal research study was to investigate the impact of paternal aging
in a controlled outbred murine model on the imprinted methylation of the Kcnglot1 ICR
and gene expression at various imprinting clusters in viable embryonic placentas. An
outbred mouse model was utilized as previous research has found that it more accurately
mimics the genetic diversity found within an analogous aging homo sapien population
(Koks et al. 2016). The use of a mouse model enabled analysis throughout the natural
lifetime of the paternal males and excluded confounding factors like female age or
infertility. The placenta tissue used to conduct these experiments represents another
tissue commonly discarded at birth that can be used to non-invasively assess the health
of the accompanying new life. Our results demonstrate a paternal age effect on
embryonic placental and fetal weight, likely due to widespread dysregulation of imprinted
genes restricted to the paternal allele, providing a mechanism for future adverse offspring

health conditions.
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11.3.4. Materials and methods

11.3.4.1. Ethics Statement

This study conducted in a privately-owned corporate setting followed national ethical
guidelines for humane animal treatment and complied with relevant legislation. All
experimental designs including studies involving animals were approved by an Internal
Research Committee (IRC Protocol #990205, 5/11/2010) , adhering to a high standard of
animal care in strict accordance with the recommendations in the Guide for the Care and
Use of Laboratory Animals (8th Edition). Euthanasia was performed by cervical

dislocation, and all efforts were made to minimize suffering.

11.3.4.2. Animals and male aging

Eight 6-8 week old outbred CF1 male mice (Charles River) with proven fertility were
randomly selected for this study. Throughout the study, only young fertile 6-8 week old

outbred CF1 female mice were selected for mating.

11.3.4.3. Placenta collection

Young male CF1 mice with proven fertility (“paternal males”) were mated routinely from

4-15 months of age with superovulated young CF1 females (6-8 week old). Before mating,

148



Molecular Signatures of Reproductive Success

females underwent an ovarian superovulation protocol as described previously (Larman
et al. 2011), by an injection of 5 IU PMSG (Sigma) followed 48 hours later by 5 IU hCG
(Sigma). The females were superovulated in both young and aged groups to ensure that
the authors were able to collect an appropriate number of pregnancies. This is common
practice for many murine studies. The pregnant females were sacrificed each month at
E16 of fetal development and the F1 embryonic portions of the placentas (“embryonic
placentas”; n=8 males, 96 placentas total) were carefully dissected by excising the
superficial portion of the chorion/chorionic plate and stored at -80°C; this tissue has been
shown to contain no maternal cells (Sood et al. 2006). Embryonic placental weight (g),
fetal weight (g) and crown-rump length (mm) were also measured and recorded.
Student’s t-test was performed, with differences considered to be significant at p<0.05.
DNA and RNA were concurrently isolated from embryonic placentas derived from the
same males in their youth (4-6 months) and aged (11-15 months) (All-in-One Purification

Kit, Norgen) and stored at -80°C for further processing.

11.3.4.4. Targeted bisulfite sequencing

F1 embryonic placenta samples derived from the same males (n=8) in their youth (6/male;
48 total placentas) and aged (6/male; 48 total placentas). The overall number of fetuses
varied by mating and male. Exactly 6 were randomly chosen from each young and aged
mating per male. Collected samples were analyzed for targeted DNA methylation analysis
as previously described (Denomme et al. 2016). Briefly, DNA isolation of individual

embryonic placenta samples using the QiaAmp DNA Mini kit (Qiagen) was followed by
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bisulfite mutagenesis using the EZ DNA Methylation-Direct kit (Zymo Research). PCR
amplification involved the addition of 4 ng converted DNA directly to Hot Start Ready-To-
Go (RTG) (GE Healthcare) PCR beads that each contained 0.4 uM Kcnglot1 primers, 1 uL
of 240 ng/mL transfer RNA and water up to 25 pL, with 25 pyL mineral oil overlay.
Methylation primers and PCR parameters are outlined in the supplementary data (Table
S4A). PCR products were gel extracted, ligated into the pGEM-T EASY vector system
(Promega), and transformed into Z-competent DHa Escherichia coli cells (Zymo Research).
Following colony PCR amplification, 30 uL of individual clone samples were sent for
sequencing at Bio Basic Inc. (Markham, ON, Canada). Approximately 26-28 clones were
sequenced for each of the 96 samples. Methylation patterns were determined using two
online software programs (BISMA and QUMA). Identical clones with the same CpG
methylation and unconverted cytosines were considered to be representative of one
individual DNA strand, and thus were included only once. Total DNA methylation for each
gene was calculated as a percentage of the total number of methylated CpGs divided by
the total number of CpG dinucleotides. Two-way ANOVA statistical assessments were
used to examine significance for methylation between paternal age groups and individual
paternal males for 4-6 vs. 11-15 months (n=8) and aged subgroups 4-6 vs. 11-12 months
(n=5), and 4-6 vs. 14-15 months (n=3), while a one-way ANOVA test was used to evaluate
significance between the young group and the two aged subgroups (4-6 vs. 11-12 vs. 14-
15 months). A reanalysis was also performed by calculating total DNA methylation for

each gene as a percentage of the total number of methylated clones divided by total
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clones in each placenta. Percent methylation differences with p<0.05 were considered to

be statistically significant.

11.3.4.5. Quantitative real-time PCR

Analysis of transcript abundance on isolated RNA from the same individual embryonic
placenta samples (96 placentas from 8 males) was performed as previously described
(Denomme et al. 2018). Briefly, RNase-free DNase | (Qiagen) treated samples were
reverse transcribed using the High Capacity Reverse Transcription cDNA kit (Thermo
Fisher Scientific). Quantitative real-time PCR was performed with Power SYBR Green PCR
Master Mix (ThermoFisher Scientific) on the ABI 7300 Real Time PCR System.
Quantification of nineteen imprinted genes within five imprinting clusters were calculated
relative to a constant internal housekeeping gene, Ppia, and the embryonic placenta
samples derived from aged males (11-15 months, and subdivided into 11-12 months and
14-15 months) were analyzed relative to those derived from when the same males were
in their youth (4-6 months). Expression primers and PCR parameters are outlined in the
supplementary data (Table S4B). The Relative Expression Software Tool (REST 2009;
Qiagen) was used for mRNA gene expression analysis. REST uses a mathematical model
for gene expression which is based on the PCR efficiencies and the mean crossing point
deviation between sample and control group and tested for significance relative to a
housekeeping gene by a pairwise fixed reallocation randomization test (Pfaffl, Horgan,
and Dempfle 2002). Gene expression fold differences with p<0.05 were considered to be

statistically significant. Furthermore, two-way ANOVA statistical analysis was performed
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on deltaCt values to evaluate the effects of both paternal age as well as the paternal male

individual for 4-6 vs. 11-15 months (n=8), with p<0.05 considered statistically significant.

11.3.5. Results

11.3.5.1. Reproduction and Fetal Development

Outbred males (n=8) with proven fertility were mated every consecutive month with
superovulated young outbred females throughout their natural lifetime. For purposes of
this study, paired litters of offspring from the same individual males were assessed from
young paternal males (4-6 months) and the same paternal males when aged (11-15
months). A secondary subdivision of the aged samples (11-12 months vs. 14-15 months)
was executed to further characterize the timing of paternal age effects. The greatest age
interval for a single male was 10 months, with the smallest age interval being 6 months

(Table 4).
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Young paternal Same paternal males when Interval (months)
males (months) aged (months)

Malel 5 15 10

Male2 4 14 10

Male3 6 14 8

Male4d 4 11 7

Male5 4 11 7

Male6 6 12 6

Male7 5 11 6

Male8 5 11 6

Table 4: Paternal age at time of offspring embryonic placenta collection

Pregnancies conceived by the males when aged resulted in significantly smaller

embryonic placentas (aged: 0.111g vs. young: 0.149g; p<0.0001), as well as significantly

smaller fetuses in both weight (aged: 0.379g vs. young: 0.432g; p<0.05) and length (aged:

13.0mm vs. young: 13.7mm; p<0.05) compared to when the same males were in their

youth (Table 5). The fetus:placenta weight ratio was significantly higher for offspring

conceived by the males when aged (aged: 3.45 vs. young: 3.05; p<0.05) compared to

when the same males were in their youth, indicating placental efficiency is increasingly

compromised in the offspring following paternal aging. No statistical differences were

observed for the three tissues upon aged subdivision of paternal males at 11-12 months
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Offspring Offspring P-Value (4-6 | Aged Aged P-Value (11-
from young from same vs 11-15 Subdivision Subdivision 12 vs 14-15
paternal males when months) (paternal age | (paternal age | months)
males aged 11-12 14-15
(paternal age | (paternal age months; months;
4-6 months; 11-15 n=30) n=18)
n=48) months;
n=48)
Embryonic placental 0.149+0.04 0.111+0.02 <0.0001 0.111+0.02 0.111+0.03 n.s
weight (g)
Fetal weight (g) 0.432+0.08 0.379+0.11 0.0095 0.394+0.11 0.355+0.11 n.s
Crown-rump length (mm) | 13.7+1.3 13.0+1.6 0.0178 13.2+1.6 126+1.5 n.s
Fetus:Placenta weight 3.05 3.45 0.0147 3.28 3.56 n.s.
ratio (#)
Successful mating 54.2% 28.1% 0.0494 37.5% 18.8% n.s.
frequency (%)
Fetuses per paternal 14.8+7.2 18.9+10.3 n.s. 19.8 +10.2 17.0+125 n.s.
male (#)

Table 5: Average offspring development results from the same males in their youth and

aged

While all eight males successfully mated in their youth, the frequency of mating activity
significantly declined for the paternal males when aged (28% successful matings in
months 11-15; p<0.05). This decline was exacerbated by increasing paternal age, with

only 2/8 males resulting in a successful pregnancy at 14 months of age and only 1/8
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resulting in a successful pregnancy at 15 months of age. Nevertheless, upon successful
mating the litter size was unchanged between the paternal males in their youth (14.8
7.2 fetuses) and when they aged (18.9 + 10.3 fetuses; p=n.s.). Importantly, these averages
include all matings from 4-6 months and all matings from 11-15 months, not just the 8
young and 8 aged matings that lead to the placentas we used for epigenetic profiling.
Analysis of placental and fetal weight for litters of comparable sizes demonstrated an
equivalent reduction for offspring conceived by the males when aged compared to their

youth (p<0.05).

11.3.5.2. DNA methylation at the Kcnqlot1 imprinting control region

Several imprinted genes required for normal placentation are regulated by the Kcnglotl
ICR and the non-coding RNA Kcnglotl specifically expressed on the paternal allele during
development (Oh-McGinnis et al. 2010). Results from targeted bisulfite sequencing
analyses at the Kcnglotl ICR revealed a significant DNA methylation difference in
embryonic placentas based on the paternal age of individual males. A small but
statistically significant increase in imprinted methylation was observed in the paternal
aged group (59.3% average) compared to when the same males were in their youth
(54.3% average; p<0.05; Figure 23A) due to paternal aging, with no statistical effect based
on the individual paternal males (p=n.s.). Significance was calculated based on all young
vs. all aged placenta methylation, with no separation based on male (P=0.0348, n=48
placentas). Average percent methylation increase after aging ranged from 0% to 11.5%

for the 6 placentas per paternal male young vs. aged (P=0.0357, n=8 males) (Figure 23B,

155



Molecular Signatures of Reproductive Success

Figure S1). This range correlated appropriately with age, such that the greatest
methylation differences were observed in the embryonic placentas derived from the
males with largest age intervals and oldest males (14-15 months). Of the twenty CpG sites
analyzed within the Kcnglotl ICR, sixteen were found to be statistically significant
between the two groups (p<0.05; Figure 23C). A reanalysis was performed based upon
the methylated clones divided by total clones in each placenta, which resulted in a very
similar outcome, though slightly higher methylated averages (56.2% Young vs. 61.4%
Aged, p=0.0375). A clone was considered methylated when 50% or more of the CpGs were
methylated (10 or more). The CpGs did not all change by the exact same methylation
percentage. Therefore, the small but varying amounts of increased methylation argues
for sporadic aberrant methylation on the paternal allele, rather than extra copies of the
maternal allele which would appear as 100% methylation (all 20 CpGs would increase by

the same amount).

To further characterize the timing of the methylation aberrations, the embryonic
placentas from the paternal males when aged were subdivided into 11-12 months (n=5
males, 30 placentas) and 14-15 months (n=3 males, 18 placentas). Methylation at the
Kcnglotl ICR was significantly increased only in the placentas derived from the 14-15
month aged males (63.9% average) compared to the 11-12 month aged males (56.6%
average) and to the same males in their youth (4-6 months; 54.3% average; p<0.05), again

with no statistical effect based on the individual paternal males (p=n.s.), demonstrating
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the targeted increase in imprinted DNA methylation over time, specifically as the males

aged past 12 montbhs.
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Figure 23: A) Percent methylation at the Kcnglotl ICR in all individual embryonic
placentas derived from all young paternal males at 4-6 months (black dots; n=48)
compared to the same paternal males when aged (n=48); subdivided into 11-12 months
(grey dots; n=30) and 14-15 months (red dots; n=18). Bolded middle line denotes the
mean; error bars represent standard deviation. B) Average percent methylation at the
Kcnglotl ICR for embryonic placentas from each of the eight young paternal males
(n=6/male) and the same paternal males when aged (n=6/male), subdivided into 11-12
months (grey lines; n=5 males) and 14-15 months (red lines; n=3 males). C) Average
percent methylation for all placenta samples at each of the 20 CpG sites within the
amplified Kcnglotl ICR from embryonic placentas derived from young paternal males
(black dots; n=48) compared to the same paternal males when aged (dark grey dots;
n=48), subdivided into 11-12 months (light grey dots; n=30) and 14-15 months (red dots;
n=18). Error bars represent standard error of the mean. Statistical significance of p<0.05

is denoted by a star.

No individual male resulted in statistical significance between young and aged placenta
methylation. Importantly, taking all 8 males together, the 3 males that reach +14 months
all experience a greater methylation change than the ~5% expected random variation (avg
9.3% increase, p=0.008 by 2-way ANOVA), while those at 11-12 months are all within the
~5% shift (avg 2.4% increase, p=0.609), supporting the concept that the methylation
alterations occur after 12 months of aging and have biological relevance. Notably, we do

not observe a decrease in average methylation for any of the 8 males after aging, an
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added argument against random variation that would expect some males to show

decrease.

11.3.5.3. Gene expression for the Kcnqlotl imprinting cluster

Results from imprinted gene expression analyses revealed corresponding differences
between embryonic placentas based on paternal age. Five genes analyzed within the
maternally-methylated Kcnglotl imprinting cluster were all observed to be differentially
expressed in the paternal aged group compared to when the same males were in their
youth. A significant decrease in transcript abundance was observed due to paternal age
for the paternally-expressed Kcnglotl non-coding RNA and a significant increase in
expression for the paternally-silenced protein-coding genes Nap1/4, Slc22a18, Cdknlc,
and Kcnqg1 (p<0.05; Figure 24), with the individual paternal males resulting in a statistical
effect at Kcnglotl and Slc22a18 (p<0.05). Upon subdivision of the aged group, the
paternally-expressed Kcnglotl non-coding RNA was found to be further significantly
downregulated in the embryonic placentas derived from the paternal males when aged
to 14-15 months (p<0.05). This pattern of expression combined with the observed
hypermethylation is indicative of imprinting dysregulation restricted to the paternal allele

based on paternal aging.
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A) Kcng1ot1imprintingcluster gene expression

Fold Change

Ppia Napl1i4 Slc22a18 Cdknlc Kcnglotl Kcngl

B Embryonic placentas from young paternal males (4-6 months)
B Embryonic placentas from same paternal males when aged (11-15 months)
Paternal aged subdivision (11-12 manths)

W Paternal aged subdivision (14-15 manths)

Figure 24: A) Expression results for imprinted genes within the Kcnglotl imprinting
cluster for embryonic placentas derived from the same males in their youth (4-6 months,
black bars; n=48) and aged (11-15 months, dark grey bars; n=48), subdivided into 11-12
months (light grey bars; n=30) and 14-15 months (red bars; n=18). Alphabetic letters

indicate statistical significance of p<0.05 between groups.

11.3.5.4. Gene expression for additional imprinting clusters

Four additional imprinting clusters were analyzed for gene expression alterations in the
same embryonic placentas. For the maternally-methylated Mest imprinted domain, Mest
transcript abundance was significantly decreased, while Copg2 and Klf14 were
significantly increased with paternal age (p<0.05; Figure 25A). Similarly, in the maternally-
methylated Airn/Igf2r imprinted domain, the non-coding RNA Airn was significantly

decreased, with significantly increased expression of Igf2r and SIc22a3 (p<0.05; Figure
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25B). In the paternally-methylated H19 imprinted domain, the non-coding RNA H19
transcript abundance was significantly increased, and Ins2 was significantly decreased
with paternal aging (p<0.05; Figure 25C). Finally, in the paternally-methylated DI/k1/Dio3
imprinted domain, DIk1 expression was significantly decreased (p<0.05; Figure 25D). A
statistical effect was also observed based on the individual paternal males at Mest, Copg2
and Slc22a3 (p<0.05). Upon subdivision of the aged group, Mest, KIf14 and Dio3 were
significantly dysregulated in the embryonic placentas derived from the paternal males
when aged to 14-15 months compared to those aged 11-12 months. Airn, Ins2 and DIk1
reached statistical significance only in those aged 11-12 months, while Meg3 was found
to be significantly increased only in those aged 14-15 months; which did not reach
significance when combined with the 11-12 months cohort. The subtle and varying effect
of APA, combined with the reduced sample sizes when subdivided, may contribute to the
variable statistical differences observed at certain imprinted genes. Significant decreases
in gene expression for paternally-expressed imprinted genes, and corresponding
significant increases in gene expression for paternally-silenced imprinted genes are

indicative of imprinting dysregulation restricted to the paternal allele due to paternal

aging.
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Ppia Ins2 Igf2 H19 Ppia Dik1 Meg3 Rit1 Dio3

M Embryonic placentas from young paternal males (4-6 months)

B Embryonic placentas from same paternal males when aged (11-15 months)
Paternal aged subdivision {11-12 months)

W Paternal aged subdivision {14-15 months)

Figure 25: Expression results for imprinted genes within the A) Mest B) Airn/Igf2r C) H19
D) DIk1/Dio3 imprinting clusters for embryonic placentas derived from the same males in
their youth (4-6 months, black bars; n=48) and aged (11-15 months, dark grey bars; n=48),
subdivided into 11-12 months (light grey bars; n=30) and 14-15 months (red bars; n=18).

Alphabetic letters indicate statistical significance of p<0.05 between groups.

11.3.6. Discussion

While the genome is largely reprogrammed during gametogenesis and early

embryogenesis, the epigenetic status at imprinted domains must be actively maintained,
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and thus are highly susceptible to epigenetic perturbations. In our longitudinal research
study, paternal aging during the natural lifetime of male mice was associated with
significant dysregulation to both ICR DNA methylation and imprinted gene expression in
embryonic placentas of their offspring, offering non-invasive insight into the health of the

associated fetus.

The Kcnglotl ICR and the paternally-expressed non-coding RNA Kcnglotl regulate
several imprinted genes required for normal placentation during development (Oh-
McGinnis et al. 2010). Kcnglotl ICR methylation in eight sets of paired embryonic
placenta samples showed overall hypermethylation upon advanced paternal age (APA)
compared to when the same males were in their youth. While the average methylation
was situated near expected for imprinting loci, the range of methylation between
placenta samples was considerable even when the sperm contribution was from the
males in their youth, highlighting variability between individuals (both FO and F1). A larger
placental methylation range was, nevertheless, observed when the same males aged
during their natural lifetimes. Most embryonic placentas had increased methylation, but
markedly decreased methylation was also observed in a few select samples, indicative of
overall epigenetic perturbations in either direction by advanced paternal age.
Hypermethylation of the Kcnglotl ICR was exacerbated in the embryonic placentas
derived from the paternal males when they reached 14-15 months of age, demonstrating
the targeted increase in imprinted DNA methylation over time, specifically as the males

aged past 12 months. The gain of methylation in the majority of samples is presumed to
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come from the unmethylated paternal allele, as the maternal allele is hypermethylated.
This aberrant gain of methylation at a gametic imprinting control region may have
originated in the APA sperm and been directly inherited by the offspring, or it may be
attributable to a paternal factor(s) compromised in the aging sperm environment leading
to inappropriate imprinting methylation maintenance in the trophectoderm of the
embryo. The biological significance of the small methylation shift is unknown, though
subtle epigenetic changes have been associated with complex disease phenotypes
(Leenen, Muller, and Turner 2016), and may result in a cumulative effect on placentation
and embryonic developmental capacity. As paternal aging is a subtle and varying effect,
not every pregnancy from an APA father will be impacted. Indeed, a threshold of
methylation alterations may be required to predispose placental dysfunction. As allelic
identity was not feasible, overrepresentation of the maternal allele is also a possibility; a
substantial number of samples were analyzed for both young and aged groups in order to

overcome this technical limitation.

The subtle, yet statistically significant shift in DNA methylation at the Kcnglotl ICR based
on advanced paternal age lead to subsequent transcription changes for five imprinted
genes within the cluster, observed in both subdivisions of the paternally aged group. In
particular, the embryonic placentas derived from males that aged to 14-15 months had
the largest methylation increase, and this correlated with the largest Kcnglot1 expression
decrease, statistically. These alterations may be due to disrupted transcription factor

binding. Within the amplified Kcnglotl ICR region, various binding sites exist
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(MatInspector by Genomatix), many with direct binding motifs overlapping at least one
CpG site. These transcription factors have potential to be impacted by compacted
chromatin from increased methylation, including those that have been shown to be
critical in genomic imprinting regulation. For example, the Kruppel-like zinc finger protein
ZFP57 binds methylated DNA and is necessary for maintaining the methylation memory
at imprinting control regions during replication in early mouse embryos (Quenneville et
al. 2011). Binding of ZFP57 to the aberrantly methylated Kcnglotl ICR paternal allele
would result in a more maternal-like phenotype by means of recruiting additional
repressive factors. Evidence of this is the aberrant decrease in Kcnglotl gene expression,
and the resulting aberrant increase in the surrounding imprinted genes, analogous to
what is observed on the maternal allele. The loss of Kcnglotl transcript expression is
presumed to occur on the paternal allele, as the maternal allele is innately silenced,
supporting a paternally-inherited effect at the Kcnglotl imprinted domain from

advanced paternal age.

A large proportion of imprinted genes are involved in growth, development and
metabolism, and play important roles in both the placenta and the brain. Paternally-
expressed genes often promote growth enhancement while maternally-expressed genes
are involved in growth suppression. Loss of mouse paternally-expressed Mest causes
placental growth restriction, while loss of maternally-expressed Igf2r or Cdknlc results in
placental enlargement (Coan, Burton, and Ferguson-Smith 2005). In the embryonic

placentas derived from males in their old age, significantly decreased expression was
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observed in paternally-expressed genes (Kcnglotl, Mest, Airn, Ins2, DIk1) and aberrant
expression in paternally-silenced genes (Kcnql, Cdknlc, Slc22a18, Nap1l4, Copg2, KIf14,
Igf2r, Slc22a3, H19) compared to when the same males were in their youth. These results
in combination with significantly reduced embryonic placental weight is indication of
imprinting dysregulation restricted to the paternally-inherited allele due to paternal
aging, despite the origin (sperm or oocyte) of methylation for the gametic imprinting
control region. The main role of the placenta is the nutrition of the fetus, thus influencing
the significant reduction in fetal weight and crown-rump length also observed in the

offspring derived from the paternal males when they aged.

The majority of imprinted genes have been described as belonging to imprinted gene
networks (IGN) involved in the control of embryonic growth, that are co-regulated during
development (Al Adhami et al. 2015; Varrault et al. 2006). For example, H19, with
dysregulated gene expression in our study, is a master regulator of an IGN impacting
expression of other imprinted genes including several that were also dysregulated in our
study (Cdknlc, DIk1, Igf2r (Gabory et al. 2009; Monnier et al. 2013), and Mest, Meg3
(Monnier et al. 2013)). Interestingly, various reports of multi-locus imprinting
disturbances (MLID) exist in individuals with human imprinting disorders, having
epigenetic errors in auxiliary imprinted regions in addition to the disease-associated locus
(Azzi et al. 2014; Mackay et al. 2015; Sanchez-Delgado et al. 2016). The statistically

significant alterations to fourteen imprinted gene transcripts at five imprinting clusters in
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our study support both IGN and MLID models and provide a translational consequence to

the subtle epigenetic dysregulation observed.

It is hypothesized that epimutations in the male gamete may subsequently be
generationally transmitted. Age-related imprinting errors have been identified in mouse
spermatozoa (Kobayashi et al. 2016), as well as genome-wide sperm methylation
alterations, transferring some methylation abnormalities to offspring and impacting
offspring behavior (Milekic et al. 2015). Furthermore, placental imprinting perturbations
have been shown to arise from other external insults to the paternal germline, including
paternal folic acid exposure (Ly et al. 2017) and paternal obesity (Mitchell et al. 2017),
presumably impacting imprinting on the paternal allele. In terms of aging, DNA
methylation alterations were also observed at the Kcnglotl promoter in the brain of
offspring of older fathers compared with the offspring of younger fathers (Smith et al.

2013). Our study further argues this generational epigenetic consequence to paternal

aging.

There are several critical limitations to this study, and it is important to note that the
researchers used superovulated female mice in the study which may have affected the
results of the study. Specifically, the number of embryos that were generated and
implanted per female, and how a higher number of implantations would affect the health
of the placenta or fetal growth. The females were superovulated in both young and aged

groups to ensure that the authors were able to collect an appropriate number of
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pregnancies. This is common practice for many murine studies. As all females were
superovulated, it is unlikely that superovulation contributed to the effects on placenta or
fetal growth observed between young and aged paternal male groups. The current study
performed in vivo matings and development only, thus we did not compute number of
embryos generated. However, our previously published work that was the basis of this
study (Katz-Jaffe et al. 2013) showed a significant decline in in vitro blastocyst
development at +12 months of paternal age. Our earlier publication also noted that
pregnancies from natural conceptions with paternal age >12 months resulted in
significantly smaller fetuses in length and weight. In addition, placental weight was
observed to be significantly smaller with paternal age >12 months, similar to this studies
results. Another limitation of the study is the use of clone and sequence technology,
rather than next-gen amplicon sequencing which would be more precise. The authors
used clone and sequence as it is a traditional low-cost targeted bisulfite sequencing
approach for imprinted methylation analysis, and has be published recently in other peer-
reviewed articles using placenta samples (Vasconcelos et al. 2019; Monteagudo-Sanchez
et al. 2019; Yamaguchi et al. 2019; Huo et al. 2020). The initial analysis of this study
calculated the total DNA methylation as a percentage of the total number of methylated
CpGs divided by the total number of CpG dinucleotides which we then reanalysed as
methylated clones divided by total clones in each placenta which, resulted in a very similar
outcome and importantly, still statistically significant. The researchers note that the
statistical significance occurs only in the 14-15 month males, and did not see a decrease

in average methylation for any of the 8 males after aging, which the authors believe is an
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added argument against random chance of getting more or less maternal alleles in the
aged samples. Finally, the use of outbred females in this study is also a very significant
limitation, and makes it exceedingly difficult to assess the number of maternal vs paternal
alleles cloned in this study, as the authors are unable to utilize SNPs to help determine
parental origin, as the samples used in this study are no longer accessible. Future
directions for this study include the introduction of a separate, inbred strain of female

mice to strengthen this research, and eliminate this confounding variable.

In conclusion, the present study examined the contribution of male aging throughout
their natural lifetime to genomic imprinting regulation in offspring embryonic placentas,
with results demonstrating ICR epigenetic dysregulation, a widespread effect on
imprinted expression, and a combined reduction in placental weight, fetal weight, crown-
rump length and successful mating frequency. A key strength to the study is the
longitudinal feature, enabling age comparisons during the natural lifetime of the same
males without confounding factors including female aging or infertility. Imprinted genes
play critical roles in growth, development and metabolism, and are highly essential to
placental function. Understanding the causal relationship between sperm aging and
placental genomic imprinting regulation is critical as developed countries continue to
delay childbearing. If these epigenetic changes related to paternal aging are translational,
they could be responsible for placental dysfunction as well as adverse pregnancy

outcomes and childhood health conditions observed in the human population.
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SUPPLEMENTARY Sla TABLE: Primer and PCR parameters for targeted bisulfite sequencing

GENE

Kenglorl Chr7

PCR Parameters:

CHROMOSOME FORWARD PRIMER

GGTTAGAAGTAGAGGTGATT

REVERSE PRIMER

CAAAACCACCCCTACTTCTAT

LENGTH (BP) # of CpGs

206

94°C for 10 min, 55 cycles of (94°C for 15 sec, 56°C for 20 sec, 72°C for 20 sec), 72°C for 10 min.

SUPPLEMENTARY S1b TABLE: Primer and PCR parameters for targeted qRT-PCR

GENE

Kenglotl Chr7
Kengl Chr7
Cdknlc Chr7
Slc22a18 Chr7
Napl4 Chr7
Mest Chré
Copg2 Chré
Klf4 Chré
Aimn Chr17
Igf2r Chr7
Slc22a2 Chr17
Slc22a3 Chr17
H19 Chr7
Igf2 Chr7
Ins2 Chr7
Dlk1 Chr12
Meg3 Chr12
Rtl1 Chr12
Dio3 Chr12

PCR Parameters:

CHROMOSOME FORWARD PRIMER

CACCCCAACCTGCTATTGCTA
GCTGAGAAAGATGCGGTGAAC
CCACGGTTTTGTGGAAATCTG
CCTCTGCTTTGGCATTGGAA
TTCACTGTCCTCCCACTTACGA
CGGAAGCCCTGAGATAGTTGTG
AAGAGGTGGGAGATGCCTTTG
ACCGAAGGAGGCAGATTACG
GGGAAGTGGACCTGTTTAGAAG
GGCACCACTCCTTCATGATC
CACACAACCCAACCTCACTTACC
AACTGCCTCTGATCATCTTTGG
ATGGTGCTACCCAGCTCATGTC
CCTACATAACGGGAGCAGTGATC
AGAAGCGTGGCATTGTAGATCAG
CTAACCCATGCGAGAACGA
GAGTGGACTAAGCACGAAGCA
GCAAGTCGCCCGTTCTCTA
ATCCAGAGTGGCACCATCATG

REVERSE PRIMER
CTGGGGAGAATGTACCAGCC
CATCTGCGTAGCTGCCAAAC
CGTACTCCTTGCACATGGTACAG
ATCCCGTATGCGGTGTTAAGG
CTCCCTCCACTTGGTGTCACA
CCTAAGAAATCAAGGGCGATCAC
ACCTCTCACATGGCTGCATACC
ACGACTTGTAGTAGGCCTTGTTG
CTGCCGATTTCCTGATAACAC
TTGGCCGATTCAAGCAA
TGGACACATCAGTGCAACAAAC
CGTTTCAGGCAAAAGCATCAC
GTGGTTCTGATTGCAGCATCTTC
CATTGTGGTAGCCGGTGTTG
TGGTGGGTCTAGTTGCAGTAGTTC
AGCGGCAACGGAAGTCA
CACTTGTACGAGCATCCATCTC
TGACCCAGTGATGTCTGTTTCC

CGCAACTCAGACACCTGGTAAC

95°¢ for 10 min, 40 cycles of (95°C for 15 sec, 60°C for 1 min),
followed by 95°C for 15 sec, 60°C for 1 min, 95°C for 15 sec, 60°C for 15 sec

Table S4: A) Primer and PCR parameters for targeted bisulfite sequencing. B) Primer and

PCR parameters for targeted qRT-PCR.
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LENGTH (BP)
239
58
71
69
71
20
irg
81
68
61
89
71
95
85
82
60
173
71
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Supplementary Figure S1 A) Male1 (Mouse #61)

Embryonic placentas from paternal youth (5 months)

¥a

Embryonic placentas from paternal aged (15 months)

AL 10) 51.0% A26(61-11) 56.1% A27(61-12) 63.3%

B) Male2 (Mouse #18)

Embryonic placentas from paternal youth (4 months)

62.7%

Y7 (18-1) 67.3%

59.6%

Y9 (18-3) ¥31(18-4) ¥32(18-5)  53.0% Y33(18-6)  36.0%

Embryonic placentas from paternal aged (14 months)

A7(18-37) A8(18-38)

69.6% A9 (18-39)

82.6% A31(18-29) 63.3%
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Supplementary Figure $1 C) Male3 (Mouse #116)

Embryonic placentas from paternal youth (6 months)

Y4(116-1)  58.2% Y5(116-2) 66.5% Y6(116-3) 55.8% Y28(116-4) 57 ¥29(116-5) 50.2% Y30(116-6) 41.3%

Embryonic placentas from paternal aged (14 months)

A4(116-18) 56.0% AS(116-19) 67.8% A6(116-20) 71.7% A28(116-13)52.7% A29(116-14)54.2% A30(116-15) 70.1%

D) Male4 (Mouse #83)

Embryonic placentas from paternal youth (4 months)

Y16(83-1) 57.7% Y17(83-2) 62.2% Y18(83-3) 51.2% Y40(83-4) 52

¥41(83-5) 58.3% Y42(83-6) 50.7%

Embryonic placentas from paternal aged (11 months)

A16(83-3d) 57.4% A17(83-35) 50.8% A18(83-36) 69.4% A40(83-29) 49.1% A41(83-30) 57.7% A42(83-31

Supplementary Figure $1 E) Male5 (Mouse #90)

Embryonic placentas from paternal youth (4 months)

¥22(90-1) 56.0% Y23{90-2)

77 ¥24(90-3) _60.5% Y46(90-4) 53.7% Y47(90-5) 52.7% Y48(90-6) 47.4%

y 11 months)

A22{90-30) 74.0% A23(90-31) 57.8% A24(90-32) 74.4% A46(90-25) 3.6

49.8% A48(90-27) 62.2%

F)Male6 (Mouse #112)

Embryonic placentas from paternal youth (6 months)

Y10(112-1) 41.6% Y34(112-4) 34.0%

71.4% Y11(112-2) 64.0% Y12(112-3) 46.8% Y35(112-5)

42.8% Y¥36(112-6)

yonic p 12months)

A10(112-38) 51.8% A11(112-39) 65.2%
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Supplementary Figure 1 G)Male7 (Mouse #53)

Embryonic placentas from paternal youth (S months)

Embryonic placentas from paternal aged (11 months)

A13(53-22) 59.4% A14(53-23) 66.6% A15(53-24) 74.0% A37(53-17) 50.8% A38(

H) Male8 (Mouse #81)
Embryonic placentas from paternal youth (5 months)

Y19(81-6) _66.0% Y20(81.7) 48.9% Y21(81.8) 47.8% Y43(81-2) 44.2% Y44(81-3) 44.3% Y45(81-4) 36.5%

Embryonic placentas from paternal aged (11 months)

Figure S1: DNA methylation results for each embryonic placenta for the eight paternal
males when young (n=6/male) and aged (n=6/male). A) Malel (ID 61), B) Male2 (ID 18),
C) Male3 (ID 116), D) Male4 (ID 83), E) Male5 (ID 90), F) Male6 (ID 112), G) Male7 (ID 53),
H) Male8 (ID 81). Each group of circles represents one embryonic placenta sample, with
the sample name indicated in the top left (Y=young, A=aged), and percent methylation
indicated in the top right. Each row represents one DNA strand. Filled circles represent

methylated CpG dinucleotides and unfilled circles represent unmethylated CpGs.
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12.0 General Discussion

This thesis was largely successful in the fulfilment of its specific aims, first it investigated
the individual CC transcriptome of chromosomally normal (euploid) embryos, and by
utilizing RNA sequencing, was able to identify novel biological pathways associated which
were associated with implantation outcome. The results of the corona cell transcriptome
study demonstrated that the WNT-Canonical pathway and AXIN transcription are strong
indicators of oocyte developmental competence and viability when correlated with a

subsequent chromosomally normal live birth.

Next, this thesis utilized a comprehensive endometrial co-culture study to investigate the
window of implantation in women presenting with advanced maternal age, and
endometriosis.  This second study displayed a theme of compromised cellular
communication between blastocysts and endometrium derived from patients with
compromised fertility. These variations may account for the lower implantation potential
and clinical outcomes observed for these infertile patient populations. There must be a
balance in the delicate embryo-endometrial molecular dialogue, and any alterations,
either autocrine or paracrine, may affect transcription levels of key miRNAs and their
target signalling molecules. This may then result in significantly lowered implantation

potential and fertility.
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Finally, the third study included in this thesis investigated the contribution of male aging
throughout their natural lifetime to genomic imprinting regulation in their subsequent
offspring’s embryonic placentas. The results demonstrated ICR epigenetic dysregulation,
as well as a widespread effect on placental imprinted expression, and a combined
reduction in successful mating frequency, and fetal offspring parameters including
placental weight, fetal weight and crown-rump length. A key strength to the study was its
longitudinal nature, which allowed for age comparisons during the same subjects natural
lifetime sans external confounding variables including female aging or infertility. The
study concluded that imprinted genes play critical roles in growth, development and
metabolism, and are highly essential to placental function. The investigation broadened
our understanding the causal relationship between sperm aging and placental genomic
imprinting regulation, which is critical, as developed countries continue to delay

parenthood.

12.1. Common themes and insights

This thesis sought to utilize commonly discarded materials and incorporate them into
non-invasive assays to monitor the health and development of a developing life through
multiple stages of its development. As an oocyte, excess cumulus and corona cells that
are commonly disregarded were collected and their molecular profile was examined in

conjunction with their developmental potential.
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Next, this thesis examined the maternal microenvironment a resulting developmentally
competent embryo was likely to encounter after it was transferred to the luminal
epithelial tissues of the endometrium within the uterine cavity. This investigation utilized
a minimally invasive endometrial biopsy, which was performed at a time when it would
not affect the health of the mother or the embryo. However, this provided us a window
into this critical juncture, and the role of microvesicles were investigated in correlation to
specific infertility diagnoses. Notably, aberrant expression was examined in relation to
both the advanced maternal age and endometriosis phenotypes, which may lead to

compromised implantation potential.

Finally, the health of the subsequent pregnancy was observed by studying the epigenetics
and genomic imprinting of placenta tissue, a tissue that is intimately connected to both
the mother and child and due to the bi-allelic nature of its imprinted status the father as
well. Here it was discovered that over the natural lifetime of an aging male subject, their
contribution to genomic imprinting regulation in the subsequent offspring’s’ embryonic
placentas, demonstrated epigenetic dysregulation, which may have significant long term
consequences on over the course of the progeny’s life, and are potentially passed on to

future generations.

When taken together, these studies provide a blueprint for a model underutilized in
current ART practices, using specific discarded materials to assess the new life’s vitality

and viability throughout multiple stages of development. If this model is expanded upon,
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and these practices and collected materials are used serially in conjunction with a single
couple’s infertility journey, it is this researchers belief we will see improvements in clinical

ART success rates and enhanced patient counselling.

12.2. Future Work

Ongoing research to illuminate the biological and signalling pathways of corona cells
associated with oocyte viability continues to be an appealing target for researchers as
well as clinicians. Corona cells are intimately linked with their associated oocyte
throughout development, and provide one of the earliest windows into the health and
competence of a mature oocyte. However, the true value of these discovered molecular
biomarkers will be realized when they are used in conjunction with conventional means
of embryo selection in a prospective, randomized control trial. This will be the best way
to assess the usefulness of a corona cell biomarker assay, combined with the routine use
of single embryo transfers, which may lead to overall improved IVF outcomes. There are
multiple ways of measuring molecular biomarkers of the maternal microenvironment
secretome during the window if implantation including endometrial biopsy and uterine
aspiration. When used together in a prospective trial, these studies will provide
researchers further insight into the bi-directional molecular dialogue during this critical
time point. Finally, a deeper understanding of the paternal contribution to the health and
development of a viable pregnancy by examining the imprinting profile of the placenta
will provide an early insight into the developmental future of the child, and may assist
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parents by detecting risk factors, and preparing for any discovered health challenges. To
expand our current understanding, investigations into the placenta profile of other
paternal risk factors should be studied, including harmful environmental exposure as well

as any familial history of disease.

12.3. Personal Perspectives and Final Conclusions

As of the writing of this thesis, despite a plethora of ongoing efforts to discover molecular
biomarkers from non-invasive assays and incorporate them into a clinical IVF lab setting,
relatively few have found any commercial success outside of those highlighted in the
introduction. This may be due to multiple factors including the additional time associated
with collecting and assessing biological materials, the necessity of culturing the embryos
as singletons despite their survival being higher when cultured in a group setting, the
technical expertise that such methods require and the high costs associated with the
purchasing required equipment. Nonetheless, these efforts must continue if we are to
achieve our collective goal within the field of ART for every infertile couple seeking

treatment to attain successful conception.
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Jason C. Parks, Alyssa L. Patton, Blair R. McCallie, Darren K. Griffin, William B. Schoolcraft,
Mandy G. Katz-Jaffe. Secreted Endometrial Microrna Gene Regulators Are Critical For
Successful Embryo Implantation. Presented at 2015 ASRM Conference in Baltimore,
Maryland.

Objective: Successful implantation is dependent on the intricate dialogue between a
viable embryo and a receptive endometrium. On the maternal side, specific adhesion
changes need to occur for blastocyst attachment, in addition to tight regulation of key
signaling molecules in the microenvironment of the implanting embryo. This study
investigated the mammalian uterine fluid secretome prior to embryo transfer, utilizing
two sampling techniques, to examine the microRNAome in association with implantation
outcome.

Design: Research study

Materials and Methods: In vivo fertilized zygotes collected from super ovulated female
BDF-1 mice were cultured to the blastocyst stage. Hatching blastocysts were either
collected for gene expression analysis using qRT-PCR (n=12) or selected for transfer into
each uterine horn (n= 4/horn) of a pseudopregnant BDF-1 recipient mouse (n=16).
Immediately prior to embryo transfer, a uterine lavage or aspirate was collected (n=32).
On Day 16 of embryo development, implantation outcome was noted. Endometrial tissue
was also biopsied from pseudopregnant mice not receiving an embryo transfer (n=12).

Uterine lavage, aspiration and endometrial tissue samples were analyzed for expression
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of 306 miRNAs using the TagMan® Rodent MicroRNA Array (Thermo Fisher) and analyzed
for significance in association with implantation outcome using RESTO statistical software
(Qiagen).

Results: Analysis of the two uterine fluid sampling techniques revealed no similarities in
miRNA expression profiles in relation to implantation. Uterine aspirates that resulted in
positive implantation, displayed 18 increased, and 7 decreased miRNAs (P<0.05). Notably,
mir-101a, a conserved miRNA between human and mouse, showed increased expression
in uterine aspirates with positive pregnancy. Expression of miR-101a was observed in
receptive endometrial tissue. There are seven known validated target genes for miR-101a
including, Aktl1, a gene responsible for the mitigation of trophoblast migration. Increased
miR-101a expression, as observed in positive outcome uterine aspirates, has been shown
to mediate Aktl activation. Aktl expression was identified specifically in hatching
blastocysts.

Conclusions: The embryo-endometrial interaction is crucial to implantation success.
Secreted uterine miRNAs characterize the maternal molecular dialogue, and are
internalized by the trophectoderm to function as transcriptomic regulators, either
promoting or inhibiting blastocyst development and adhesion. For miR-101a, increased
expression mediates blastocyst Aktl expression thereby improving the likelihood of
implantation success. In conclusion, the uterine aspirate miRNAome represents a

minimally invasive method to assess the embryo-endometrial interaction.
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Jason C Parks, Blair McCallie, Julie A Reisz, Matthew Wither, William B Schoolcraft, Mandy
G Katz-Jaffe. Maternal endometrial secretions 24 hours prior to frozen embryo transfer is
predictive of implantation outcome. Presented at 2016 ASRM Conference in Salt Lake City,

Utah.

Objective: It is well known that successful implantation is dependent on the intricate
dialogue between a competent embryo and a receptive endometrium. On the maternal
side, specific biological changes in adhesion need to occur for blastocyst attachment,
while tight regulation of signaling pathways are crucial for the invading embryo. The
objective of this study was to examine the uterine fluid milieu in association with
implantation outcome 24 hours prior to, and at the time of euploid embryo transfer.
Design: Research study

Materials and methods: Infertile patients (n=48) were recruited with IRB consent prior to
an estradiol/progesterone replacement frozen embryo transfer (FET) with euploid
blastocysts. Uterine secretions were collected by gentle aspiration (~2-5ul), either 24h
prior to, or at the time of FET. Uterine secretome analysis was performed blinded of
implantation outcome using qPCR for miRNA analysis (n=12) and mass spectrometry
(n=36) for metabolite (UHPLS-MS, Thermo) and protein analysis (LC-MS/MS, Thermo).
MiRNA profiles were analyzed by RESTO statistical software. MS data was converted with
MassMatrix and processed with Maven (Princeton Univ). MS/MS data was examined

using Mascot™ (v 2.2) and Scaffold (v 2.06). Validation of target genes was performed
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using gPCR on endometrial biopsies (n=14) and surplus cryopreserved blastocysts (n=14)
donated with patient consent.

Results: A notable uterine secretome profile of miRNA, metabolites and proteins was
significantly associated with a negative, toxic environment both 24hrs prior to, and at the
time of embryo transfer (P<0.05, >2 fold change). Specifically, 6 maternal miRNAs showed
increased expression with negative implantation, including miR-17 (P<0.05). A known
target gene of miR-17 through negative regulation is VEGFA, a signal protein essential for
implantation and secreted by the receiving endometrium as well as the implanting
embryo. Validation of VEGFA expression was confirmed in epithelial endometrial cells and
individual blastocysts. A total of 12 amino acids displayed significant decreased quantities
in the uterine secretome associated with negative implantation (P<0.05, >2 fold change)
including arginine, essential for blastocyst activation and trophectoderm motility.
Additionally, the MUC protein family were observed at increased protein levels with
implantation failure (P<0.05). MUCIN proteins are epithelial cell surface proteins that
have considerable effect on endometrial function, creating a barrier to implantation.
Conclusion: Aberrant maternal uterine miRNA and molecular secretions allow for the
characterization of implantation failure both 24 hours prior to, and at the time of FET.
This compromised embryo-endometrial dialogue further impacts the transcription levels
of key signaling molecules, resulting in significantly lower implantation success. Predicting
the maternal molecular microenvironment ahead of embryo transfer may allow for fine

tuning of procedures for IVF patients thereby improving implantation outcomes.
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Jason C Parks, Michelle Denomme Tignanelli, Nathan McCubbin, Blair McCallie, William
Schoolcraft, Mandy Katz-Jaffe. Advanced paternal age directly impacts placental

epigenetic mechanisms. Presented at 2017 ASRM Conference in San Antonio, Texas.

Objective: The placental epigenome plays a key role in regulating fetal growth and
development. Alterations in placental DNA methylation have been associated with
adverse pregnancy complications including preterm birth, intrauterine growth restriction
and preeclampsia. The KCNQ10T1 imprinting cluster consists of an imprinting control
region (ICR) with paternally expressed KCNQ10OT1 non-coding RNA and numerous
maternally expressed protein-coding genes. KCNQ10T1 ICR methylation loss is directly
linked to imprinting disorders in humans. The aim of this study was to investigate the
impact of paternal aging on the methylation and expression of the Kcnglotl imprinting
cluster in viable embryonic placentas.

Design: Longitudinal research study.

Materials and Methods: Male outbred CF1 mice (n=8) with proven fertility were mated
routinely during each animals lifespan (4-15 months) with superovulated young outbred
virgin CF1 females (6-9 weeks). Pregnant females were sacrificed on day 16 of fetal
development and embryonic placentas were collected for DNA and RNA isolation.
Relative expression analysis was performed by gPCR for 10 imprinted genes from the
Kenglotl imprinting cluster (n=24 embryonic placenta, paternal age 4-6 months; n=24
embryonic placenta, paternal age 11-15 months). Imprinted DNA methylation was

assessed by targeted bisulfite sequencing at the Kcnglotl ICR (n=24 embryonic placenta,
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paternal age 4-6 months; n=24 embryonic placenta, paternal age 11-15 months).
Statistical analysis was performed using RESTO (Qiagen) and Student’s t-test where
appropriate, with significance at p<0.05.

Results: Decreased expression for Kcnglotl non-coding RNA was observed in embryonic
placentas at paternal age 11-15 months, along with increased expression for Nap1l4,
Slc22a19, Cdknlc, and Kcngl (p<0.05). Dysregulation of imprinted gene expression
corresponded with an increase in imprinted DNA methylation at the Kcnglotl ICR in
embryonic placentas at paternal age 11-15 months (65.6%) compared to the same males
during their youth (4-6 months, 59.0%; p=0.016). These results are highly indicative of an
aberrant gain of methylation on the typically unmethylated paternal allele at the
Kcnglotl ICR, resulting in the loss of paternal Kcnglotl non-coding RNA expression, and
a gain of paternal expression for otherwise only maternally expressed protein-coding
genes: Nap1ll4, Slc22a19, Cdknlc, and Kcnql.

Conclusions: While the genome is largely reprogrammed during gametogenesis and early
embryogenesis, imprinting domains escape this epigenetic reprogramming. In our study
paternal aging was associated with significant epigenetic dysregulation to both ICR DNA
methylation and imprinted gene expression at the Kcnglotl domain in embryonic
placenta. If these epigenetic changes related to paternal aging are translational, they

could be responsible for placental dysfunction and adverse pregnancy outcomes.

211



Molecular Signatures of Reproductive Success

Jason C. Parks, Blair R. McCallie, Alyssa L. Patton, Nathan |. McCubbin, William B.
Schoolcraft, Mandy G. Katz-Jaffe. Antioxidant intervention promotes cell survival and
redox balance within the ovary and subsequent oocyte resulting in improved IVF

outcomes. Presented at 2018 ASRM Conference in Denver, Colorado.

Objective: The damaging effect of oxidative stress and reactive oxygen species in ovarian
aging has been associated with a decrease in follicular quantity and quality. Previously we
have reported that antioxidant intervention prior to infertility treatment benefits patient
outcomes. The objective of this study was to utilize a murine model to explore the
molecular mechanisms underlying this observed clinical benefit.

Design: Research study.

Materials & Methods: Female CF-1 mice were naturally aged for 9 months prior to a daily
diet intervention of 4 grams/animal of Euterpe oleracea (acgai; sourced from Brazil and
biochemically tested for high antioxidant activity). Control mice received the same
balanced nutritional feed but without the intervention. All aged mice were subjected to
ovarian stimulation prior to collection of MIl oocytes and ovarian tissue. Ovaries (n=12)
were processed for Codelink™ Mouse Whole Genome (Applied Microarrays) with
Ingenuity Pathway Analysis (Qiagen). QPCR was utilized for microarray validation (n=12)
and oocyte gene expression (n=19) with REST 2009 statistical software (Qiagen). Infertility
patients (n=209; mean 38.0 +4.0 years) presenting with >1 prior failed IVF cycle, ingested

600mg of natural acai three times a day for 8-12 weeks prior to routine ovarian
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stimulation. Live birth outcomes were analyzed for each patient, with and without acai,
using Fisher’s exact test, with significance at P<0.05.

Results: Microarray gene expression analysis of murine ovarian tissue revealed significant
transcription changes in the acgai intervention group, with the most enriched pathways
belonging to apoptotic signaling and oxidation redox (P<0.05). QPCR validation confirmed
a decrease of pro-apoptotic genes (Fas, Casp9, Bik and Tnf) and increases of pro-survival
cell death regulators (Bcl2 and Bcl2l1), as well as increases of antioxidant enzymes (Gclm
and Sod2, among others) with acai intervention (P<0.05). Murine MIl oocytes in the acai
intervention group were also found to have increased antioxidant gene expression (Gss,
Gpx1, Gsr, Gstol, Gclm, Sodl and Sod2). Ongoing clinical results continue to show
significant improvements in oocyte yield (17.4 +10.1 vs. 13.7+8.2; P<0.0001) and
proportion of euploid blastocysts (43.6% vs. 30.3%; P<0.0001) for female patients with >1
prior failed IVF cycle. Euploid FET (n=138) outcomes for these intervention patients have
resulted in a 76.1% live birth rate.

Conclusions: In conclusion, following antioxidant intervention with natural aging, the
murine ovarian transcriptome revealed an environment promoting cell survival alongside
a decrease in apoptotic signaling, and an increase in antioxidant activity that could be
resulting in restoration of ovarian function and oocyte quality. Taken together this offers
a molecular explanation for the clinical improvements observed for women with a history

of IVF failures, following antioxidant intervention prior to infertility treatment.
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JC Parks, BR McCallie, NI McCubbin, DK Griffin, WB Schoolcraft, MG Katz-Jaffe. Uterine
miRNAs reflect the unique microenvironment in an individual murine horn during the

window of implantation. Presented at 2018 SSR Conference in New Orleans, Louisiana.

Successful implantation is dependent on the complex interchange between a viable
embryo and a receptive endometrium. On the maternal side, specific adhesion molecules
are required for blastocyst attachment, in addition to tight regulation of signaling
molecules surrounding the implanting embryo. This study utilized a minimally invasive
technique of sampling the mammalian uterine environment, immediately prior to embryo
transfer, to examine microRNA expression in association with implantation outcome. In
vivo fertilized zygotes collected from super ovulated virgin female BDF-1 mice were
cultured to the blastocyst stage. Two hatching, day 5 blastocysts were selected for
individual embryo transfer into each uterine horn (n= 1 embryo/horn) of a pseudo
pregnant BDF-1 recipient mouse (n=7). Immediately prior to the embryo transfer
procedure, a gentle aspiration from the lumen of the uterine horn was performed (n=14).
On Day 16 of fetal development, recipient females were sacrificed, and implantation
outcome was documented. Uterine aspirates were evaluated for microRNA expression
by qPCR (TagMan®, Thermo Fisher) and analyzed for significance in association with
implantation outcome, significance at P < 0.05. Six specific microRNAs were chosen based
on their known roles as mediators of transcription in association with embryo
implantation: miR-22, miR-145, miR-200a, miR-223, miR-3074 and miR-let7b. Analysis of

the uterine aspirate revealed significant expression differences in relation to implantation
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for miR-22, miR-200a, miR-3074 and miR-let-7b (P < 0.05). Specifically, miR-let-7b
displayed increased expression (P < 0.05) with successful single embryo implantation
compared to a negative outcome in the opposite horn of the same female mouse.
Increased expression of miR-let7b has been shown to play a regulatory role on the
expression of Mucl during the window of implantation, resulting in the establishment of
viable pregnancy (Inyawilert et. al., 2015). In contrast, miR-22, miR-200a and miR-3074
displayed a significant decrease in expression with single embryo implantation (P < 0.05)
compared to a negative outcome in the opposite horn of the same female mouse. Studies
have shown that dysregulation of miR-22 in conjunction with Tiam1/Racl signal
expression inhibit embryo implantation (Ma HL et. al., 2015). In conclusion, this study has
revealed that each uterine horn has a unique microenvironment containing a complex
milieu of microRNAs during the window of implantation. Uterine microRNAs represent a
minimally invasive means of sampling the embryo-endometrial molecular dialogue,
allowing for the prediction of implantation potential which if translatable to the human,

could improve IVF success for infertility patients.
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Jason C Parks, Blair McCallie, Mary Sweet, Taylor Pini, William B Schoolcraft, Mandy G
Katz-Jaffe. Minimally invasive uterine aspiration 24 hours ahead of embryo transfer
characterizes the compromised RIF uterine microenvironment and is predictive of
reproductive outcome. Presented at 2019 ASRM Conference in Philadelphia,

Pennsylvania.

Objective: Repeat implantation failure (RIF) is particularly challenging to treat in ART,
resulting in limited success even when adequate preparation of the endometrium is
established and a transfer is performed with a high grade euploid blastocyst. The
objective of this study was to utilize a multidisciplinary approach to decipher the
complexity of RIF through investigations of the maternal molecular components ahead of
an embryo transfer.

Design: Research study

Materials and methods: Patients were recruited with IRB consent 24 hours prior to a
programmed frozen embryo transfer (FET) with a euploid blastocyst. Uterine secretions
were collected by gentle aspiration (~2-5ul) under ultrasound guidance and grouped
according to reproductive outcomes: Failed euploid FET (RIF patients, 23 prior IVF failures)
and Positive live birth FET (maternally age-matched patients; mean 36.6 +3.8 years). Total
and small RNA (n = 22) was isolated for sequencing on the NovaSEQ 6000 (lllumina).
Reads were aligned to hg38 using GSNAP and analyzed with edgeR (FDR cutoff of 5%;
P<0.01). Metabolite analysis (n = 20) was performed by UHPLS-MS (Thermo) using

MassMatrix and Maven (Princeton Univ). Proteomic analysis (n = 6) involved FASP
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digestion and LC-MS/MS, with protein identifications generated by Mascot (v 2.6) and
Scaffold (v 4.8.9) (a of 0.05; fold change >1.5 or <0.5).

Results: A unique uterine microenvironment was observed for RIF patients and negative
implantation outcomes 24 hours prior to an embryo transfer (P<0.05). An interplay of
several biological processes were evident in RIF failed aspirates with a focused interest
on 13 significantly reduced transcripts, 7 significantly increased maternal miRNAs, 12
significantly decreased amino acids and 16 proteins of significantly altered abundance
(P<0.05). Specific examples included decreased expression of PLA2G4D (P<0.0001) which
regulates the eicosanoid pathway, thereby impacting downstream synthesis of
prostaglandins like PGE2. Decreased expression of TET1 (P<0.0001), an epigenetic
regulator required for DNA methylation. Increased expression of miR-17, a known
negative regulator of VEGFA, required for successful implantation (P<0.01). Decreased
guantities of arginine, essential for blastocyst activation and trophectoderm motility
(P<0.05). Lastly, an increased abundance of SERPING1, a protein associated with
inflammation, which regulates complement activation (P<0.05).

Conclusion: Analysis of uterine secretions 24 hours prior to FET, allowed for an in-depth
molecular characterization of the compromised RIF uterine microenvironment and was
predictive of reproductive outcome. The negative influence on key miRNAs and gene
transcription levels, in addition to altered amino acid and protein concentrations, were
all identified as critical contributors to poor RIF outcomes. Ongoing investigations into the
relationships of these molecular networks will lead to the possibility of more effective

clinical interventions for this difficult patient population.
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Jason C Parks, Mary E Haywood, Blair McCallie, Sue McCormick, William B Schoolcraft,
Mandy Katz-Jaffe. Disruption of NFR2-mediated stress response and DNA repair
pathways are associated with limited developmental potential of trisomy embryos.

Presented at 2020 ASRM Virtual Conference.

Objective: Embryonic chromosomal trisomy is recognized as a leading cause of
reproductive failure and pregnancy loss in human reproduction. Interestingly, specific
trisomy’s have differing implantation potential and only a handful of trisomies
(chromosome 13, 18, 21, X and Y) will even develop past the first trimester. The aim of
this study was to investigate the association between the embryonic transcriptome and
a range of embryonic trisomy with differing implantation potentials.

Design: Research study

Materials and methods: Surplus, frozen blastocysts (n = 55) were donated to research
with IRB and patient consent. Blastocysts underwent micromanipulation to isolate
trophectoderm (TE) cells for transcriptome analysis. In addition to euploid blastocysts
(n=17), the following trisomies were identified based on differing implantation potential:
trisomy 7 (n=11) and trisomy 11 (n=5) that are most likely to result in implantation failure,
as well as trisomy 15 (n=11) and trisomy 22 (n=11) which are able to implant but will
always result in miscarriage. Individual TE total RNA (n = 25) was isolated for sequencing
on the NovaSEQ 6000 (lllumina). Reads were aligned to hg38 using GSNAP and only reads
mapping to non-trisomy chromosomes were included in downstream analysis (genes on

chromosomes 7, 11, 15, and 22 were excluded in all samples). Differential gene
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expression was analyzed with edgeR and limma (FDR<5%), and interpreted using
Ingenuity Pathway Analysis (Qiagen). Validation was performed on additional individual
TE samples (n = 30; 6 per group) with gene expression confirmed using Real-Time PCR
(ViiA 7 Real-Time PCR System; P<0.05).

Results: An interplay of several biological processes were evident in all trisomy embryo
groups compared to euploid, regardless of the specific chromosome involved in the
meiotic error, with a total of 389 differentially expressed genes (P<0.05). There was no
enrichment for chromosome type or cytoband. Pathway analysis identified a globally
inhibited NRF2-mediated stress response including validation of the two central players
in the pathway, NRF2 and KEAP1 (P<0.001) and 8 significantly decreased NRF2 targets
(regulating key antioxidant and metabolic genes; P<0.05). CLPTM1L, also a target of NRF2,
was validated showing increased expression that may result in activation of apoptosis
(P<0.05). DNA damage response was also significantly associated with embryonic trisomy
(P<0.05). Specific validated genes included confirmation of significant increased
expression of BRCA2, PALB2 and ATR, all genes that are essential for DNA damage repair
pathways (P<0.0001).

Conclusion: This in-depth molecular characterization of embryonic trisomy concluded
that regardless of the individual triploid chromosome, a globally compromised
transcriptome was apparent. Significant disruption to the NRF2- mediated stress
response and DNA repair pathways were specifically evident in all trisomy embryos, which
explains why the vast majority of trisomy conceptions will have limited potential and

perish during the early stages of development.
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15.0 Appendix 2. Additional publication

McCallie BR, Parks JC, Griffin DK, Schoolcraft WB, Katz-Jaffe MG. Infertility diagnosis has
a significant impact on the transcriptome of developing blastocysts. Mol Hum Reprod.

2017 Aug 1;23(8):549-556. doi: 10.1093/molehr/gax034.

My personal contribution to this manuscript

| worked closely with Dr. Katz-Jaffe and McCallie on this research study by providing input
with regard to the study design and results interpretation. | was also responsible for
coordinating the collection of study materials between the research department and the
IVF laboratory. | also warmed each of the vitrified embryos, confirmed their viability and
finally prepared the samples for storage at -80°C and downstream transcriptome
experiments. This manuscript was co-authored by Blair McCallie and myself, with each

of us sharing first-authorship.
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STUDY QUEST IOM: k the human bastocyst trarsoiptome 2maciated with infertiity dagnoss, specifically: polyarsic ovaries (POO), maie
SUMMARY AMSWER: The glotal blastocyst transoipime was sgnificanty abered in amociation with 2 FCO, MF and UE infertiity
diagnosis.

WHAT IS HMNOWM ALREADY: Infertiity diagnosis has an impact on the probability for 2 suaessiul cutcome following an VT opde
Limied informason & known reganding the refations hip betwesn a specific nietiity diagnoss and bhstoryst transeription durng preimplanta-
tion development.

STUDY DESIGM, SIZE, DURATION: Blasooss creasd during infertity treatment from patients with specic infertity diagnosss
(PCO, MF and UE) were= andyzed for ghbal rarscriptame campared to fertile donor ooy blastocysts (control).

PARTICIPANT 5/MATERIALS, SETTING, METHODS: Suphs cyoprserved blastogss wers domtsd with mtie consent and
institutional neview boerd appronal. Female pafients were <38 years ol with male pafients <40 years old. Blastocysts wene grou ped accond-
ing to infertiity dagnoss: POD (n = 50), MF {n = 50), UE {n = 50) and ferile donor oogrte controk {n= 50). Pooled blastocpsts were sed
fior RINA, isolation follosred by microerray amabyss wing the SurePring 53 Human Gene Expression Microamay. Walidagion was perormed on
sgnificant penes of ineret using real time quan Stative PCR (RT-qPCRL

HMAIN RESULTS AMD THE ROLE OF CHANCE: Trasorptio diterations wens oimerved for 2l infsrtity efologes commred © mn-
trok, nesulting in differen fally epresed genes: POD = 869, MF =348 and UE = 473 (P < 0.05; >2-foid). Functianal annatation of biokogical
and moleoular proceses revealed both Smilarities, 25 wel 25 differences, amss fie ity goups. Al inferility stiologies displayed tran-
soripineme alberations in signal transducer activity, receptor binding, reproduction, el adhesion ad resporse to stmubes. Bastorysts from
PCO patients were ako enriched for apoptotc genes while MF blastocysts displaped envichment for genes nvolved in anoer proceses.
Bastocysts from couples with unexphined infertiity dsplayed trarsoption alerations rebted to varibus disease states, which induded mech-
anistic target of rememydn fmTOR) and adipocptoline sgraling. RT-qFCR validation confirmed diferental gene expres sion for the foliowing
genes BCL2 Bee 10 (BOL2L [0), heat shock protein family A member |A HEPATA), heat shock protein famiy A member |B (HSPAIB), acti-
waiing trarsoription factor 3 (ATFI), fibroblst growth facoe 9 (FGFR, left-right determination factar | (LEFTY 1), beft-right determination fac-
tor 3 (LEFTYZ), prowth dilferiiaton facor 15 (GOF1 5], inhibin beta A subuni (INHBA), adherics jurnetions assocted proten | GAPT)
caherin @ (CDH) anel keminin subunitalpha 4 (LAMA4) (F < 0L05; > 2-fid).

LARGE SCALE DATA: Mot naiabls due o prticmnt privacy.

LIMITATIONS, REASONS FOR CAUTHOM: Bastoryst samples for moroamrayanalyss required pooling. Wihhile this allows for 2n ovenall
average in ech infertiity sticlogy group and cn reduce noxe from smple-to-smple varfation, it ot ghe 2 deiled analse of mch
Basmcyst within the group.
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& Tha Aushor 200 7. Fublished by Oioibed Unveraisy Fras on b balf of the Buropean Socisty of Humin Reprafucsion and Emibrpology. All rights e
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WIDER IMPLICATIONS OF THE FINDINGS: Undefying patient inferility diagnosis has an impact on the blastogst ramsoripiome,
muedifying gene e pression associed with devslopmental competence and implantation potentgal,

ETUDY FUNDI NG AND COMPET ING "m{:}:mmdm“wkieﬁnﬁi‘md_

My words: paycpstic ovares [/ male facoe / unesplained Infertility / tramsorptome / gene expression

Introduction

ThieWarkd Health Orgarizastion (WHO) estimates that one out of sx
coupies shrugghe with infertiity, and the ongre ame aqually distributed
Betwemen male and fermle. Thersare many dferent cuses of infer ity

peEnetic to hormonal and even snvironmantal. YWhen all known sources
fawve besn ruled cut the couple i defined 25 idigpathic or
uneplansd.

Pdiycystic ovary syndrome (PODS) i the most comimion endocrine
dsorder in wanen of reproductive age and a major case of fermls
Bctor nfertility (Sirmans and Pae, 2013) ki the result of hormonal
imimlances, typically exces androgen producton, which ead to e
or imegular ovulation (Krehnan and Muthusam, 200 7). Unfike POCS,
women dagnamed with POD do not have 2 metabolc condifion but
fave ovanies with abnommaly high follicle counts and can still pomes
hormonal imbalances. POD & far mone commen than FODS, affecting
ampwhere from 20% to 30% of the popubtion, and the cames are
largely unknown (Koiwnen et al, | 99). POD mtiens are often infer-
il due 1o dation, fiensby mequiring ART to o
caTiage rates are asocaied with this infertility phenatype, 2 well 2=
decreased ferfimtion after VF, suggesting poorer quality cocyes md
embryes (Hardy et al, 1995).

MF inferility, which & dmost abways defined 2= abnormal semen
armlysis bmsad on WHIO guideine , is solely respomible for 20-30% of
fuman infertiity and & a contributing facor in haif of all couples pre-
santing for ART (Agareal =t al, 200 5). Problemes with sperm produc-
tion can ongnae from many diferent Gotors induding hormonal,
enviranmental and even on a physical level within the testcle, casing
probiems with the seminfeous tubules. Thess whules contain the
Serioli osls that act 2= nourshment for developing germ cells and ame
the location for spermatogeness. Poor semen parametes have been
shown to result in delaped and Giled fertiizaton, as wel as compro-
mimad ambryo dewslopment and quality (Ron-el st al, | 991; anny and
Meneza, 1994).

Uneabined infergity (UE) is diagnossd inabow 15-30% of ifartie
coupies and i difficult to treat bacame the underyng stiolbgy =
wkmown  (Fragics Commitme of the Amescn Sotety far
Repoductive, 20061t & defined ax the nahbility to conoeive after |2
months of regular, wnprotected nbecourse and when all recom-
mended fertiity asmemments Gl to reveal 2y ancrmaly (Quaas ad
Drokras, 2008). Paients can present with wrying infertiity histories
induding muitiple IVF fillures, poor ambryo devslopment, 25 well 2=
lenghy periads of nfertlity. A rermpecive review of 45 studies
found that cuples with this dagnoss have, onaverage, 2 |-9% cance
of aheving pregrancg during any gren menstnel opde without utiz-
ing ART (Guzick et al, 1998). Mevertheles, 40608 will sportan-
eoushy conosive within three years (depending on the female prmer's

T age) and this rate can incease to s high as 75% with the we of ART
! {(Galianc and Pelicer, 2/15). ART techniques can also potentially help
; further addres the case of nfertity n these patents (Le bow fertil-
. izafon mms, emibrpo frapmenaon, 2tnommal cocytes, o) 2z wellas
including, among others, polycystic ovaries (PCO) :d moe e ©
(MIF). Irfrtiity can be the r=ult of 2 variety of problems anging from -
Edﬁhshmmkmmihww
E =t al, 201 3). Both the fiming of the actiation, 25 wel 2 the gynchrony
{ of genes acthated, mast be 2 dy o Bed to prody
© gyst shge embyo that i viable and developmentaly competent for
- mphntaion to eoar (Latham and Schultz, 2001 L. In the mowse mod-
¢ el studies hawe chserved two wawes of embryonic pene Famsoiption,
L the first comeponding 1 zygatic penome activation which oocurs at
: the 1-2 ool soge. and the s=cond ooouring during the monub-to-
- blastocyst transition (Hamatani et al, 2004z). Yhile these tramscrip-
¢ thoml events are similar in the human embeyo, the tming s difeent
I with the zygotic gencme activafion ocouming at the 4-8 ool stage
C (Mizian etal, X2} Any imegilariies during this orifical time can bead
© to emibryos tat am incompetant 2nd unatie to imolant

e High mis- ©

A ferilioed oogpte mast nat only facilitte the syngamy of the male
and femals genomic contributions but ako undergo 2 e of ol b

a biasto-

The imercions betwesn the bimtooest and the utens that et

b in ok imphntsicn are direced by an equally camples molkea-
- lar dialog (Fitsgeraid =t al, 2008). Ulterine receptivity fas besn eden-
¢ sively studied on 2l mobsculer levels, including e cross-talk betwesn
¢ the embryo and endometrium which is quite extensiee and resuls in
b an emvironment ideal for embryo adhesion and phoentation (Mizvet-
© Walencino &t al, 20150 & has also besn shown that vable mouss
¢ embryos hase 2 speciic gene expression profile that favors ubsrine
E attachment and iwasion of the materal endometriom. Chaen = al.
- found that ovarin estrogen indinectly @-ordinates mouse: biastocyst
: adhesion through imegrin activation in the blasocys: (Chaen et al,
T 2017 Addiicmaly, 2 mamemaian medel for Hamooym activty s
E shown that speciic mokoular sgraling directs sither blastoryst agiva-
* Bon or dermancy, affecing implantation compeency (Hamatan etal,
D 20048). Our hbomtory s preiousy meported thmt difereial
Emzhﬂplncbﬂhnngﬂ:m:’mﬂwﬁgmﬁqnyi
: assocated with munine Bastocyst implantation sucess. Spechically,
; higher gene sxpresion of LIDP-GdMAchenGal beta- | 3-M-acetylghi-
: comminyltansfeace § (Bipntf), caudal type homeshox 2 (G2},
¢ mamescderrin {Eames) and wingh i

type MMTY sit= -

L iy, member 3A (Wintla) wers predictive of sustined impantaton
° contrast, decreased gene epresson of Fomes and Wint Ta wens asso-
.:- ciated with absoeption or pregrancy ks and deoreated gene eqres-
: sion of Bipd and Cdel were olmerved with negatie cuttomes
¢ (Pardsetal, 200 1)

There is Bmited nowiedgs of the human preamplantation embrpo

é transoriptome and how it omelaes to pregancy cutbomes. jones
E &t al. samned the tramsoiptome of human trophectodem bopses
¢ and idengfied more than 7000 temopts expremed scheiely n
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Infertlity diagn ass impacts blasincyst tran soiptome

wable bastocysts (Jones et g, 2008). A momre reent study utiied
single-cell AMA sequencing on both human and mowse prsmphnt-
tion embryas to determine a dataset of penes that are mportant for
Puripctency (Bhkebey st ol 201 5). Ongoing rascriptmes ambyss in
our bboraney revealed diffensntal gene exprestion from biachocysts
obtined fram POD women compansd with donor @nrok. Over 800
genes wersfound to be disnupted in these POD blastocysts in addition
to 12 aersd prowen bomareers, demonstrating 2 Ink betwesn
mtent infertiity phenotype :d embryo devslopment (Katz-jafle
stal, WI0L

The objpcive of e present study was to further expione the gobal
tramsariptome of human blsooysts from mitents with diffeding infert
ity etivdogies, spechiclly FCO, MF and UE, to unawer novel bickgicd
mithways msocated with ther nisrtilty tha my influence down-
stream imphnbtion cuboomes. Thess findings wil furfier cur under-
standing of the impart of infertliy diognoses on the ambryonic
molecular signaure at the tme of mplanttion, and may lkead ©
refined lab-based and dinical approaches for improving W outomes.

Materials and Methods

Hurman blastocysts
Surplus, cryopr d, o, fuman bl from IWF patiens
with specific nfertily diagnoses were doraied with Irsttsional Revies
Board {RB) carment All emiryos wene considened o be trandierble quality
with 2 grade of 3B or better on day 5 of embrpe develnpment {Gardner
and Sdhocloaft, 1999). Either siow feeing or vitriication proioamk wene
wsed i cryopreserse the bastocys (Veed: etal, 2004 Kuwayama, 7007)
which were grouped according to 2 single distinet infertlity diagrosis: n = 50
young donar cocyte cantrals with no MF infiestility; n = 50 PCO; 0 = 50 MF
infertilty; and m =50 UE. Every basinorst used in dhis sbudy cume froma dift
fierent patient (ke <38 yars old, made <40 yars dd) and Fl patiens
had suoms il pregrandes from the same WF aohart as the blasinorst used
for research, Pasients diggresed with POD had PCO corfirmed by wikra.
sound but did nat hawe any end ocrine or meabolc dnomalithe, 25 deter:
mined by andmgen kevels, Bstng gumse and irsulin kevek, and ol gucose
tobemnce testing . MF infiertillty patients wese all diagnosed ased on 'WHO
guiddines az olpoasthencterataroosspermia with sperm

Saria Clara, CA, USA). Cramtfication and quality of totd RMA was per-
fiormed wing the High Sengtiity RMA SoeenTape on 2 4200 TapeStation
Sysem (Aglent Tedndogies). Quantification and spedific actwity of
labeled FAMA was dewrmined ubing the hanoDrop®™ RD- 1000 speciro-
photometer (Thermofsher Sdentic). A total of 800 ng of cAMA wa
then applied to the SurePrnt &3 Human Gene Bpression Mormmay con-
taining 50 599 biclogcal features (Agilent Tedhnalogies) per the manuac.
turer’s irstruciors and hybridioed in 2 rogtng oven for 17h at 8570
Aurays were wash ed and then scanned wdinga DA Mooy Scanner C
(Aglemnt Tednadogies). Featre exiracion softeare was wilzed to extract
gene expresson data (Aglent Tedndaoges).

Real-time quantitative PCR validation

RMA was reverse tramorbed wing the High-Capadty cDMA Rewrse
Trarecription e (Thermofgher Scengfic,. dOMA wo diluted 15 n
muclease-free waier and real-@me quanttadve PCR (RTqPCR) wa per
formed flor valldation of specific dfferentally expressed genes identifisd
from: the trarscrpome aralds. Absolute exprection was quantified rela.
thve o 2 standard curee wEng sbpe and POR effidencies, and normaized
m:;hﬂchnhq-gmmmmmaﬁmm
Masier Mo (ThermaoFisher Scien ific) was comiined with 5 pM primes min
and 5 i diluted <DMA fior 2 tonl wolume of 25 pl. The readion was inou-
bated at 95°C for 10 min, fdlowed by 40 grdes of amplificagon & 95°C
for 155 and 80°C for | min with a firal desodaton sage for melt curve
aralyds.

Statistical analysis

Trarecript arabss was performed using G eneSpring software (vershan 7,
Aglent Technologes), ncluding principal component andysis (PCA),
ureuperssed hieranchical ductering, one-way AMNOVA and unpained +bet
with Berfamini oamection (Sgnficane atP < 005). gPCR ama-
hss was performed with REST 2009 software {iagen) whidh uses the
camectinn for et PO efidencies with mean oroesing point deviations
b tesen mmple and control groups © determin e an expresson raio that
is tected for dgrificance by 2 Par Wise Fixed Reallocation Randomization
Test. Signifiance was defined = P 005

Ethical approval

<15 millon//mil, motlity <37% and 4% normal marphalogy. UE infertilty
was defined folivwing 2 neguitvve ferility workup which induded nomal
semaen aralyds, normal owarian recerde fecting and nonmal wberine 2osecs-
men twith noprior falures o missed aborsons.

Blastocyst thaw and RMA isolation

Bastocysts were sther thawed or warmeed using rousne lsbaratary proas -
dures, with an owerdll 95% surdval rate. Bhororyss in eadh dissncr infersl
ity dagnass group were pocled (n = 15 per pool, two podls per goup)
and BMA wx isohted wdng the Pofue BMA  kobton Kit
(Thermofsher Stentiic, Grand khnd. MY, USA) per the manufacdunes’s
instructions with minor modifitatons. Briefly, blxoopsts were foed in
10yl of Baraction Bufer before adding ane volume of 70K edhand and
binding o a2 sia-besed membrane. Samples were then washed and an-
miumn deowgribonucease mewd (Qiagen, Vaenca, CA, LBA) priar to
ehuton in 20y and storage & —80°C.

Miaroarray hybridization
solated RNA from sadh group was rewerse trarsorbed, amplfied and
laheded using the Lowin put QuickAmp Labelng Kit (Agient Technaloges,

Al partidy provédded writhen
appnoved by an irstbutional redes board.

comsent and this study wa

Results

The blastocyst transcriptome according to
infertility diagnosis

The owerall human blstocyst tanscriptome contained 33 587 pene
trargoripts which induded numenee splicing varionts and  molonme,
reweaing |3 136 amnoted genes FCA and unsuperised hisranchical
dhsienng dstnguzhed each of the four bistocyst groups by their
trarscriptome (Fg. 1) The most sgnificant transcripiome vaation
w= oimerved in bbasmcoysts derived from infertie POO patients.
Compared to donor @nirok, sgnficant diferences n ramoniption
(=2-foid; P« 0U05) were obmerved for 869 genes in POO Basmepsts,
348 genes in MF basmcysts and 473 genes in blastooysts from couples
with LIE (Fig. 2. Both upregulation and d ftion were dhserved
in mch goup FOO = 647 incesed, 07 decrmased; MF = 143

| increased, W5 decremsad UE = 305 moemsad, 168 decreced
© [Tablel).
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F
-

Figure | Difierental varscoipome profiles based on infersliny

P Human bastocyst transcrp from un exg nferdl
ity (UE) (lanes | and 2}, polyoystic owaries (PCO) (lanes 3 and 4),
mae foor (MP (anes 5 and &) and conool (lanes 7 and 8)
Ursupendsed hierardhical dustering dearly separaed the tansorip-
tomes of the four growups, with #he most sgniicant varaton in gene
espres sion observed for the PCO group.

Functional annottion of POD blastocsts was pedormed wing
DAMVID (hitps:/ danid nciforf gow)  which revealed signfiant differ-
snices N gene ontology nduding: @l communication, diffesntiaton

and adhesion, reproduction, tramsaption Bador activity, reguiation of -
activity and responss to -
© HSPAIB) (P< QW05 Fg. 3). Blastocysts froem patients with MF infertiity
.:- disphryed an ncresed sprssion of growth differentiating feor 15
i (GDFIS) (P < 005) 2nd the ol profferation reguiator, inhiin bem A
t suburit (INHBA) (P < 0.05; Fig. 4) as cheerved in the microamay data,
- Additiorally, reduced expresio was walidated in MF bastocysts for
fibrobhst growth fucoe 9 (FGFF) P < 0.085), and beft-right determin-
i ation faciors | and 2 (LEFTY T, LEFTY2) (P < 0.05; Fig. 4). Three genes
E wene ako confirmed to hawe reduced expresion in bBlastocysts with
© UE = ohsered n the microamay data: adherens junctions associated

apaptoss, receptor binding, signal tramsdu
hormone stmube. Pathway andyss identified andched biological pro-
ez with aliered transoipts in PCO wersus contrd Blastocypsts (P<
0,05} including gap junction proteins and genes nvdved n pS3 sgak
g, cldum sSgrafing, transforming growth factor (TGER-beta signaing,
iz fidine metholsm and apopiasis (Table [

Transcripioeme amalyss of MF blastocs ts resubed in some mmmon
gene bogy differences in o POO blastocysts hat nduded:
sgral transduction, repuaton of montas, oall adheson, remduc
tion and recepior binding Unique differences were ako observed for

I MF induding: resp
¢ dimerimtion activiy. Pathway anahes of MF wersus control bimtoges
! revesled evichment in TGP beta, ErbB, B ool receptor and GaltH sig-
 naing(Tatlel}

u.

Flgure 1 Vem dogram depicing gene overiap of differantally
expressed transcripts E the inferslity diagy Froups. P < 005,
>bid; onewsy ANOVA and unpaired ttest with Benjamini-
Hodhberg comection. N= 1335 genes.

to stress, regubtion of grows and protein

Functional annotation of UE Bastocysts also had Smilar cuibomes

g to FCO blastocysts in sgral ransducer activity, receptor binding, o=l
i differentiati fhesicn and  morph H—

ducton  and

o

Emmwﬁmhmoﬁnmhedmhm
© incuded: oeidoreductse aciviy, protsn dmerzaton actviy and
© monoosypenase activity. Pathway amalyss of UE versus contrd blasto-
¢ cysts fad some similartes (TGF-bety signaiing and focl adhesion)
: compared to the other two groups but many mare dilsnences inchud-
- ing the aflected patiways type | diobets, anfgen processing, beuko-
© gyte mgtion, autcimmune fipod  dseass sEtemic  upus
: enphematoss, medanistic tarpst of ragmpcn (mT OR) sghaiing and
¢ adipocytokine sigmbing (Table [}

. Microarray validation

¢ RT-gPOR was used to validate $e microarmay data by investipting the
! miRMA expremsion levels of genes ivobeed in stres response, 2pop-
{ toss, ol gowth and adhesion and embryonic develbpment qFCR
- resuls confirmed a Sgrificantly higher expression of the stress semsing
- protein xtvaing ramcripton Bctor 3 (ATF) in PCO blstogss
¢ compared to donor controls (P < (U} and lower leveis of anti-

apoptotic oocyte inherited gene BOL2 ke 10 (BOLILIOY (P < 0.05)
and the heat shock protein family A members | A and |8 (HSPAIA and
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Tablel Significantly altered transoripts and pathways asociated with specific infertility diagnoses.

lindertilicy # 1 Genes (P <0.05; # | Genes (P 0,05
dlagnoss =14 = 1dold)

PO 7 Iz

MF 43 HE

LE 5 (L}

Enriched patisays (P - 005 =2-40dd)

TGF bea ggralng, Erbd ggraing, GrfH ggraing, B ool recepenr dgraling

rTOR sigraling, awsninnm wre Syroid diseace, systemic Lpus
erythurn anos, Type | disbetes andadipacyn e dgraling

I, ol o v PAF, s Facsicr infars ey UE, un ol ifar sy TGF, tran e

g groweh factor, Erb, wpidirml growsh facton. mTOR, meachs e trpet of

rEmmyen

St | e faccd cria-wiy ARIONE s Lo 22 u il o B el el Hochbar g coraction.

EES

ol Duaiaa
IRelaciiz o Cenary

REILE]

1. L .

ERESR L
[l o

al =3 LECRC]

Figure 3 Alered sspresion of genes imvdved n apoptoss and
siress response in PCOD bastogrsts. Quantitve PCR (qPCR) was
pert: d o salicl ate expresdon bsvels of aciating rarsoipton Bo.
tor 3 ATF3), BOLZ ke 10 (BOL2LT ) and heat shock prossn fmily A
members |A and 1B (HSPAIA and HEPAIB) in donor conirol and
PCO blastocpsts with peptidyiprolyl isomerase A [PPIA) transaiption
as the constant intermal referen e gene. A significan t increase in ATF3
epressnn was obseresd, while BOL2 [0, HEPAIA and HEPAIB dis-
played sgnificanty bwer espression in PCO blastocysts, companed
to donar antrals; 4P < U0S; pairsise fsed reallocagon and omiza-
i et

promin | (AWPI), cadherin 9 (CDHT) and leminin suburit 2ipha 4
{LAMA4) (21 P < 005; Fg.5)

Discussion

This study highlghted that the human blastocst ransoipome i Sg-
nificantly impacted by the type of patient infertiity dagnosis (PCO. MF
and UEL. Al firee of the infertility diagnoses shared tanscriptome
alerations, with OO Basiooysts displaping the greatest transcriptomes
varafon An altered biastocyst tamsoiptome has the poential o
et owerall developmental campetencs, contributing to the infertl-
ity observed in mitients with these stologes.

The mpr=sion of genes nvoleed in stres resp

and apoptoss

were sgnificanty difeent in POO blastocsts compmred i donor

controls, suggesting 2 PO emwimoment has a sgnificnt mmect on
the dewdloping blastocyst’s tamoptome, nouding abenions n
stress signaling s and the regulation of apoptais. These find-
ings are consstent with those of Wang etal, who repored differential
expremion of 650 ramoipts in the ovaries of women with POOS
compared to normal ovanes and found Smiler alterations in pathways
iwolved in shress resporse, apoptoss and regubsion of ramsoription
(Wang = al_, 2001 4). A higherexpresion of ATFS and beer expresion
of BOLZLID, HSPAIA and HPAIB in PCD blsiocysts was olserved in
this study compared with donor controle. ATF3, 2 stress sersor,
ncreases pS3 pratein bevels and trarscription of ph3-responsive penes
that result in either coll amest and DIMNA repair orapoptosss (Yan etal,
2005}, thershy maintining DINA inegrity. In the developing embrpa,
highly regubted apoptosic svents are oritical for ambryo homeostats
and survivdl. The BCL2 protsis are both anti- 2nd pro-apoptotic
BCLA 0 & an antiapoptotic cocyie-nherited tramoipt and eimin-
ation of BOLM [0 accslenates oncyte desth (Gullemin = o, 2009)
HSPATA and B are iwolved in ambryonic genome acivation and
decrmsed spression has besn olserved i mammalian amested
emibryas (Le Mamon and Christians, 200 |; Pen 2t al, 2014} Likewise,
e e pression aralbyses of oocyies from FOOS women also revealed
reduced expression n thess heat shodk protess (Wood =t al, 2000,
Dracreasnad ferflimtion raves after IVF 2s well 25 a higher risk of misear-
riage are s ochted with the POD infertiity dagnasis. Altened sqres-
sion bevek of sach o these genes in POD may disrupt the nonmal
babnoe of apoptoss inthe pramplantation embryo, with downstream
corsequencs for mplntadon and dewelbpmental oubcomes.
Blastorysts derived from MF infertility wers sghificantly dteced for
TGF-beta and Erbf sgraling mthways which are crucal during osll
growth and profferation. GDF(S i a gene belonging to the TGF-beta
superfamily and plag 2 role in regulating inflammatory and apoptotic
patways The Noremsed expresion observed for GOF 15 in MF blasto-
Oysts i Esociaed with rumenows disease £ tates incuding nflammation
and oxidatwe stres Lleewize, INHBA, which encodes the ame
TGF-beta supsrfamily of proiing, was also found to have noresed
expresion in MF bistogss. INHBA & a negative reguline of gomdal
stramal @l poleraion, thus excss expresion would kad to
impprapriate decreases in oall proffention which could negtively
et implantation poential Decrexed gene spreton n MF bhs-
tocysts was observed far FGFY, LEFTY] and LEFTYZ FGFY is ivobeed
n mmy binlogial proceses nduding emboyo dewelopnent, o=l
growth and mophogeness. kb has besn found to be requinsd
for stmubting Erkl/2 actvation in diferenfating spermataponia
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.- Figure 5 Alred expression of genes imoleed in cell adhesion and
S8 sion bevels of adherens uncians = sociated prodein | JAAPT), cadber
EE in 9 ({9 and laminin subunit apfa 4 (LAMA) 0 donar consrol
& =t . and UE bastocyss with GAPDH transorpson as the orstant imermal
= rediere noe gene. All thres gen es were significan dy deoeased in espres-
- . -- - sion in UE blastocyss companed to donar controk: 4P < 0L05; pair-
Lo
GAFDHIZE] COTLE T wize fooed redlocaton andomizton st

EnEs

Figure 4 Atered expression of genes imobed n cell growsh and
diffierertiation in MF bhstogrsts. gP(R was performed to validae
expression bewels of growth difierentiation Raor |5 (GDF]5), nhibin
beta A subunit (INHEBY), fibroblast growth fcior 3 (FGFT) and beft-
right determinasion Gciors | and 2 {LEATYT and LEFTYZ) in donar
camtrod and MF biastocyss widh GAPDH tansorpsion as the aasant
imemal reference gene. (&) Expression of FGRY, LEFTYT and LEFTY2
was sgrificrdy lower and {B) GDFIS and WHBA sprifianty higher
in MF blastocyss companed 1o donar controls; 4P < 0005 pair-wise
finoesd realincation and omeation Est

(Tazsnari et ol , 2015). LEFTY proteins ane aitial in sustining pluripo-
tency and implicated n difersntotion of embryonic shem cels
(Khakhali Elis &t ol, 2016 boctive LEFTY fos basn shown to reult
n embryos that become entindy mesoderm and &l to dewdop
(Hemada &t ol , 2007). Foor spanm parameters inMF mtents e cor-
rmebted with fertimtion Billure and compromized emboyo qualty and
development (Loutradi =t al, 2006}, Decreses in the expre=son of
these genes could severdy immct embrye devdlopmental compe-
tenee, which is orucial for implanation.

Important pathways, induding o=l difflerentiaton and morphogen-
=i, reproducton and reponse to stres, wers affected from blasto-
cysts derived from pagents with UE infertiity. These pathways affect
embryo growth and dewlopment a5 well 25 ool adhesion and migra-
thon. Decresed mpreson was obseresd for thres genes mvobeed in
el adhesion and migration: AJAPT, COHT and LAMAL. AAP fos been
olservedto be decrmased in vanious cancers and ineract with fi-cae-
nin anphees thet mpct odl ode unction and apaptosis (Zeng
&t al, 2014). The decreased axpremion observed in UE basoopsts
could hawe 3 negative immct on the olbnoe of apoptoss, posshiy
lmding to napproprise expresion of genes that affect celubr

iwasion. COHE belongs to a fanidly of cel adhesion molscules tat
Fuiri morphogenass and am invived i nrm b Sgmkng pat-
waps (Hablsh and Meisan, 2006). These cadherins ame mesporsible
for cell-odll adhe sion during monula compacdion, naddison o gayng
a role in Gssue and orpn dewslopment (Peyrieras et ol 983
Dierrmased spreshion would nhitit the both ey embrpo develbp-
mant and bter fetl development in utew. LAMA4 & 2 minin that
mediates the attachment, migrationand organizaton of calls into onga-
nized timues during embryonc devslopment. Laminins are vital for
organogeness and fove oiticl funciore N several temues incuding
shin, musdle and vasaubamre [Durbesy, 2010). As the stinlogy of LE
infertiity 5 more ambiguoas, many adverse cuttomes are possbie
induding poor embryn devslopment and WP fiure The decesed
expremed ohsarved in UE bhsmeysts could howe sgnificont come-
| fior embryo mpk and ongong dewelbpment.
The simiarities between all infertiity groups incuded tramcriptome
n sgral ducer activity, peor binding, reproduction,
el adhesion and response o stimule. Thess biological and mokaikr
prooes e are all inter-refated and crucial to ambrpo developmesnt and
implantation, which are procemses daractenzed by cells that proffer-
ate, migrate and attach Faceptors are penenlly tansmembmane pro-
tein miclecubes that bind to Sgraling moleoy ies in response to ederml
stmul. Onee 2 receptor protsin recsves 2 Sgrml, 2 senes of biachem-
il reactions is initated which comveys those Sprals across a cdll, trig-
pering changes in ol funciion o state, loown 2s signal tansduction.
An exarple of this & Hedgehog (Hh) proeins which are expresed
during wertehrate devslopment. Hh Sgrofing hos been obsarved during
embryonic devdopment and fas sgnificance during the growth of
reproductive Emues nduding fie gonad and wiens (YWalterhouss
&t al, 2003). Cellutar adhesion, in which el mteract to attach to a
surfure, reguibbies sgrol tansduction and & an exential process for
emibnys mplantation Nt the ubsrus Ening. |t & therdore not surprsing
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Infertliny diagn oo blasmopmt

that all three infertlity doagnoses shared blastogrsts with transoriptome
alerations in these mportant biodogal and moleoular procestes.
Thee difiemenes betwesn mch infertilty group wens more memark-
able whan studging ter pathway malmes Bl=toogss from women
with POO were anviched for apoptosis. This & in oncordanes with
data publzhed showing fhat owares from women with POD fave
atnanmal apopotic actity and falculogenesis (Cai =t al, 2013} On
the other hand, signaing pafiways fom Hasterysts with MF niergity

infergle men with matuation amest had hyperacive germ cell prolier-
ation 2% 2 resuk of the mhibition of twmor suppresor IBF by it
miscraftMA, milf-383 (Lian e al, 2010). Interestingly, UE nfertility was
enriched for pathways iwobed in mTOR and adipogrtokine sigaling,
both of which are reated to variows disease staies. This could explain
sorme of the difficulties in reatng patents with unknown infertility as
the cause of their repraductive deficiences could be the result of any-

thing rangng from emvimamental to unbnown disexe sk fagors. For ©

smample, aupimmuns deorders, such 2 lupus, lave bean shown &
Camme 3 worman S Immune spEtem to rSect an ambryo, themsby pre-
wenting imphntation nio the uterus (Mofarrad etal, 2013}
Conclusion

This nowsl study suggests that underdying matient infertiity diagnosis

fax an impac on the blastocyst transoriptome, madifying penes that i
: Fragouli E, Mfrasad 5, Spath K, hroudi 5 Samm |, Enceo M, Wels D.

may affect dewelopmental competence and mplantation outoomes.
Ongoing reseanch determining how tasoption alteations are Enked
i inferior pregiancy cutcomes far POO, MF and UE pagents is cuda
to improwing WF success. This & especially true for UE patients, as a
more defined nfertility dagnoss could tanshie no moe argeed
dinal mamgement. Undestanding how diflerent infertiity etidogies

new abontory and dinical fheapies. An example of this gpe of din-
il advancement is the endometrial receptivity amay which idemtifies
endometrial recepivity for mtients with repeated implantation Riure

(Puiz-Abnzo et al, 203} Furher sudics cald Bad o Smiar

advanements, nduding indvidualzed embryo culture systems and
astom stmubtion and frozen embrye ransier protomls, therely
Imiproving cutcomees for these patents.
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Abstract: Advanced maternal age (AMA ) s associated with reduced fertility due in part to diminished
ovarian follicle quantity, inferior cocyte quality, chromosome aneuploidy, and lower implantation
rates. (warian aging is accompanied by increased oxidative stress and blunted anticxidant signaling,
such that antioxidant inervention could improve reproductive potential. The first aim of this study
was to determine the molecular effects of antioxidant intervention in the ovaries and oocytes of
aged mice, utilizing a supplement containing only naturally occurring acai (Euterpe oleracea) with
an oxygen radical absorbance capacity of 208,628 umol Trolox equivalent (TEY100 g indicating high
anticoddant activity. Nine month old female CF-1 mice weme administered 80 mg/day antioxddants
(n = 12) or standard diet (n = 12} for 12 weeks. In the ovary, anticxidant treatment upregulated
afiected cell growth and anticdidant pathw ays (p < 0L05). Exogenous anticeidants also increased
the oocyte expression of anticxidant genes GFX1, S0D2, and GSE (p < (L05). A feasibility analysis
was then conducted on female AMA indertility patients as a proof-of-principle investigation. Patients
(r = 121; <45 years old) consented to recetving 600 mg anticcidants three times daily for =8 weeks
preceding infertility treatment Preliminary results indicate promising outcomes for AMA patients,
warranting further investigation

Keywords: anticcidants; flavonoids; cxidative stress; advanced maternal age; in vitro fertilization;
dietary supplements

1 Introduction

Advanced maernal age (AMA) epmesents asignificant decrease in fertility associated with reduced
ovarian follicle quantity and oocyte quality, increased oocyte chromosome aneuploidy, and lower
implantation rates [1-3]. Aging is associated with an imbalanced redox state in most organs, including
the owaries, with increased mactive cuygen species (ROS) relative to antiowidant signaling [4,5]. In agad
ovaries, this is likely due in part to less activity of naturally cocurring anticidant ereymes [6,7].
Transcriptional changes also contribuge to aging effects in a variety of ways. Specifically, anticeidant
gene exprassion decreases in mouse, nonhuman primate, and human oocytes [5-11], aliered microRMAs
in human blastocysts lead to reduced oxidative defense [12], and granulosa and cumulus cell gene
expression important for cocyte maturation is dysregulated [11,13,14] Aged oocytes are also more
sensitive to oxddative stress and likely require a shift in redox balance toward increased anticeddant
signaling [15].

The relationship between ROS and anticxidant signaling in the ovary is complex. Ovarian
ROS are important mediators of numerous processes incduding ovulation, corpus luteum formation,

Lijfe 2020, 10, 250; doi 10 33y Efe 0l 10350 www.ndpi comyfjournal/life
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and owarian angiogenesis [16-19], but they can also be detrimental to ovarian processes such as
cumulus—oocyte complex interactions and oocyte maturation [20,21]. Therefore, the cormect balance
between ROS generation and elimination is essential for optimal ovarian function and fertility [22].
The aging-assodated decline in fertility has shown cormelation with dy sregulated pro- and antioeddant
sigmaling [11,22,24]. Studies utilizing various animal models of induced owvarian cxidative stress
provide evidence that antioxidant supplementation combats oxidative damage in the ovary [25-30].

In patients with increased levels of cxdidative stress, clinical studies have linked positive pregnancy
outcomes with more robust antioxddant signaling. One such study in patients with unexplained
infertility found that a higher intake of certain antiocidant nuirients was associated with decreased
time to pregnancy [11]. Another study observed a positive correlation between the total antieddant
response measured in maternal blood and pregnancy suecess following in vitro fertilization (IVF) [32].
Consistent with these studies, elevated circulating or peritoneal ROS are associated with idiopathic
infertility [13,34]. Therefore, we hypothesize that augmenting antioxidant signaling may improve
ovarian function and fertility.

The primary aim of this study was to determine the effects of antioxidant treatment on gene
expression in ovaries and oocyies of aged mice. We utilized the naturally occurring acai berry (Enferpe
oleracen) as it comtains flavonoids that are potent scavengers of ooy gen free radicals and ROS, and it
shows therapeutic benefit in several studies investigating aging impact [25,76]. Dietary antiooddant
supplementation was sufficdent to alter gene expression in both ovaries and oocytes. Signaling
pathways that are impacted by aging, ie., antiocxidant and apoptosis, weme altered by antioxddant
treatment. We then evaluated the feasibility of anticxidant administration in patients prior to an [VF
cycle and determined that patients were compliant with the antioxidant regimen, whene it was found
that reproductive outcomes in AMA and younger counterparts wene comparable. We conclude that
anticxidant supplermentation is a feasible and promising strae gy to improve ovarian function during
reproductive aging, warranting further investigation.

2 Results

21. Pathway Analysis of the Aged Murine Ovarian Transcriptome Following Antioxidant Infervention

After 9 months of natural aging, female mice wem fed either a control chow diet or the same
diet supplemented with anticedidants for 12 weeks, after which they weme euthanized for collection of
owvaries and cocytes (Figure la). Murine ovarian transcriptome analysis revealed that, compared to
acontrol diet, anticeddant reatment altered the expression of many signaling pathways in the ovaries of
aged mice as determined by pathway analy sis (Figure 2) of the differentially expressed genes (Table 51,
Supplementary Materials). Anticeddant administration resulted in upregulated p-adrenergic signaling
{dopamine receptor, cardiac f-adrenengic, and cyclin-dependent kinase 5 (CDES) signaling pathways).
Apoptosis signaling w as downregulated (induction of apoptosis via the human immunode ficiency
virus 1 (HIVT) pathway ) with reduced expression of tumor necrosis factor receptor superfamily member
1B (TNFRSF1B). Cell grow th pathways were both upregulated (cyclins and cell-cycle megulation, gap 1
(G1¥synthesis (5) checkpoint regulation, and angiopoietin signaling pathw ays), and downregulated
(ransiorming grow th factor beta (TGF) and p38 mitogen-activated protein kinase (MAPK) signaling
pathways), suggesting that anticecidant treatment promoted cell-type-specific cell survival and growth.

Antioxidant intervention had anti-inflammatory effects by downregulating proinflammatory
pathways (p38 MAFK and B-cell recepior signaling pathways; nuclear factor (NF} kB signaling, Z-score
—0.632). The intervention also had anticcidant effects per microarray findings, i.e, increased expression
of the antioxidant gere PAX4, but did not result in a significant difference by pathway analysis.
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Figure 2 FPathway analysis of the diferentially expressed genes in aged murine ovaries follow ing
anticxidant intervention. Cellular pathways with alkemed expression after antioxidant inkervention
compared to control diet, with p < 0L05 and Z-scope =1 or <—1, ame presented.

211, Differentinl Gene Expression in the Murine Owary Following Antioxidmt Intervention

Effects of anticxidant treatment on apoptosis signaling in the ovary were further investigated by
qPCR (Figume 3a), and the microarray and qPCR findings weme consistent Expression of tumor necrosis
factor (TNF)-related genes was lower after anficecidant treatment as determined by both methodologies.
The microarray did not report levels of the other genes analyzed by qPCR. Differentially expressed penes
by qP'CR reflected a shift toward pro-survival and antiapoptotic signaling. Anticxidant intervention
downregulated the extracellular-induced apoptotic signaling response, with reduced expression of
proapoptotic factors TNF and Fas cell-surface death meeptor (FAS). Intrinsically induced apoptosis
was also downregulated by anticexidant treatment, with reduced expression of the proapoptotic factor
Bel-Z-interacting killer (BIK) and higher expression of pro-survival factors Beld-like 1 (BCLILT), B-cell
Iymphoma 2 apoptosis regulator {(BCL2), and Bel-2 homologous antagonist killer (BAKT ). Consisiently,
expression of the proapopiosis regulator caspase 9 (CASPS) was reduced.

We determined by qP'CR that ovarian signaling components important for redox balance were
wariably affected by antioxdidant treatment, with reduced expression of the anticxidant enzymes
glutaredoin (GLEX), quisscn sulfhy dryl exidase 1 (250XT), and protein disulfide isomerase family
A member 4 (FDLA4), but increased expression of the antiocidant genes glutamate cysteine ligase
modifier subunit (GCLM) and supercxide dismutase 2 (S0D2) (Figure 3a).
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Figure 3. Antioxidant-induced gene expression changes in the aged murine ovary and meiosis IT (MII)
oocytes. Select genes identified as differentially exy d by mi y and additional genes of

interest wer analyzed by gPCR. Data are presented as the fold change (+ fold change range) of gene
expression in (a) ovaries (11 = 12 each) and (b) MII cocytes (1 = 19 each) from antioxidant-treated aged
mice compared to aged mice on control diet. * p < 0.05 by two-tailed, unpaired #-test.

2.3. Effects of Antiexidant Administration on Murine Oocyte Gene Expression
Antioxidant intervention altered the gene expression of factors important in redox signaling in
murine oocytes (Figure b). Expression levels of three important antioxidant genes—glutathione
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peroxidase (GFXT), 5002, and glotathione reductase (GSE}—were markedly higher in cocytes from
mice treated with anticxidants compared to control diet

24 Fensibility Analysis after Antioxidant Infervention

To determine feasibility of the anticeddant intervention in a patient cohort, infertility patients
were administered antiocidants for 8-16 (mean 9.9 + 2.2) weeks (variability due to menstrual cycle
dates), immediately preceding follicle-stimulating hormone (FSH) administration (Figure 1b). Patients
wem aged 38.1 + 3.5 (median 39, range 28-44) years during their anticdidant-supplemented IVF cycle.
The patients had normal ovarian reserves as determined by measurement of antral follicle count
and follicle-stimulating hormone (FSH) on menstrual cycle day 3 and antimiillerian hormone levels
(Table 1). In total, 121 patients were offered the treatment, and all consented and were compliant.

Preimplantation genetic testing for aneuploidy (PGT-A) was performed by array comparative
genomic hybridization (aCGH) or next-generation sequencing (NGS; Hlumina, San Diego, CA, USA)
for detection of whole-chromosome aneuploidy only. Trisomies of chromosomes 15, 16, 19, 21, and 22
and monosomies of chromosomes 15, 16, 18, 19, 21, and 22 each occurred in more than 10% of patients
(Figure 4). In total, 21 patients had only aneuploid blastocysts and did not undergo frozen embryo
transfer (FET; Figure 1b). The IVF cycles that resulied in only aneuploid blastocysts cocurmed in women
who were significantly older than patients who underwent FET (1.5 £ 1.7 vs. 374 + 3.4 years old,
p<0.0001). In patients 39 years or older compared to patients younger than 39, IVF outcomes were
similar apart from euploidy rates, which were lower in the older group (p < 0.0001; Table 1).

Table L. Results of prooi-of-principle investigation

FET Patients <39 Years, # =50  FET Patients =39 Years, 1 =50

Age, years 3M5+24 03+13
Prior failed IVF cycles, 1 (range) 21+ 14(1-8) 19+ 14(1-7)
Baseline ov arian reserve
parameters
AMH, ngfml 29429 2B8+21
D3 F5H, ng/mL B0+34 8d+31
DsAFCH 166+ 83 157+ 45
IVF outcomes
Oocytes collected, n 174+ 83 17492
Total blastocysts, n 50+29 52433
Total blastocysts, % 30.4+141 337 + 183
Euploid blastooysts, i 3019 21+ 16
Euploid blastocysts, %o BB+ 248 34+723"
Embryos transferned 1505 1405
FET outcomes
Implantation rate (FHT) bedli 3 7R3%
MNagative B-hCG 4 (5%) 7 (14%)
Mo iable implantation & (12%) 48%)
Miscarriage 1 (%) 2 (%)
Fetal demise at 3 weeks (e 1z%)
Live birth 39 (78%) 36 (72%)
Twin birth 11 (28%) 9 (24%)

FET, fromen embryo transfer; f-hiCG, B-human choriomic uh'upm.ﬁ.hﬂ-lmhmﬂﬂznmkmm‘qm
l’:iliclz—:timu]aling}m.ﬁ.lﬂ:.mml follicks counk; menstrual cycle day 3; FHT, fetal heart tones; IVE
invitre fertilization. Data are presnted as means = 50 or number (%) of patients. * p < 00001 by wo-tailed,
aripained bost
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Figume 4. Types of aneuploidies in blastocy sts from antiosidant-treated patients (1 = 553 blastooy sts,
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2.5, Outcomes of FET Following Anfiovidont Supplementation

All subjects underwent follow-up after FET procedures, and 75% mesulted in live birth (Table 1).
In total, 99.3% of aryopreserved embryos survived warming and 1.4 = 0.5 embryos were transfermed per
patient according to the physician's direction and their prior infertility history. Cases of reproductive
failure included 11 negative f-human chorionie gonadotropin (f-hCG) measurements, seven biochemical
pregnancy losses, three pregnancies resulting in first-triimester fetal loss (no products of conception
analyzed), and one late-gestation fetal demise due to a placental defect. AMA patients 39 years or older
had promising FET outcomes comparable to good-prognosis patients younger than 39 (Table 1)

3. Discussion

Anticcidant supplementation in aged mice was suffident to impact the ovarian and cocyte
transcriptome, specifically, signaling pathways affected by aging. Infertility patients weme compliant
with the anticeidant regimen prior to an IVF oy de and AMA patients had promising and comparable
reproductive cutcomes to their younger counterparts. These findings support our hypothesis that
reduced antioxidant signaling in the aged ovary can be ameliorated by exogenous antioxidant
intervention o enhance reproductive potential

Follow ing anticexidant administration, the murine ovarian transcriptome reflected an enwvironmeent
with enhanced cell survival and p-adrenergic signaling, decreased apoptotic signaling proinflammatory
pathways, and aliered antioxddant signaling compared to control aged mice. Upregulated p-admenergic
signaling may contribute to improved ovarian function through changes in follicular development
and hormone secretion [37-39], particularly since ovarian sympathetic nerve activity may decline with
ovarian aging [20]. The anti-inflammatory effects of anticeddant reatment are consistent with previous
reports [£1]. Further cell-type-specific investigation into the effects of antioxidant treatment on redox
regulation in the ovary is warranted, given that some antioxddant enzymes were upregulated while
others weme downregulated. A recently published study of nonhuman primates provided insight into
ovarian celk-type-specific changes in gene expression with aging [11] and eported increased apoptosis
and reduced anticxidants in the ovary, which they localized to granulosa cells. The aged mice in
this study showed a similar phenotype to aged nonhuman primates, and antioxidant intervention
was sufficient to alter the cellular processes most influenced by aging, ie., apoptosis and antioxidant
signaling. In the whole ovary, the expression of important anticxidant genes was upregulated,
including GCLM, the modifier subunit of glutamate cysteine ligase (GCL). Decreased activity of GCL is
associated with increased oxidative stress and aging-relaied diminished function in the ovary [42]; thus,
we speculate that increased GULM expression reduces cddative stress and improves ovarian function.
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In murine cocytes, expression of key anticxidant genes SODZ, GFX1, and GSE was markedly
higher after reatment. Disrupted redox balance associated with aging reduces oocy te competence [22]
such that increased expression of these genes in cocy tes of anticvddant-supplemented mice could lead
to restoration of quality and future developmental competence. Supercwide dismutase is important
in meiosis for maintenance of sister chromatid cohesion necessary to prevent segregation etrors
and aneuploidy [43,44]; thus, its upregulation following anticcidant intervention could reduce medotic
errors. Glutathione peroxidase activation in oocy tes has also been associated with enhanced embryonic
development [45,46]. The importance of increasing antioxidant enzyme epression in cocytes was
highlighted by a recent study that reported downregulation of these genes (including GFX1 and G5SE)
with aging in the ococytes of nonhuman primates [11]. Bestoration of redox balance in the cocyte
may be beneficial for maintaining correct epigenetic signatures which are important for euploidy,
fertilization potential, and embryo development [47]

Omn the basis of these observations, infertility patients weme recruited for a proof-of-principle
investigation of anticxidant supplementation prior to an IVF cycle to analyze its feasibility. In AMA
patients 39 years of age or older compared to their y ounger counterparts, IVF and FET outcomes were
similar with the exception of aneuploidy rates that were higher for the AMA patients, as extensively
documented in the literatume [45]. The 21 patients who did not undergo FET due to aneuploidy were
significantly older than the anticddant-supplemented patients who underwent FET (415 = 17 ve 37.4
+ 3.4 years old, p < 00001} There was a lack of euploidy in 17.4% of patisnts, which is in the expected
range for women of this age (36.7 + 37 years old, n = 121) [49]. Thus, anticxidants did not negate
the kmown effect of adwv anced matetnal aging as women enter their 40s as the most significant risk factor
for chromosome aneuploidy. The antioddant regimen was not detrimental to IVF outcomes, as live
birth rates were comparable to typical rates at our clinic and even epresent possible improvements [50].
The preliminary findings of this proof-of-principle investigation provide rationale for future studies on
the efficacy of anticeddant intervention.

Cur findings may have broader implications for anticxidant administration in additional
populations. For example, there was elevated anti-inflammatory gene expression in the ovary
with antioxdidants, sugpesting that patients with pathologic ovarian inflammation may benefit from
antiedidant treatment. Inw omen with obesity and/or polycystic ovary syndrome, there is evidence that
chromic, low-grade inflammation and ocidative stress in both ovarian follicles and the endometrium
contribute to anovalation and implantation failure, indicating that these groups may benefit from this
intervention [51,52].

There is robust evidence that an imbalanced redox state contributes to the effects of aging, and that
oxidative stress and aging are associated with lower fertility. So far, there is a lack of knowledge of
the benefits of anticxidant treatment in the preconception period on assisted reproductive technology
outcomes. In an aged murine model, antioxidant treatment positively impacted ovarian and oocyte
signaling pathways impacted by aging. When the antioxidant supplement was administered to AMA
patients prior to an IVF cycle, reproductive outcomes were similar to those in younger counterparts.
Anticxidant supplementation is a promising strategy to achieve optimal ovarian function and oocyte
quality, warranting further investigation.

4 Materials and Methods

4.1. Murine Antiocxidant Infervention Profocol

Female cutbred CF-1 mice (Charles River, Wilmington, MA, USA) were housed with a 12 h
light/dark cycle and ad libitum access to standard chow diet and water  All animal procedures
and protocols were completed in accordance with the Guide for the Came and Use of Laboratory Animals
(Bth edition) and approved by the Fertility Labs of Colorado Ethics in Ressarch Committes. Mice were
naturally aged for @ months prior to an antiocidant diet intervention of 80 mg acai daily for 12 weeks
n=12; Figure la). The agai anticxidant supplement was sourced from a commercial manufacturer
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and contained only the naturally occurring agai berry from the palm tree Enferpe devacen. The agai
pulp underwent nonthermal dehydration and packaging into vegetable-based cellulose capsules
(Ecofruits International Ine., South Jordan, UT, USA ). Chemical analysis of the lot by the manufacturer
reported a total polyphenol content of 6618 mg gallic acid equivalent (GAEY100 g, an oxygen radical
absorbance capacity (ORAC) of 208,628 pmol Trolox equivalent (TEY'100 g, and negligible microbial
contarnination. Control mice (n = 12) meived the same balanced nutritional feed but without the agai
supplementation. After 12 weeks of the anticxidant intervention or controd dist, mice wene euthanized
by cervical dislocation for immediate collection of ovaries or oocy les.

For cocyte collection, mice were superovulated with 5 IU pregnant mare’s serum gonadotropin
(Sigma G-4877, 5t Louis, MO, USA) followed 48 h later by 5 IU WCG (Sigma CG-5). Then, 23 h after
hCG administration, animals were euthanized by cervical dislocation, and oviducts were immediately
dissected from the abdominal cavity. Cummulus oocyte masses were then isolated from the ampullae in
G-MOPS+ (Vitrolife, Stockholm, Sweden) and exposed to hyaluronidase (Sigma H-3757) to denude
the cumulus cells and isolate the oocytes for collection.

4.2 Murine RNA Isolation, Transcriptome Analysis, and Quant #ative Real- Time PCR

Murine ovaries were harvested from 12 month old mice, and RNA was isolated using
the RNeasy mini kit afer homopenization with the QiaShredder (Qiagen, Germantown, MD, USA ).
BMA analysis was carried out with CodeLink™ Mouse Whole Genome A rray (A pplied Microarrays,
Tempe, AZ, USA) and Ingenuity Pathway Analysis (Qiagen).

RNA was isolated from oocytes in meiosis II {MII) using the PicoPure™ RNA Isolation Kit
(Applied Biosystems, Foster City, CA, USA) with minor modifications to the manufacturer’s protocol.
Briefly, oocytes were lysed at 42 *C for 30 min in 10 pL of extraction buffer One volume of 70% ethanol
was mixed with each sample prior to loading onto a preconditioned purification column. Each sample
was on-oolumn deoxyribonuclease-treated at room temperature for 15 min (Chiagen). A fter several
washes, RNA was eluted in 20 uL of elution bufier

For microarray validation and further gene expression investigation in ov aries and MII occyte gene
expression, reverse ranscription was performed using the High-Capacity complemnentary DNA (cDNA)
Reverse Transcription Kit (Applied Biosystems). The same extracted ENA samiples weme used for both
owarian microarray and gene expression. The cDNA was diluted (1:4)in 1= Tris-ethylenediaminetetrascetic
acid (EDTA) buffer prior to performing quantitative reverse-transcription PCR (RT-qPCR) on the 7300
Real-Time PCE. Systemn (Applied Biosystems). Here, 3 pl of diluted ¢DNA was combined with 5 uM
primer mix and Power SYBR™ Green PCR Master Mix (Applied Biosystems) in a 15 ul final vohune
and amplified under the following thermal cycling conditions: 95 “C for 10 min, followed by 40 cycles
at 95 *C for 15 5 and 60 “C for 1 min, and a melt curve stage at 95 *C for 15 5, 60 *C for 1 min, and 95 °C
fior 15 5. Gene primers are described in Table 52 (Supplementary Materials). For each target gene, relative
expression to the stable intemal housekeeping gene ribosomeal protein 119 (RPLI9) was determined for
mice was determined using the T44CT mathod.

4.3, Fensibdity Analysis of Antioxidant ntervention Protocol and Ouufcomes

A total of 121 patients undergoing IV F with autologous oocy tes consented to participate in this
proof-of-principle investigation. All female patients wene <45 years and their partners had no severe
male factor infertility or requirement for surgically removed sperm. Patients provided informed
consent (Health One Institutional Review Board, protocol no. 3507 63-4) and weme not compensated for
their participation.

The intervention protocol is described in Figure 1b. Routine IVF protocols were followed as
described previously [53]. Patients were administered antioxidants—the same acai supplements
described above—orally in 600 mg capsules three times daily according to the variable reported
doses of agal pulp administered [54], and compliance was assessed by subjects” verbal confirmation.
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The duration of intervention was B-16 (mean 9.9 + 2 7) weeks (variability due to menstrual cycle dates),
immediately preceding FSH administration. Standard protocols were followed for ovarian stimulation,
IVE, and PGT-A.

The primary patient outcomes were indicators of ovarian function and oocyte quality, ie,
the number of oocytes retrieved, blastocyst development, and blastocyst euploidy.  The patients
underwent follow-up to determine subsequent reproductive outcomes.

4.4 Stafistical Analysis

Murine microarray data weme analyzed by Ingenuity Pathway Analysis (Qiagen) and pathways
with p < .05 and Z-score >1 or <—1 are eported. Murine qPCR data are presented as fold change
compared to control + the fold change range. Statistical analysis was performed using REST 2009
softw are ((Hagenm which uses PCR efficiencies and mean crossing point deviation between the sample
and control groups ko test for significance via a Pair-Wise Fixed Reallocation Randomization Test®
(significance at p < 0L05).
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Table 52 Primer sequences for quantitative real-time polymerase chain reaction of ovarian and cocy e genes
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ROS Reactive ooy gen species
IVF In witro fertilization
CASP9 Caspase 9

CDES Cyclin-dependent kinase 5

HIV1 Human immunodeficiency virus 1

TNFESFIB  TNF meceptor superdfamily member 15

TGER Transforming growth factor beta

MAFEK Mitogen-activated probein kinase

NF-xB Muclear factor kappa light chain enhancer of activated B cells

PAXA Paired bos gene 4

THE Tumer necrosis factor

FAS Fas cell surface death receptor
BIE Bel-Z-interacting killer

BCLz2L1 Bel-2-like 1

BCLz Bcell by mphoma 2 apoptosis regulator

BAK1 Bel-2 homologous antagonist killer

GLEX Glutaredoxin

Q501 Quiescin sulfhydryl osidase 1

DAL Protein disulfide isomerase family A member 4
GCLM Glutamate cysteine ligase modifier subunit
5002 Superoxide dismutase 2
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GFX1 Glutathione peroxidase

GSR Glatathions reductass

FsH Follicke stimulating hormone

FET Frosen embryo transfer

PGT-A Preimplantation genetic testing for aneuploidy
aCGH Array comparative genomic hybridization

Mext generation sequencing

B-hCG Beta-human chorionic gonadotnopin

ORAC (hey gen radical absorbance capacity

TE

Trolox equivalent

RPL19 Ribosomal protein L19
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Abstract

Epigensatic mechanisms such as DMNA methylation regulaie genomicimprinting and account
for the disinctnon-equivalence of the parental genomes in the e mbryo. Chromos.omal
ansuploidy, 2 major cause ofinfertility, distorts fhis highly regulsted disparity by the pres-
ence or absence of chromosomes. The implantation potential o f monosomy embnyos is
negligible compared o their tisomy countenparts, yet the cause for this is unknown. This
study investigated the impact of chromosomal aneuploidy on strict epigenetically regulated
domains, specifically imprinting confrol regions presant on aneuploid chromosomes.
Donated cryopreserved human IVF blastocysts of ransfe rable quality, including tisomy 15,
tizomy 11, monosomy 15, monosomy 11, and donor oocyte control blastocysts wene exam-
ined indhvidually for DNA me fylation profiles by bisulite mutagenesis and sequencing anal-
ysis of two matemally methylated imp rinting controd regions (ICRs), SNRPN (15911.2) and
KCNQT1O0TT (11p15.5), and one patemally mefylated imprinting control region, H19
(11p15.5). Imprinted genes within the regions were also evaluated for transcript abundance
by RT-gPCR. Owerall, statisfically significant lypemeathylated and hypomethyiaied ICRs
we e found in both the risomy and monosomy blastocysts compared to controls, restricted
only to the chromosome affected by the ansuploidy. Incressed expression was observed
for matemally-expressed imprinted genesin fisomy blasiocysts, while a decreased expres-
sion was obsaned for both matem ally- and patema ly-expressed imprinted ge nes inmono-
somy blasiooysts. This epigenetic dysregulafion and altered monoalielic expression
obsarved at imprinting con ol regions in aneuploid IVF embryos supports euploid embryo
transfer during infertility treatments, and may specifically highlight an explanafion for the
compromised impl antafion potential in monosomy embryos.

PLOS ONE | DOk 100 137 1o snal pone (01 56980

Juné T, 2016 1718
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Introduction

Embryonic chromosomal aneuploddy ks a major cause of hurman infertility, and lkely contrib-
utes to most Fadled conceptions, both natural and IVE. As the most corm mon ¢ hrom osome
abnoreality in human reproduction, it 1s the leading source of miscarriages, stillbirths, and
congenital birth defects [ 1], a5 well a5 the lurgest underlying basis for embryo arvest and
irplantation falure [2]. Over half of early hurman IVF embryos are estimated to be affected by
whaole chromosome imbalances While it is difficult to definitively decipher the precise fre-
quencies of melotic and mitotlc origing, it is known that the vast majorty area result of mater-
3l melotic errors in the oocyte, followed distantly by mitotle errors post-fertilization, having
paternal melotic errorsin the sperm occurdng at the lowest frequency [3, 4]

Ansuploddy can affect any of the twenty-two autosome pairs and the two sex chromo-
sormes. However, trisomy and monosomy errors comprom e embryonic development by 8if-
ferent means. TAsomy errors involve the gain of 2 third additional chromosome. Many of the
smallersize tisomies will successfully implant, but contribute to pregrancy loss, and anlya
heandful can resch live birth induding the widely characterized Down Syndrome (Trisomy
21). Monosomy errors involve the loss of ane chromosome from a pair. These embryos pre-
dominately do not implant, and rarely resch clinlcal pregrancy, having Tumer Syndrome
(X0 the only full monosomy that has the potential to develop to term. This significant dis-
parity reported between pre- and post-lmplantation frequencles for monosomy embryos has
recently been tallied, with 45.7% of preim plantation monosomies in blastocysts reduced to
6.3% of post-im plan tation monosomles in spontanecus abortuses [5]. The cause for this
commp rom ised implantation potential for mo nosomy embryos compared to thelr trisomy
counterpans i unknown. An increasing mumber of aneuploddy studies have proposed a rela-
thorship between choomosome imbalance and epigenetics, though cause and conseguence
are still undetermined [&-12].

Epigenetics describes the chromatin mod fications that alter the accessibility of genesand
regulate gene expression [13] These chromatin changes allow cellsto madntain difle e ntial
expression despite containing the same genomie material [14]. Gametogenesds and eady
embryogenesis are critical stages in which genome-wide eplgenetic transitions required for
early mammalian development are orchestrated [ 15].

The epigenetic phenomenon known a5 genom ke imprinting restricts gene expression in the
ermbryo to one of the two parental contributions. Disruption to this highly regulated process
can lead to developmental and neurological disorders such as Beckwith-Wiedernann Synd rome
(BWS), Angelman Syndmome (AS)and Prader-Willl Syndrome (PWS), which are characterized
by genetic and eplgenetic erroms at the KCNQIOTI (BWS), H19(BWS) and SNRPN (AS and
PWS) lmprinting control reglons (BCRs) [L6-22]. Eplgenetic mechanims, induding DNA
methylation, are crtichal for maintaning genomle imprinting regulation. The hypothesis s
that chrormoso mal aneuploldy distorts this highly regulated disparity, with some evidence
observed in neoplasts [£ 23],

Our previous investigat lon of epige netlc modiflers uncovered a hypomethylated state and
reduced gene expression Bmited to the monosomy chromosome [24]. To further analyze the
eplgenetic effects of aneuploldy, in this study we compared the imprinted DN A methyation
profiles and impdnted gene expression levels of three ICRs, SNRPN, H19 and KCNQIOTL, in
individial aneuplold Blastocysts. Consistent with our expectations, trisemy and monosomy
blagtocysts had both hyper- and hypomethylated imprinted DN A reglons and altered
imprinted gene expression when compared to conteols. Our results indicate that the dysregula-
tion of genomide imprinting in aneuplold Blastocysts, specifically the altered imprinted methyla-
tion leading to decreased gene expression observed in monosomy embryos, may contdbute to

PLOE ONE | DOE 10137 1§oumal pone 01 56980  Juna 7, 2016 2718
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their reduced implantation potential and support euplodd embryo transfer followlng compre-
hensive chromosome screening in IVE cyces

Materials and Methods
Surplus cryopreserved human blastocysts

e hundred and thirty five patients who had undergone fertility treatments at the Colorado
Center for Reproductive Medicine (COCRM) dorated & total of 170 cryopreserved hurman blas-
tocysts. All blastocysts were viable and morphologically graded as high transferrable quality
=3BB an Day 5 of embryonic developrment [25]. Com prehensive chromosome screening
(CCS) was performed by our in-howse genetics iboratory at QCRM as previously described
[26]. Tesomy 15 {n= 30}, monosomy 15 (n = 30, trlsomy 11 (n = 30), monosomy 11 (n=35),
and donoroocyte control blastocysts (n=45) were amalyzed Blastocysts were divided between
two experimental models, either imprinted DNA methydation analyss or imprnted gene
expression analysis, as described in Table 1

Ethics statement

Ethics approval was obtained from our associated HCA-HealthONE Institutional Review
Board and Western Institutional Review Board. All patients provided informed written consent
for their blastocysts to be wed in this study and gave permission for researchers to access medi-
cal records to obtain embryology and CCS results.

Imprinted DNA methylation analysis by bisuffite mutagenesis

Bisulfite mutagenesis and donal sequencing of individisal huran blastocysts was performed as
previously described [ 27, 28]. Befly, warmed blastocysts were embedded in 2 2:1 low melting
point agarose and lysis mibcture and incubated in SDS lysis buffer overnight in 2 50" Cwater-
bath. The following day, the samples were immed st ely processed for bisulfite mutageness or
frowen at (-20°C) for a maximum of 5 days. To process, samples were fist incubated at 90—
95°C fior 2.5 mimutes and were then denatured for 15 mimutesat 37°C in 1 ml of 010 NaOH
Bisulfite conversion occurred in 500 pLof 2.5M blsulfite solutlon under mineral of ina 50°C
waterbath for 3.5 hours. Desulfonation of samples took place at 37C for 15 mdmustes in 1 mL of
0.3 MNaVH, and the samples were then washed twice in 1 mL of TE buffer and twice in 1 mL
of HaO) with shaking

Table 1. Summary of biastos ysts divided among exper mental procedures.

Experiment Embryas Mumbser of Blastocysts Humber of PaSents Mean Matenal Age Mean Patemnal Age
Contmks ® 13 Donae, <33 WTLED
mpdnted Tésomy 16 20 20 W5238 00285
DHA Tésarny 11 = = MWT 240 Wosaa
Matyistion Monosamy 15 = = MWIsda wos4aa
Monosamy 11 = = W00 BT 46
Conimk 10 2 Donae, <33 WAL1E
ot Tézamy 15 10 10 05101 8288
Gena Tésarmy 11 10 10 Wizda WILES
Exremsan Monosamy 15 10 10 412223 MAL86
Manosamy 11 10 10 M9s12 oasa2
ok 10137 Vpur ral e 58880 001
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Table2 PCR rimers and parameters for bisullite muia genesls.

Lvours: Gana Primar Nama Primar Sequanos |§'-37] Sira bp) Cp ) SNPs REF
T5gT1.2 SNRPN SNAPN-OF TAGTEI TETECEETTTTAGEE art 24 A=220028 {4l
Lk 1384 SHAPNIF MCGENGCENETTCRGRTTT G [@48%)
SNAPN-A CRCARCARCHRARCCTCTARACATTC A (T52%)
SNAPN-OF TACCCACCTCCACCCRTATC
fipl&55 MG HI9-0F AATARTGACGCTGTITTRGTTITATECATG £F] 14 R=007 1004 L7, 2]
AT HISF TIGETTCTACTTGIGEAT C BE4%)/
HT9-A ACTCCTATRAATRTCCTATTOCC AR A TARCTOD A (3 6%
H13-0R ACTTARATOCCARACCATARCACTAARAT
Hpl5s KCNGTOT? KCNQIOT HOF TETTTI TG TACTTTATATGEARGEETTAR 25 2 AsSETI4313 22 0]
(LEO0EE) KCNQTOT HF CITRAGGCAMCTTTTRGGGTCTGANT G @40%) /
KONQTOT HR KARCHTACCHRRCCROCCROCTARCARR A (B0
KONQIOTHOR  CTCAOCCCTARARACTTARRACCTS

OF = outer farward pdmer, IF = innar fosward pdmer, IA = inner reverss pimer, OF = ouler revesa primar

B4°C for 10 min, 55 cyches of (94°C for 15580,

56°C for 20 sac, 72T for 20 sac), T2°C for 10min [27]

b1 BT Vpurralpora ) A0 002

For the first pound of nested PCR amplification, the agarcse bead was added directly to a
Hot Start Ready-To-Go (RTG) (GE Healthcare) PCR bead that contained 0.5 pL of each 10 pM
gene-specific outer primer, 1 gL of 240 ng/ mL transfer BN A and water up to 15 pl. For the sec-
ond round of nested PCR amplification, 5 pL of first round product was added to a fresh RTG
bead mixed with 19 uL water and 0.5 pLof each 10 pM inner primer. The SNRPN, H19, and
KCNGQIOTI PCR bisulfite primers were described previously [ 7] and canbe fund in Table 2,
Both outer and inner PCR reactlons were performed as previeusy described [27]. Following
the second round of PCR amplification, samples were gel extracted, ligated into the pGEM-T
EASY vector systemn (Promega), and transformmed inte Z-competent DH5a Bscherichin alf
cells (Zymo Research). Following colony PCR amplification, 30 pL of indivdual clone samples
were sent for sequencing at Blo Baske Inc. (Madcham, OMN, Cansda).

Approxdmately 25-35 clones were sequenced per blastocyst per gene. Methylation patterns
were determined uslng two online software programs (BISMA and QUMA). ldentical dones
were considered to be representative of one individual DNA steand, and thus were Included
onlyonce in each blastocyst DN A methylation fgure. Total DN A methylation for each gene
was calculated a5 a percentage of the total mumber of methylated CpGs divided by the total
nurnberof Cpl dinudeotides. When present, total DNA methylation for each single nudeo-
thde polymorphisem (SNP) was calculated separately. For simplicity of analysls, any monosomy
blastocyst containing more than ene parental SNF within a gene was discarded from the study.
Student’s t-test was used to examine sgnificance for methylatlon between aneuplold and con-
trol Blastocysts. A p-value of < 0,05 was considered to be statistically significant.

Relative imprinted expression analysis

Total RNA was bolated from individual whole blastocysts foramlyss of ge ne transcrpt abun-
dance as previoudy described [31]. Briefly, usng the PlooPure RN A eolation Kit (Molecular
Dievices), blastocysts were lysed, treated with RNase-free DNase 1(Qiagen), washed twice, and
eluted in 20 pl eution solution. To generate cDN A template for real-time PCR, mverse tran-
scription was performed wsing the High Capacity Reverse Transcription cDMNA kit (Applied
Biosystems]).
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Table 3. Ex and PCR e

Locurs Gane Primer Name Frimear Sequance (537 Siee by

15g11.2 ENAPN ENAPNF OCATATTOCACTACOCACTAR a4
{HM_003097.3) SNAPN-R CAATECARGCTCEGCACAR
LUBERA LBEIA-F CRARAATGECCCRGACRCAGR 118
(NM_D00S62.3) UBEIA-R ACGTEATGEUCTICARCARTC

Tpl A5 H® H18-F CRACTEAATGRCTCTCAGE 308
(NA_D02 96.2) H18-7 CTAMETCTTCACCARCGOT
KCNOTOT? KONQTOT-F ARARCCTCOCARNCCRAOCRA B4
(MIR_D0:2T28,.3) KCNGTOT R CECTOT TG TARETACA
CDKNTC COKNIC-F ECCTCTGATCICCGRTTTC &7
{MM_D000TE2) COKNIC-F ACATCECCORROGACTTC

13 PPiA PRlA-F CTTICCCTCCACCARTCS 59
(MM 001200981_1) PPLA-R TICTOCACACTCRGCARTCE

F = forward pimas, Al = smvanse prmer.
85 ¢ for 10 min, 40 cycles of @B5°C for 15 sec, BIFC for 1 min), 85°C for 15 sec, 80°C for 1 min, 85°C for 15 58, 80°C for 15 sec

hEIL 7 Vpur mlprea i SEED 003

Quantitative real-time FCR was performed using the ABI 7300 Real Time PCR System with
the Power 5YBR Green PCR Master Mix (Applied Biosysterns). The quantification of two
genes for tAsomy 15 and monosomyy 15, SNRPN and UBE3A, and thee genes for tdsomy 11
and monosormy 11, H19, KCNQIOTT and CDENIC were calculated relative to the housekeep-
ing gene, PFIA (7p13), which displayed comparatively constant levels of transcription in every
sample, and compared to donor control blastocysts. Expression primers and PCR parameters
are putlined in Table 3, all primers were designed ln-house except for HI9 [32]. The PCR reac-
thon efficlency recorded B values = (.95 and the correlation coeflclent was calculated to be
=99 Statistical analysls was performed using the Relative Expression Software Tool (REST-
ANA) (Cagen). REST software determines an expression ratio that i tested for sign ificance by
a Palr Wise Fixed Reallocation Randombzation Test [33]. Samples with p<{.05 were congd-
ered statistically significant.

Results
Blastocysts andimprinting regions

A total of 170 cryopreserved blastocysts were domated with TRB and patlent consent, 45 were
donor eocyte control blastocysts, while the remalnlng 125 were aneuplold blastocysts divided
between tsomy 15, trisomy 11, monoso my 15 and monosomy 11. A summary of the distrbuo-
tion of blastocysts among expedmental procedures, along with mean maternal and pate mal
ages are outlined in Table 1.

Three defined ICRs were selected for investigation; the SNEPN ICH, located on human
chromosome 15q1 1.2 and the HI9and KCNQIOTT ICRs located adjacenly on human diro-
mosorne 11pl5.5 The SNRPN and KCNQIOT! I1CRs are maternally methylated in the oocyte
and patemally expressed from the unmethylated sperm contribution. The HI9 ICR is reversed,
patermally methylated in the sperm and maternally expressed from the unmethylated oocyte
contribution. A single nucectide polym orph ism (SNF) was present in all three am plified
reqlons, but at different frequencles: SNRPN SN G (B4.8%) / A (15.2%) (RsZ20029), H19 SNP
Cloa4%) | A(33.6%) (R20710M), and KCNQIOTI SHNPG (94.7%) / A {6.3%) (Rs56134313)
(51 Table).
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Imprinted DNA methylation in control blastocysts

Each control Blastocyst displayed diplold chromosomes representing one inherited meth ylated
allele and one Inhedted wnmeth flated allele at all inprinted reglons (Flg 1a-1c). Analyss of
the twen ty blastocysts e xsamined at SNRPN revealed an average methylation of 53.7% £ 3.0%.
Hi9had an average methylation of 47.3% = 5.0%, while KCNQIOTI had 50.6% = 4.2% average
methylation. To summarke, all control blastocysts examined had a DN A methylatlon profile
range that was comparable to the expected fifty percent methylation for diplokd chromosomes

{Eig 1d. 51 Fig, 5 Table).
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Fig 1. Imprinted DMA me tylation profiles of contrel ysts. Black dots reg i ylated CpiGs, white dots mpresant

unmafytated CpGs. Tha SNIP localion s indicated by an arcwhasd . WAT™ repssen i ths matesal cocyle-contribuied alels; PAT
répresants fa palemal spesm-contribu led alisis. A) Diagmm of $e SNAPN ICA amplified mgion analyzed an human chomosome 15411 2
[(Gn Bank: L 1350) in contmol biastooyste, a 371 bp moion consising of 34 ascaeshls Cple and a GIA SNP [Ae220029). The SNAPNICH
ismal amally meSyialed Appraxmately 50% maSylslion isexpecied, darved fram one MAT alldie and one PAT alals. B) Diagmm of e
HT9ICR amgified smgion analyzed on human chramosame 11p1 5.5 [GenBark: AFGAT017)in contmol Bastocysts, a 170 bp mgion consisting
of 14 assassshis CpGsand 8 AT SHP [R=2071094). The HT9 ICRiS palemally matnylaed. ngmmmnwn
dedvad inmons MAT alisle and one PAT allsle. C) Diagem of the KCNQTOT 1 ICRampified mgion analysed on human chomosomea

111 A5 [GanBark: L90095) in oonbnl bisiosyste o 965 by region consiling of 22 scescsbie Cpla and a GO SHP Ae5612413). The
KCNOTOTT IR rmatarmaly mendated Appsxmstaly S0P maykaon it exmecied, deived from one MAT aleis and one PAT alisle. D)
Surmmarny chan of parcent methylalion in al contral blasiocystsal e SNRPN [n =20, H19 jn = 20), and KCWOTOTT {n = 20)1CRs. Each
white diarmond repessents e meth yiaon pencent age for one individual contral Blastocyst per ICFL Avesage pencen! meSylasion ko each
cahon s indicated sbave aach gans. Methyiasion dot disgrams forindividual cantral Bastocysts can ba found in 51 Gy, and a summasy cn
be foundin 52 Tabia.

A0 17 Vasmal peve 0 BN G001
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Imprinted DNA methylation in trisomy blastocysts

At imprinted reglons, a trisomy chromosome is represented by one inherdted methylated allele,
one inherited unmethylated allele, and a thind inherited allele with unknown orgin and subse -
quent unknown methylation status (Eig 2a-20) Analysis of the tdsomy 15 blastocysts at the
SNEPN ICR revealed an average methylation of 67.0% = 4.5% (p<0.001 compared to controls)
amaong the twent yblastocysis, suggesting a gain of the thind additional chromosome from the
oocyte for all blastocysts examined (Flg 24, 52 Flg, 52 Table). Hi19 and KCNQIOTI reskde on
diplold chromosome 11, and thus were unaffected by the tdsomy, having 48 5% + 5.4%

(p =064}, and 52 8% = 1.8% (p = 0.26), respectively, in the five blastocysts exardned {(Fig 2d,
54 Fig, 52 Table),

Aralysis of thsommy 11 blastocysts at HI9 showed 36.8% £ 10.3% (p< (L0 1) average methyl-
atbon (Elgde, 52 Fig, 52 Table) The DNA methylation range for H19 was broadened due to the
high frequency of both SNP polymorphlsoms at this locus. In the same trisomy 11 blastocysts,
KCNQIOT! had 17/20 blastocysts with 63.8% + 3.6% (p<0001) average methylation, reflect-
Inga gain of the third chromosome Fom the cocyte, and 3/20 blastocysts with 30.3% + 4 2%
(p< 0001 aversge methylation, indlcating 3 gain of the third dwomesome from the gperm

In confirmation of these ofgins of aneuploddy, both HI 9 and KCNQIOTI, located adjacent
to each otheron chromosome 11, reflect the same galn from the oocyte orsperm in the same
Individusl blastocysts. For example, blastocyst 11TOZ, 11T08, 11T12 appear to have galned the
thind chromosorme from the sperm at both imprnted locl SNRPN reddes on diploid chromo-
some 15 and was unaffected by the trisomy inall five blastocysts examined, having an average
methylation of 51 2%+ 2.5% (p = 0.20), comparable to controls (Fig 2e, 54 Fig, 52 Table).

Imprinted DNA methylation in monosomy blastocysts

At lenp rinted reglons, a monosomy chromosome results in a loss of either the inherited meth-
yiated allele or loss of the inherited unmethylated allele. Loss of the methylated allele is
expected to result in hypomethylation of the ICR in the blastocyst, contributing anly from the
unme thdated chromosome. Lossof the unmethyated allele is expected to result inhyper-
methylation of the ICR in the blastocyst, contributing only from the methylated chromosome
(Fig 3a-3<)

Aralysis of monosomy 15 blstocystsat SNRPN revealed 15/20 blastocysts with an average
methylation of 2.3% + L0% (p<0.001 compared to controk), suggesting the chromosome loss
ofginated from the oocyte, and 5/20 blastocysts with 87 8% = 37% average methylation
(p=0.001), suggesting the chromosome loss originated from the sperm (Fig 3d, 53 Fig, 52
Table). HI% and KCNQIOT! reside on diplold chromosome 11 in these blastocysts, and thus
were umafected by the monosomy in all five blastocysis examined, with anaverage methylation
of 48.5% = 5.4% (p = 0.64) and 520% + 3.7% (p = 0.49), respectively (Fig 3d, 54 Fig, 52 Table).

Analysis of monosomy 11 blastocysts at H 19 revealed 19 25 blastocysts with an average
methylation of84.6% £6.4% (p<0.001), suggesting the chromasome loss arose from the oocyte,
while /25 blastocysts had an average methylation of 4.2% + 29% (p<<0u{1), suggesting the
chronvosorme loss amse from the sperm (Flg 3e, 53 Fig, 52 Talle). In the same monosomy 11
blastocysts, KCNQRIOTT kad 16/25 blastocysts with 4.0% £ 1L6% (p<0.001) average methyls-
thosn, suggesting the chromosome loss originated from the oocyte, and 3/25 Blastocysts with
91.3% £ 64% (p< 0001 average methylation, suggesting the ¢ hromosome loss originated from
thse sperm (Flg 3e, 53 Flg, 53 Table). In confirmation of these results, both Hi 9 and KCNGIOTI
reflected the same origln of lass from the oocyte or sperm in the same individuasl blastocysts.
For example, blastocysts 11006, 11M10, 11M22 presurnably lost the chromosome contebuted
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blastacyss. Agpmximataly 35 meshyiSon is axpacied wih an addSona MAT alda. Appraimataly 6% matylation is
expacied with an addiioral P AT allsle. C) Diagram of the KCMDTOTY |CR. smpiiied ragion anslyzed in irisarmy 11 bisttacyste.
AppmximatelyBE% maSylaion is apecied with an addfonal MAT alde. Apprasmaaly Z3% mefylation isexpected with an
addiional PAT allde. D) Surneary charof pacar mayiaton in al dsamy 15 biasiocysisal fa SNRPN(n = 20), ms(n =),
and KCVQTOTY (.= 5) IGFis. Black chamands mpresan biasiocysis wilh presumatie gain of e i chromosome 15
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dm:m&mnm:ﬁm percentaga for $i 1CAs on dinlaid chromasame 1 1. Avemge parcen imefylation foreach
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and KCNGTOTT {n = 20) IoRs. Biack dinrmonds repessen blastocysts with pesunabie gan of e hird chromasams 11
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e e ylaion parcentag e e e ICA an diplad ch 15 A [
oo it indlinsted Mhylalion dil digrastes for individul oy bisocysts and dipbid ICFE can a0 beloundin S2end S4
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o the speren at both imprintedlocl A thind subset of 6/25 Blagocysts had 47 8% + 6.9%
(p=10.25) average methylation for KCNQIOTL, which was not statistleally diferent fomm con-
ool Blastocysts at thislmprinted locus. SNRPN resldes on diplold chromosome 15, and thuswas
unafected by the monosomy 11 in all five blastocysts examined having 51.6% = 2.9% (p = 0.2%)

average methylation (Eig 3e, 54 Fig, 52 Table).

Imprinted gene expression in aneuploid blastocysts

Transcript abundance for trisomy 15 and monosomy 15 blasioc ysts were compared to con ol
blastocysts at two imprinted genes on human chromosome 15, and normal tred to the house-
keeping gene, PPIA (7pl3). SNEPN is patermally expressed, while UBE3A & matemally
expressed in hurnan blastocysts. UBE3A was significantly incressed in the trisomy 15 blasto-
cysts (p<0.001), while SNEPN was not statistically altered compared to controls (p= 0.08). In
the monosonyy 15 blastocysts, both SNRPN (p-20.001) and UBE3A (p<0.0{1) were dgnifi-
cantly decreased when compared to the control blastocysts (Fig da).

I the sarme way, transcript abundance for telsomy 11 and monosomy 11 blastocysts were
compared to contrel blastocysts at three lmprinted genes on human chromesome 11, and nor-
msalbzed to the same housekeeplng gene, PPIA (7pl3). Hi 9 and CDENIC are materrally
expressed, while KCNQIOT! b patemally expressed, in human blagocysts. HI19 (p<0.01) was
sgnificantly increased in the trisomy 11 blastocysts, while CDENIC trended towards an
increase without statistical difference (p= 0.30). KCNQIOT] exp ression was comiparable to
controls (p=0.4%9), In the monosomy 11 blastocysts, HI9 (p<0.05) was sgnificantly decreased
compared to the control group. While no significant difference was observed between the
sonosomy group and controls at KCNQIOTI (p = 0.65) or COEKNIC (p =079, a trend
toweands a decrease was evident (Flg 4b).

Discussion

This study was designed to Investigate the DN A methation and imprinted gene expression
profiles of imp dnting control reglons upon aliered diromosonse constifutlon in individual
Trnea n blastocysts. Previously, our group exam ined the effects of aneuploldy on eplgenetic
i fleations chrommoso me-wide. In monosomy blastocysts, DNA methylation levels were
reduced on the chromosome Lavolved in the error, while tasomy blastocysts showed no d iffer-
ence in DNA methylation compared to dipleid controls Likewise, protein-coding genes bund
on the specific monesomy diromosanme were significanty decreased [24]. On account of these
results, we guestioned how whole chromosome aneuploidy can aflect strict epigenetically regu-
lated domains. Specifically, we questioned whether genomic imprints are maintained despite
chromosome-wide reduced methylation levels on these monosomdes. To Investigate, we
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compared the DNA methylstion profiles of tsomy 15 and 11, a5 well a5 monosomy 15 and 11,
to control blastocysts Three conflmeed imprinting control reglo ns shown to result in human
inprinting disonders when dysregulated were selected for investigation; the SNEPNICR,
loscated on human chrommoso me 15, and the HI9 and KCNGIOTI ICR s locate d on human
chromosome 11.

Trisomy blastocysts have altered imprinted DNA methylation
Al forty trisomy blastocysts that were examined showed meth ation profiles away from the

expected fifty percent methyation for all impanting control reglons present on the aneuplold
chromosome. When maore than one single nuclectide polymorphism was evident at a gene
within a blastocyst, both methylated and unmethylated DNA strands were often ap parent
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under one SNP desgnation, highlighting the presence of three contributing chromosom es
Both SNEPN and KCNQIOTI had predomdrantly lnc reased methylation profiles compared to
control blastocysts, while H 19 primarily had decreased methylation compared to controls. The
SNEPN and KCNCQIOTI ICRs establish methylation in the oocyte and are unmethylated inthe
sperm, thus we can presume that the thind additionsl chromosomse was gained from the oocyte
due to melotle errors for the majority of blastocysts (2020 SNRPN, 17/20 KCNQIOTI). Like-
wise, asthe HI9 ICR has the reverse imprint, establishing methylation ln the sperm and
remalnlng wnrme thylated in the oocyte, we canagain presunse that the third additional dhromo-
somse was gained prmarily from the oocyte (17/20 HI 9). Insuppont of our results, both Hi9
and KCNQIOTE, located contiguously on chromosome 11, reflect the sume gain fom either
the oocyte or sperm in the same individual blastocysts. Maternal melotlc errors reportedly do
ot affect all chromosomes equally, with elevated rates for some chromosomes (Lnduding trl-
somyy 15) [4], providing explanation for the observed 100 presumably maternal gan in this
cobort of trisomy 15 blastocysts but not in this cobort of trisomy 11 blastocysts

Imyportantly, imprinted methylation isaltered by the trisomy in all forty aneuplodd blasto-
cysits examined, aving both Increased and decreased methylation detected depending on the
ICR and the orgin of the third chromosome. The imprinted reglons present on diplold chro-
mosores were wna ffected by the presence of the tdsomic diromosome and displayed methyla-
tion profiles comparable to controls, suggesting that the altered imprinted methylation is
restricted to the chromosorme involved in the tisomy.

Monosomy blastocysts have altered imprinted DNA methylation

Simdlarto the trisomy blastocysts, monosomy blastocysts appeared to blas towards presump-
thve chrommosormal Loss from the socyte, lkely a consequence of oncyte melotle errors(15/20
SNRPN, 19/25 H19, 16/25 KCNQIOTI) In support of these observations, both H 19 and
KCNCGIOT! agan reflected the same loss Fom the cocyte or sperm in the same [ndividual blas-
tocysts. Melotic erpors in sperm are rare, with only ~5% of sperm identified & anewplodd [34],
and paternal ervor is extremely low in blastocyst biopsles, having a higher frequency in mono-
sordes than In tdsomdes [4]. Intotal, 7.5% of the trisomy blastocysts and 24.4% of the mono-
sory blastocysts examined in this cohort were presumably patermal melotlc in origln.

To summarze, all forty-five monosomy blastocysts that were exam ined showed altered
methylation away from the expected fifty percent methylation in at least one imprinting con-
trol reglon. Unexpectedly, a third subset of imprinted DNA methylation was observed for the
KCNQIOTI ICR. In this group, 6/25 blastocysts more dosely resembled the methylation pro-
file of controls, while Hi 9 remained altered in the same individual blastocysts. This suggests
that these unpredicted resultsare restricted to the KCNQIOT! domaln. Importanitly, due to
the monoallelic nature of imprints, some monesomy blastocysts ap peared to gain imprinted
methylation inat least one ICR compared to controls (for example, 19025 at H1¥) due to the
ongin of the sngle remalning chromesome. Similar to the trisomles examined, lmprinted
reglons present on diplokd chromosomes were wraflected by the monosomy and displayed
expected methylation profiles, suggesting that the slered methylation Is sgain restrcted to the
single remalnlng chromosomme lovolved in the monosony.

Altered imprinted gene expression in aneuploid blastocysts

Both matemnally and paterrally expressed genes can reside within imprinted regions, regandless
of the angin of ICR methdation. Thus, we further investigsted the im pact of this observed
altered imprinted DNA methyation found In aneuplold blastocysts on the expression of the
Iryprnted gemes that exist within the reglons.
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On hurman chomosome 15 SNRPN isa patemally expressed gene, and UBE3A s 2 mater-
rally expressed gene under control of the same ICR. A significant incresse in UBE3A was
observed in tdsomy 15 blastocysts, while SNEPN was unaffected compared to controls. Al
100% of the tdsomy 15 blastocysts examined for imprinted methyation presurmably gained an
additional methylated mate mal chromosome. This third ¢ heom csome arising from the oocyte
likely increassed matermal UBEIA expression, while SNRPN expression from the patemal con-
tribution rema ined unaffec ted

In the monosomy 15 blastocysts, both SNEPN and UBE3A were significantly decreased in
expression when compared to the control blastocysts. A loss of the oocyte-derived chromo-
some presumably occurred in 75% of blastocysts, resulting in loss of UBE3A expression. The
other 25% of blastocysts had presumably lost the sperm-derved chromosome, resuliing inloss
of SNEPN expression. The remaining allele in both scenaros likely was unaffected. Thus, both
genes appear decneased n com parkon to diplodd controls.

On hurman chomosome 11, KCNQ IOT! is a paternally expressed non-coding RNA, while
COENIC s a matermally expression gene within the sarve KR HI9 is a matemally expressed
non-coding RNA located at an adjacent ICR. A significant Increase in maternally-expressed
Hi9weas observed ln tdsomy 11 blastocysts, while a trend towards an Increase wasalko
observed for CDENIC. KCNQIOTI was not statlstically d ifferent from controls. With respect
to methylation, 85% of trisomy 11 blastocysts examined for imprinted DNA meth fation pre-
sumably origlrated from an additlonal methylated materral chmmosome, increasing the
raternal contribution for HI 9 and CDENIC expression, while KCNQIOT! expresson from
the patermal contrbution remadned weafected.

In thse mom oo ey 11 blastocysts, 3 gnificant decrease ln HI9was observed, while both
KCNQIOT! and CDENIC only trended towards a decrease when compared to the control
blastocysts In 7% of monosomy 11 blastocysts examined for imprnted methylation, the
oocyte-derived chromosome was presumably lost, resulting in loss of Hi 9 and CDENIC
expression, while the other 24% had p resumnably lost the sperm-dedved chnomosome, resulting
in loss of KCNQIOTI expression. Again, the remaining allele lkely was unaffected in both sce-
rarios This, all three genes appear decreased in comparkon to controls, with astatistical sig-
nificance observed at HI9.

Overall, the imprinted gene expression results correlated with our expectations from the
observed imprinted DNA methylstion results in their respective ane uplold blastocysts. Inter-
estingly, the genes present within the KCNQIOTI ICR had more varishle expressionand did
ot show statistically significant differencescompared to controls. These expression results
may further support the concept that the KCNQIOTI region behaves differently than other
ICRs at the human blastocyst stage.

Al four aneuplodd blastocyst groups, independent of the chromosome involved in the error,
had significantly aliered gene expression in at least one gene, reinforcing the notion that aneu-
plold blastocysts are not developmentally competent. As imprinted genes are crtical for
embryonik development, this disrupted imprinted expression likely contributes to the frequent
implantation Eadlure observed from aneuplokd embrpos.

Aneuploidy and ather chromosome errors at imprinting control regions

Hurnan impanting disorders are a consequence of chromosomal mutations, microdeletions or
e o pllcat dons within the levpeinted reglons [35], lmprinted methylation defects, and unk
jparenital discrmy (UPD) [19 36 37]. UPD b dasdfied as an Inhertance of two dhromosome
coples (or chromosonse reglons) from one parent and no copy from the other parent [38].
These pocurrences are generally undet ectable ln common embryo chromosome screening
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techn lques ke areay OGHor gPCR on account of normmal diplold copy numbers, yet the
parental-derived impdnted DN A methylation profile ls dramatically affected. Likewlse, muta-
thons and microdeletions or microduplications of imprinted reglons often go undetected based
on the limdted reglon of chmmosome affected. The disrupted DN A methylation at these ICRs,
however, and resulting aberrant gene expression of the undedying imprinted genes can lead to
Imprnting dsonders, lke Bedowlth-Wiedemann Syndrome [19, 39], Angelman Syndrome and
Prader-Willl Syndrosme [22, 37].

A publication wsing SNP arcay-based M4-chromosome aneuploldy screening reported that
the frequency of UPD in human blastocysts 1s extrernely rare ((006%) [40]. By companson, full
chromosome aneuploldy of oocytes and preimplantation embryos is exceptionally common in
hurnan reproduction [41-48]. Tn fact, itisestinated that over half of early human IVF embryos
are affected by whole-chromosome imbalinces [4, 18] Matemal melotic errors originating in
the oocyte are responsible for the vast majo Aty of these imbalances [3, 4], while the freque ncy
of mitotic errors and the level of embryo mosaicism are still speculative. A recent report from a
prefmplntation genetlc diagnosts (PGD) commerchal Lasboratory observed 3% of blast ocysts
o be mosalc from a multitude of TVE dinkes worldwide [49]. The authors go on to emphasize
that blastecyst mosalcism rates vary between IVF dinics, pointing at possible procedure-
related effects on post-me lotle chromosome segregation erpors. Our in-house genetlcs libors -
tory at the Colorado Center for Reproductive Medicine mutinely reconfirms diagnosis on
aneuplold embryes. A dual trophectod erm blopsy is performed with blinded analysis of pror
comprehensve chromosome sreening (COS) aneupleldy resulis to reveal %6% concordance
within an individual blastocyst and only a 4% fake-positive rate of mosaic aneuploid embryos.

Our study was the first to Investigate If whole-chromosome imbalances impact these
inpanting control reglons differently than microdeetions, UPDs, or methyation defects
restricted to ind vidusl JICRs:. In fact, this sudy s also the first to identify an imprinted reglon,
ECNQIOTI, that responds differently to a single whole- chromosome monosomy state na
subset of human Blastocysts. Investigations lnto the rationale for these observations are ongo-
ing There is a possibility that it could reflect the position of the ICR within the domain, the
DMNA sequence itself, a combination of both, or some other mechanism in which we are cur-
rently unaware. Intriguingly, unlke the SNRPN and HI9 ICRs, the KCNGQIOTI ICR resdes
directly inside the coding region of the gene KCNGI. This could create 2 more susceptible
chromatin conformation that would e nable targeting of DN A methyliransferase (DRNMT)
enzymees or et methyloytosine dioxygenase (TET) machinery resulting in DNA methylation
scquisition orloss, respectively, in these monosomy blastocysts There is also potential that this
reglon has a relaced imprinted regulation compared to other ICRs at thisstage in human
development.

Genomic imprinting in human blastocysts

Limited studies have examined genom ke imprinting in human blast ocysts, focused particulady
i relation to the effects of ART treatments|reviewed in [S0]) Prncipally, these studies were
performed on poor quality embryes that were not suitable for transfer [51-54], however good
quality blastocysts have also revealed an unusually high frequency of aberrant methylatlon pat-
tems [27, 29, 30]. At the blastocyst stage, 8/12 (67%) high quality t ransie rable blastocysts har-
bored sherrant methylation for SNEPN [27], while 25 (40%) [29], and 4/13 (31%) [27],
blastocysts displayed aberrant methyation for KCNOQIOTYL, and 2014 (14%) blastocysts har-
boured aberant H19 methylation [ 27). Comversely, two studies both showed pormal H19
methylation in five blastocysts, respectively [ 29, 30]. Discrepancies between studies may relate
to the small mumber of embryos analyzed Notsbly, while SNP analysds was possible fora select
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few, comprehensive chromosome screenlng was not performed on these embryos pror to
these methyatlon studles.

In contrast, ourstudy which controls for chromesome ¢ onstitu tion, suggests that dipleid
blastocysts harbor impranted methylation profiles within the expected normal range, while trl-
sommy and monosomy blastocysts have altered methylation at these imprnted lod. Combined
with inherent undedying Infertility, thisprovides a possibility that human blastocyst methyla-
thon ermors are more <losely linked to chromosomal aneuploddy than the infertility treatment s
thermsel ves.

Conclusions

All trsommy blastocysts examined showed a methylation profile condstent with a thind inher-
ited chromaosome for at least one ICR, presumably odginating in the oocyte for the majority of
the blastocysts. This supports known Uterature that maternal melotic erroms are the most com-
mon cause of trisomies. Signlflcantly Increased and decreased ICR methylation compared to
controls contributed to altered imprinted gene expresion. All lmprinted genes examined in tri-
sorny blastocysts had elther sign ificantly incressed expression or comparable expression to
controls, providing one explanation as to why tisomy embryos have the ability to continue
into post-lmplantation devel opeent, but mostly Fal to develop to term.

All monosomy blastocysts examined showed a methylation profile consstent with aloss of
an inherited chromosome. This chromosome loss 1salso presursably originating ln the cocyte
for the majority of the blastocysts, emphasizing that maternal meiotic erroms are also the most
common cause of monosomies. Signlflcant hyp eme thylated and hypomethylated KoRs com-
jpared to controls contributed to altered imprinted gene expresslon. By contrast to the ir trisomy
counterparts, all monosomy blastocysts exhiblted significantly decreased expression ln at least
one imprinted gene, witha downward trend observed in all imprnted genes analyred This
loss of imprinted gene expression may equally contribute to an explanation as to why mone-
somyy embryes cannot progress further than the prelmplantation pedod of devel opment, con-
treibuting to their com promised devel opmental potential

Supporting Information

51 Fig. Imprinted DNA methylation profiles of individual control blastocysts. Imprinted
DMA methylation ansysis lntwenty ndividusl control Blastocysts at the A) SNRPNICR, B)
Hi9ICR, C) KCNQIOTI! ICK. Each line ks a unique DNA strand amplified within an individ-
sl blastocyst. Black dotsrepresent methylated CpGs, white dots represent unmethylated
Cpla Hastocyst ID is indicated above-left of the diagram, in which "C##” represents control
blastocyst number. SNP ID and percent methdation s indicated above-right of the diagram.
‘When maore than ane SNP & present, a SNP 1D and percent methylation b indlcated separately
for each SNP.

(TIF)

52 Fig. Imprinted DNA methylation profiles of individual trisomyblstocysts. Imprinted
DMA methylation analysks in twenty indhvidual trisomy 15 blastocysts at the A) SNRPN ICR:
and twenty individual tdsomy 11 blastocysts at the B) HI19 ICR, and C) KCNQ 1OTI ICE. Each
line is 2 unlque DNA strand amplified within an individeal Blastocyst. Black dots represent
methylated CpGs, white dots represent unmethylated CpGs. Blastocyst ID is indicated above-
lefit of the digram, in which "15T##7 represents telsomy 15 blastocyst mumber, and “11T#2™
represents tisomy 11 blastocyst number. SNPID and percent methylation ks indicated above-
dght of the dizgram When more than one SNP Is present, a SNP ID and percent methylation
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Is indicated separately for each SNP. Blastocysts with 1D and percent meth ylation denoted in
grey are presumable chromosom e gain from the sperm.

(TIE)

53 Fig. Imprinted DNA methyation profiles of individual mo nosomy blastoc ysts.
Irprinted DMNA methylation analysi in twenty individusl monosom y 15 blastocysts at the A)
SNRPN ICE; and twenty-flve individual monosommy 11 blastocysts at the B) HI9ICR, and C)
KCNQIOTI ICE Each line isa unigue DN A grand amplified within an individual blastocyst.
Black dots re present methylated CpGs, white dots represent unmethylated CpGs. Blastocyst ID
s indicated above-left of the dkagram, in which "15M#8” represents monosomy 15 blastocyst
number, and "11M##” represents monosomy 11 blastocyst number. SNP ID and percent meth-
ation is indicated sbove-rght of the dlagram. When more than one SNP is present, a SNP [D
and percent methylation is indicated separately foreach SNF. Blastocysts with ID and percent
methylation denoted in grey are presumable dhromosom e loss from the sperm. The grey boxes
highlight the six blastocysts with KCNQIOT! methylaton profiles comparable to controls.
(TIE)

54 Fig. Diploid imprinted DN A methylation profiles of individual aneuploid blastocysis,
Diplold imprinted DNA methylstlon analysis in five tdsomy 11 and five monosomy 11 blasto-
cysts at the A) SNRPNICR, and five trisomy 15 and five moncsomy 15 blastocysts at the B)
HI#ICR, C) KCNQIOTI ICK. Each line i a unique DNA strand amplified within an individ-
ual blastocyst. Black dots represent methylated Cpls, white dots represent unmethylated
CpGs Hastocyst ID is indicated above-lefi of the diagram, in which *15T## represenis tri-
somy 15 Blastocyst number, 1 5M#2” represent s mon osomy 15 blastocyst number, "11T#2™
represents tisomy 11 blastocyst number, and =11 M##” represents monosomy 11 blastocyst
number, SNP ID and percent methylation Isindicated above-right of the diagram. When maore
than one SNP i present, a SNP 1D and percent methylation & indicated separately for each
NP

(TIF)

51 Table. SNP frequencies among blasiocyst groups A single nudectide polymorphism
(SNP) was present nall three amplifled reglons, but at different frequencles SNRPN SNP G
(B4.8%) / A (15.2%) (Rs22002%), H19 SNP C (66.4%)/ A (33.6%) (Rs2071094), and
ECNQIOTE SNP G (#.7%)/ A (63%) (Rs56134313)

(TIE)

52 Table. Methylation results per blastocyst. Anoverview table indkating DNA me thylstlon
percentages for all relevant ICRs per Blastocyst. C## = Control blastocyst, 15T## = Trisomy 15
blastocyst, 11T## = Trisomy 11 blastocyst, 15M## = Monosomy 15 blastocyst, 11M## = Mono-
somvy 11 Blastocyst, Grade = numeric alphaalpha score for blastocyst degree of expandonand
Teatc hing status: ICM development: TE development [25], Vit = vitdfication freezing,
NP = dagle mudeotide polynorphism, Ight grey sections = presumable paternal galn or los
orginating from the sperm, dark grey sections = unexpected subset of methylation profiles at
KCNQIOTI.

(TIF)
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Denomme MM, McCallie BR, Parks JC, Schoolcraft WB, Katz-Jaffe MG. Alterations in the
sperm histone-retained epigenome are associated with unexplained male factor infertility
and poor blastocyst development in donor oocyte IVF cycles. Hum Reprod. 2017 Dec
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STUDY QUESTIOM: k therea distinct spenm histone retained epigene it signaure inunexplained male factor infertifty patients resulting
n compransed blastocyst developmend
mmlhllorlrd-mmrmqt:hfqdu sperm DMA methybtion mittems ad miflA, profil= were sghificantly
Jered innor = mtent resulting in poor blastocyst develqpment, reflecinga subset of unexplained male factor infertiity.
WHAT IS KMOWM AL READY: Aberart sperm DA methyhtion has been amoriated with koown male factor infertiity, prticulardy
noted in oligozomspenmic mtients. Linexphined male fartor nfertility remaine 2 sgnificant proportion of in wibo fertiizaton Giures laving
M e phyishngy.
STUDY DESHGH, SITE, DURATHOM: Sperm smples (n= 40) and bi=tocysts (n = 48) wers obtained during fertile donor oocpte IVF
cpdes with nonmmoaspenTIc mraneters, heneby exduding known female and male ety fators . Samples were divided D two grous
mesied o b tocyst deve bpment (Good Group = >210% embryos with DS grade "AA" blastocysts, and 260% embryos of transie able quality
on D5 and Dé; Poor Group = <1 (P8 embryos with DS grade "AA” blastocysts, and <409 embryos of trans ferable quality on 05 and D&)
PARTICIPANT 5/MATERIALS, SETTING, METHODS: Samges wee chmned fron passns undergoing VP treatments with
informed consent and nstiuSonl review bowrd approval. The Dnfinium Homan Methylation 450 Bead Chip microarmay was used to identify
Fhistone-reined Cpl shad genes and genomic regions showing difiesncess in spem DA methylation between the Good Group and the
oo Group, Pathay and gene: network analess for the significntly alterd gones was perdommed, and targeted DA methylation vaidasion
was completed for 73 genas and two impinting contd mpms Sparm milhdA profies wers amessed wsing the TagMan® Human
MiorofitdA, Array Cand, with meresponding blasmeyst mfhA gene expresion eamined by g T-FCR
HAIN RESULTS AND THE ROLE OF CHANCE: Cur sndy is the first 1 iwestigate unexplined mak fecior infertiity whie sigiifi-
cantly eiminaing confounding female facnes from cur smiple population by wsing only young fertile donor cocytes. We identified | 634 Cps
sites Ipecated at retained histone CpG island regons that had sgnificant sperm DA methyhtion diffenentiak between the two embryogeness
m{?fﬂ.ﬁﬁ}ﬂhﬂklmmﬂ;ﬂ:ﬂp’uﬁmnﬁutnﬂ:ﬁnﬂdﬁ'up.ﬂl:nﬂhtdm:ﬂ:m sgnificant shift

(P < 0.05) otserved n the Poor Group. Genes immobeed in embryonic deweibpment werne highly rep dl armong [ ned Cps
ﬂ:l:iﬂlﬂmmdnﬂ#lmnh?wﬁmp{?iﬂ.ﬁﬁ}me‘hﬂrMmﬂmmﬂ{ﬂ.fﬁ].mhrdﬂlﬂn’d
targpet gene mA expression in the wcysts fram the Poor Group (P < 0.05). Taken together, sgrificanthy img d sperm mifddA and

tarpet trarscript bevel in blastocysts from the Poor Group may contribute alongside sherrant spenm DNA methplation to the compromized
B incyst development observed .
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LIMITATIONS, REASOMNS FOR CAUTMOM: Our examination of CpG ishand mgons retricted to retained histones represents only 2
sl part of the sperm spigenome. The reuits observed ans descriptive and further studies ane needed to sudidats the fncioml effscts of
differental sperm DA methylsion on unephined mis Gobor infertility and blistorystdeveibpment.

WIDER IMPLICATIONS OF THE FINDINGS: Sight epgenetic changes in sperm may have 2 amulative effect an fertity and embep-
o dewelopmentd compeience. Knowliedge of sperm sppenstics and nhertanae fas important mplcations for fuure generations, whike

| e of

providing evidence for b

d rrade Euctor infe rtiity.

STUDY FUNDINGS COMPE TING .I'I'H‘I'F}: o escterral funding was used for this study. Mone of the authors have any @mpet-

g nterest.

My words: DA methylation S epigeetis / sparm / bastocyst / unexphined infertility

Introduction

Infertiity it 2 complex dEceder sncompaesing 2 broad range of physical,
structural, homomnal, geneic and emionmentad canses. it cn imgact
wither the male or female coutepart a5 well 2 the couple callaciwely
a5 a par. Whilke many origns of infertiity are well chancierized, as many
2s haif (37-58%) of 2l cses are dignosed a3 unewplained, having the
standard infertiity testing Bl to find 2 cuwse (Moghiss and Walhch,
|93, Irvine, | 998; Hamada & al, 2012). The ntroduction o in vibo fer-
infertility, thus elimirading the majority of briers o fentiliaton but con-
cumenty preventing an aphmton for their case. Unesplaned (dio-
mttic) mde factor MF) infertility remains 2 Sgafiont proportion
ranging from 6% to 27 of IV fallures haning unknown underying phys-
ology (Moghiss and Walkch, | 983; Hamada et al, 200 1)

[Epigenetics refers to chramatin medifications, induding A methy-
hton, hzone modficators and non-coding RMA:, that alter the
accemibity of penes and regulate grne expression without changes to
the DIMA sequence (Jaenisch and Bird, 2003). Sperm epigenetic marks
fave been impliated in zygotic functions post-fertiimtion, and may
contribuie to ambryonic development and dispring health (Mamsy
and Carmedl, 2008; Kumar etal, 201 3). Hosever, the precse epigenetic
sgrature that & herable in human gametss is st under debate, Bo-
wize the function of human sperm epigenetic nheriance in the ey
emibryo remens rpely unknosm.

Dwring gamstog=ess nd ey smbrpogeness the methjioms i
reprpramimed as genome-wide epigenetc ransitions ae cnchestated,
shifting the ambryo inin a totipatent state (Rodenhier and Mann, 2006}
Soeme regions, e imprinted genes and repefifve slements, cn presere
their methylaion sigrature from the mrentl gamees frough to the
lation landsape may be emential for bath fertization of the cocyte and
vabiity of the exiy embrpo (Carrell and Hammoud, 2000 Dada o al,
202 Jenbins and Carrell, 2017). Morr-coding RIMAS have been descted
in sperm Pemot et al, 198% Kawetr, 2005) nduding mic-ofAs
(Aurarmi et al, 2004 Yan etal, 2008} Howewer, the necesity of human
spermrbome RMAS for fertimion md embryogeess remains under
delmte Gender etal, 213, Cuiet al, 2005

Sperm DNA & primarily padiaged tghtly within the sperm head
by protamines (Ofiva and Dixon, 1991; Dadoune, 1995), which i
conducive to 2 krpely hypermethylated genome and a transoription-
ally slent state. The loclimfon and modifiation of metined

histones (5—15% in humans) may reflect regions mportant for sady
embryontc devsopment (Gatewood et al, |'987; Hammoud et al,
2009; Miller &t al, 2010}, nduding deveopmental gones, tramsonip-
thon factors, microfMAs (mifMAz) and imprinted genes. Abnormal
spem DMA methylation sigmtures have gy besn amociated
with MF idfertiity, mrtiouary noted in cfpoecospermic miems
and chserved at mprinted and devslopmental penes located at
retained histones (Hemmoud et al, 2000, 200 1) This bas bed to fur-
ther iwestigations of panome-wide sperm epigenatic pattems in MF
e (Houshdaran et al, X007, jenkis &t al, 2015, 20162 Deas
et al, 201 &), and recently expanded to unexplained nfertility (Aston
et al, 200 5; Urdinguio atal , 201 5; jankins stal, 20016b)

As epigenet abermations have besn highly impbced in known MF
infertiity, we hypothesize fhat there 2 ser, but stil dstinet, abnor-
rral spern apgenetc sig d infertilty pafents remit
g in compromised embryogeness ;d ocutcame. The aim of ths
study was to use DMNA methyhtion arabysis of the histons retaned
sparm CpG island regions, combined with sperm mifiMA, prdfiing, to
improve the knowladpe of sperm apipenetics nd provide svidencs for
2l causes of unekpiained maie fotor e ity

Ly

Materials and Methods

Ethical approval

Semen camples were obtained from 40 men, and surplhe, orpopresersed
blstocyots were donated from sctesn couples, that undereent IVF tres-
meaents at the Codorado Cener for Reproductive Medicine, after informed
corsent and Irstiutional Review Board approsal.

Sample selection

Semen aralss (0 = 40) was perdormed in acordance with VWaorld
Hegith Organimton guiddines (Cooper o al, 20 10). Only narmaanos-
pamic samples fom poung donor cacyte IVF cpces were induded in
the study. Sperm mmples (o = 20) were stected for the good quality
embryo group [Good Growp'), based on incusion crier of >200
embrpos with D5 grade "AA” blastocysts, and 280% embrpos of trarsifer
able quality (grade >3BE) on Day 5 and Day & collecthedy. Likewse,
sparmn samiphes (= ) wene sebsoe d for the poor quality embryo group
{Poor Group’), bassd on indugion oiteria of <I10% embryos with DS
grade “AA" blastocysts, and <40% embryos of tarsfeable quality on
Day 5 and Day & oollectvwely. Semen samples were prepared by a two-

© layer (30-45%) PureSperm denstygradent cenwifugtion (Midacan,
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Sperm epigene icalierations in donor cocyte IVF opcles 2445

Gothenburg, Sweden) with sulzsquent swim-up conentratng wech
rique to collea the viable progesdvely modle portion. A somatc call

ks step (0.1% 506, 0.5% Trigon X-100 in H;0) was employed to
remose round el contamimation, and ciean matile sperm amples were

Bastocysts fo = &) from donor oogrte IWF cpdles with normeaozoos
parmic parameters wene sooned ased on inner cell mass and troph
ectoderm quality (Gardner and Sdooloaft, 1999). All bastocss
included in the st dy were marphologcally graded as high, tansferrable

dilued 1o 5% 10F spermoand stored at —80°C. quality (grade > 3BE).
Tabilel S ¥ of patient smp)
(yaars) Volme(ml) Mol (%) Count {milliondml) Total matls count
r——
Good G #3I+13 19203 ST 1 1% 1269+ 141 T +322
Poor Group 20+00 14203 S1I% =26 1345 + 148 T4 £ 4B
Sgifcance (rex; Pof05 Q311 304 ass| arss 0255
Maternal
Age (years)
(Koftertiized)
Good G Ikdoner &2l 165K + 10 ik
aonE
Poor Groop <13 daror MNB+2T OEE +04% I+ IR
aoopE
Sgfcance {reex); P o005 il S <ol <a0al

Walime o e g el i fended] aror of g mosen . Bold vl o indicet e e Sseadly g flces diffa e nce. b S groued
Good Graup n =1 coudm; A sperm mmdm, M Hat oot smde
For Grous: n = 28 coupha; 20 damyphes, 24 binscoys iampis

Momnozoospermia 1) Spein DS, W il oo —:h siched Podbivenys gred Ob) —=====

Sperm B R TETR Y P EP O FIE TR T EPTERERTLY T ORTRt L
i 7Bl S L O TR - Csleordroront S difrendsin
Ll ke pott LRl tees vl S [ T R TR R
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Mean medylation (fvaues) for dl sgnificantly alered genes between $he Good Group (Hack Ines) and the Poar Group (red lines) distributed nio
5% meshylaton inervak for (A) the histone-retaine d genome (1634 (piGs), (B=E) hypermedwylated genomic regons: 5'UTR {189 CpGs), body (1185
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Sperm methylation array analysis

Kit {Qiagen, Vdenca CA) was beulfte comerted wih e EZ DMA
Me dylation- Direct Kit (Zymao Researdh, Indne CA) for hybridizmton toan
Iinfinium Human Methyiutiond5 0 BeadChip micoaray (lumina, San Diego
CA) acmrding 0 manufacturer’s protocok. Beta salues (fovalies; ange

TSmeres” at a sgnificance level of P < 005 [(GenomeStudio, Buming).
Afier the remosal of SMNP conaining probes, the foalue disribusion was

1 for b 1 regions (Ha
dissected further acroes defined genomic regions provided by lumina
(Op G idand, Cps share, Cpl shell, promoter axsockated, TS| 500 [TH:
trans aiptional start see], TE200, 5UTR [UTR: urtanslaed regian], first
exon, body, 3UTR).

Sperm methylation pathway and gene
network analyses
Using DAVID & 8 (Daabase for A Vi and b

Ciagen), 2 oad whidh uncovers the sgnificance of omics dat within the
et of biokgical systems.

Spcrrn targn:tu:d DMNA methylation analysis

e o = |4 ) was pesformed
Ilyh'gud hﬂlmummmﬂmuﬂﬂ
dewe ppmentl or sgnifiant genes. Briefly, spesm samples underwent DNA
Eofution usng dhe QiaAMP DA Min Kit (Qagen). Bsulte mutgeness was
performed using the EZ DMA Medyhton- Direct kit (Zymo Researdh), with
PCR. amplficion of 100ng corverted DA in Busa™ Hoe Sart M

bizulfte pimers can be found in Sapplemeantary Table 5. Individual danes
were semt for sequencng (Bo Basc bnc, Maddam OM, Caada)
Metindaion percenage for each gere wes cladawed as the number of
metiplated Cplas divided by the ol number of Cpls dnucectdes.

Sperm miaoRNA analysis
AMA, sohision ard qRT-PCR was perk:

mmhmﬂm&ﬂ;mhmm

.21 {Life Tednologes). The Poor Group was analyzed relative 1o the Goad
Group usng the intamal cmnsant, MommlUs. Alist of diferentally expressed
milMAs was upbaded into miRTarase g/ fmirarhose mbonctedy,

) b identfy predicted @rget penes for blastoryst gene expnesion.

! Blastocyst relative mRMA gene expression
Isokuted DIMA from sperm samphes (o = 12) using fhe QRAMPDMA Mni -
: Toal RMNA w isdaed from indiidual bastocpss (n = 48) for argyss of
L transipe abundance a5 previousy described (Paris =t al., 201 1) Smples
L were treaied with ANasefee Dibase | {Qiagen), and the Migh Capaciey

: n.mm Tramsmigtion cOMA kit (Thermofisher Scentfic, LLSA
01} and sgnificant differential methdaton wax determined by cloubting -

analysis

btme PCR was perk | using the AR 7300 Real Time

Eﬂ&mmmmﬁmﬂhmhmwh
¢ Sdentific). The quantificagion of seven genes was alalaed reate to e
d e al, 0T and then - by ekoesning gene, ACTR (flactn), which disphyed mmpartively cosant
: leweds of ranscription in every sample. The Poar Group was andyzed rela-
L e to the Good Group. Expression primens are culined in Supplemaentry
. Table SL

: Statistical analyses

r  Significant difle rential methylation for the sperm metiplagon amay anayss
, ¢ was determined by an Numna custom algorthm for cakulaing
) ot ol 2009 mh}.mmhhﬁ{m}m Mncn: [Poalue -I!{Iﬂ‘{tﬂspﬁmu}aflﬂ}}] which emgployed 2
mxmarmﬁmwammdem : mlqiltﬂrgc ation. The algerith -
indude mmr't du;:ﬂwmm‘r"“m;“; ¢ followng equation: [-10bg o (gvabe FOR), such that 2 transiormed
L b " ¢ DR salueof 13 = 0.05, 20= 0.01, 30= 0.001,and a sgnifiance bevel of
¢ 005 was employed smilir to ofer recent publications (Urdinguio =t al,
¢ M5 Dere 2 al, 2016). A power ardlysis was cbubted todetsct mety-
E laton difierences of 2% with 2 standard desiation of €%, resultng in a
- requred mple soe of 83 n each group to achieve 2 power of B9 'Widh
r the mmple sze of & as avalable in our two groups for $he spermmethyia-
¢ tion amay, the would trarshte into an chsered power of | 6% for the
¢ study. Pathway aralysis was assesced using DAVID &8, where 2 maodified
- Fisher Baa Pvabe of P < 0.05 were onsidered sgnifiant GO term
.:. ervichment for Biologial Promesses’, and a Benjamini walue of 005 was
¢ umed © omect envichment Poalues to control Bke disovery .
¢ Student’s taest was wed © eamine sgificne for trgeted sperm
Pieacty ToGo [RTG) POR beads (GE Hedtram, Buddnghamahire UKLPR. o dasion validision between grougs whers P < (05 was considered to
: be satstially sgnifiant. The Relative Expression Software Tool (REST
I H09) {Qiagen) was used for mAMA and miflNA gene expression ana-
¢ hyes. The detsrmined expression ratiowas tested for significance by a Pair

¢ Wise Fixed Redllocasion Randomization Test (PR o al, 2007).

o b

E © | faloe dim y rate (FDR) approach for

FDR, vaues by e

! Results

ﬁ-l:}mng*Hmrmmnm{wmum : ) ) )
: Patient outcomes and experimental design
| uzng the Megaplex ™ AT Primers Human Primer Podl A and the E A surmmary of aveagpe mirnt age, semen mramebers and embopo dewsd-
TqmahnmmenMTmm} ! opment can be fund in Table |, with an eperimentd autine and reas
Cromtitative real-gme PCR, was performed after preamplficson uising fe -
TaqMan®™ Human MicroRMA. Amay Casd and run on e ABTIO0HT Fast :
ek Tiene PCR System. Cycle éwesholds were aaiyzed usng RQ Mamger | P r=sitig 0 ood quaity (Good Groug) or poor qualy (Foeor
P pmups was cimerved 2 e Hatorys: soge bneed on the indusion oieria
I [DE gade AR Good = 37K, Poor = 1% P < 0001; Trosfrabie quaity

} o 06 and D Good = 738, Foor= 21 %P < 0001}

sumimary found in Fig. 1. The WFopdies wers defined = one of two grouns,

d diffsrence k

dewdcperent. The aiy

Cpls). YUTR (130 CpGe). CpG shore (M5 CpG). (F G) bypomeshylzed genomic regons CpG isfand (311 Cpls), pramater (102 CpGs). (H)

genes imobeed in embryo desdopment and
& dfor hyp

. i (81 Cpls) ard ) gnes irvaive d in transport and localzmtion (290 Cps). Stasstcs were
J regicns (801003, [80-905]. [30-1 00%] and ypomethyhsed regions [0- 205, P-1096], [10-2006]. Satsticl sgis-

mﬂo{?{ﬂ.ﬂskd-uudhr‘ and sasstical sgrifiance of P < 0.00] is denoted by *.
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Table |1 Enriched biological processes for statistically significant genes.
‘GO tarm Tarm Mathyiation MGyl ol pands
In Poor Groug: Pvalue  In Poor Group: Povals

GOM04ETE Embryonic mophogenash 4
GOO0ATE0 Embryo devaicpmant 5l
GO00FS1 Anierior/ posiErior patiem specficiion ]
GODO4ESER Emibrponic orgen devoiopmant g
GOD0300 x|
GO 1049 Roguiation of tnsport o
GOUOEIETY Rguiation of localkmson o
GODE 1234 Estzbshment of locakmdon o
GODOER 1D Transport o
GOS1 179 Localzsion o
GODO4TES ‘Sngio organism ramport o
GOrI301578 ‘Sngio-organism localtrsbion o
GO D Bioiogicsl sdhwsion &8
GOCDOOT | 55 Tl stasion [
GODE 1588 ‘Cal-sibstrain sdhosion ]
GOoD0E0| 54 Tl difigrendation 143
GODIR0IER I aferentton &2
GO4ET3 ‘Spstem devaiopment 163
GONONREET Ansinmicyl siuchro morphagenass ni
GODOOTITS Muiticeliuiar organkm development L)
GOOMTIT ‘Sngi-muticelular DrEaNM POGES 2
GOD04B4EE Call development k.
GODOEBEES Mouron devalopment 55
GOMEISE Devainpmental process m
GO 175 MG PO Of EWOpMEnt Fird
GO0 Call projection organimtion I
GO0 ol marphogs Ivobend in dik 45
GODO4EEEE Anziomical stnechure development. [k
GOOTHIE Mgk i
GOD0E8E59 ‘Genarssion of neurons [~y
GODOMEEES Colular devicpmental process 152
GODMMTET Sga-OIZANIST ORYRIOEMIENT] Prooss [t
GODIF Hanvous sysiem desslopment o
GODEIREs ‘Cofiuiar componant monphogansss &3
GO ol morphogenasis &
GOrDO4es12 Mauron projection morphogenass 31
GOMOIIS0I Muticeliutar organbmel proces: s
GO0 344 = o coll projecion org ]
GO0 At cytosknichon organkstion 4
fe s crr Ain Miament-based process 9
SOOI ‘Cytoskaioton crganiration 5B
GOS8 o of coflular comy B Erd
GODOEE00T Reguisiion of moleouiar fanciion n3
GO0 14043 Colliar component organtrstion 0
GO0 ‘Sngho-crganism procEs w7
GOMOMTE ‘Sngha-organism collulsr proces m
GOMOSENE Rloguistion of bickogicsl qualky &
GODOT1 B0 ‘Clutar comg B o gy 13
LRRr T —

P LO|
. [T

FoOmil

Polll

P OE
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Figure 4 Representtive sperm DA methybtion profiles at tao
imprinting contral negions. A nep resentagon of Grgetsd DiNA mety-
lation amalysis in indridual normezoospermic @mples (n= &) at e
patermaly expreced MONGIOTI KCR; ypometindae d (Good Grow
1.2% Poor Groups | .0%), and the paemaly methyhted M1 KR
hypermetidaed (Good Groupe %6 .5%; Poor Grour 95.0%). Mo
statstical difference was found betwsen groups. Each line is 2 unique
DA stran d amplified within the sperm mmple. Back dos represent
maethylated Cpls, white dos represent unmaethplassd Cpics. Sperm
ID & indicated below-keft of the image. Percent medhylation & indi-
cated below-right of the image. Armows indiate the CpG direatiy tar
geed by an Infinium HumanMethpagondS) BeadChip probe, none of
whidch were sotdally dSprifiont betvesn goue in the amay
datmet

Histone-Retained Sperm DNA Methylation
Profiles

The sperm methyhtion amay data resuied in 1634 CpG probe sites
that were sntsfically diferent between the two goups (P < 0005) at

tion was examined forall rened b and then

] 3o
metiylated profile wis evident, comsistent with previbus reports

sites presenfing with 280% methylaton (0.8 fvalie). A small but dis-
tnct and satstrally sgifiant shift a2eay from expected methylation
leweds was otmerved in the samples attined from the Poor Group
(P < 0.05) (Fig. 2A) This shift was uniformiy observed for the Foor
Group among specific penamic regions tat posesed primandy
typermethylated CpGa (Fig 28-£). By contrast, 2 primarily hypo-
methyated profile was observed for the Good Group at CpG islands

¢ and regions dase o e promoter, haing >30% o CpG sitess pre-
¢ senging with <XI% methylation (0.2 fvalue) A statisticly signifi-
¢ cant shift away from expeced methyation evels was oierved in the
¢ samphes attined from the Poor Group (P < 0.05). This shift for the

¢ Poor Group was mnsishent 2Mong two PEnomic regions with primar-
: iy hypomethylated CpGs (Fig. 2F and G).

Gene ontology and regulatory network

i analysis

I Genes with sgnficant differential metiyhtion at CpG probe siees (P <
L 0U05) showing ncreased (576 genes) or decreased (562 ganes) methy-
! lation in the Poor Group were wed for bickegical pracess GO wrm
 analss. Genes eniched for odulr xlhesion and morphopeness
b wene Sgrificant i both sets, 25 wel 2 2 varisty of other osliular dewsl-
¢ opment and difsrentiation proceses (P« 05) (Table I, Fg. 1)
L Motbly, gnes enrdhed for tanspart and loalintion wene highly

represented among those with sgrficantly inoresed CTpls methylation
in the Poor Group, while genes involved in embryontc marphogenesis
and deweibpment were highly repr=ented among those with Sgnifi-

¢ cantly decrexed CpG methylation in the Poor Groug. Enviched genes
E =ted in the "embryo morphogeness” and “embryo deselopment’ cat-
: egones highighed a hypermethylated pattem amaong the sperm am-
 ples in the Good Group, with 2 small but signficnt methylsion los
t o these genes in the Focr Graup (P < 0.05) (Fg. 2H). Interestingly,
¢ emviched genes lsted in the “transport’ and Tocintion” ategorie
! highightad an oppesits shift for hypemethylated CpGs (P < 0.05)
f Fe 2.

The sume gene st for increzed and decresed methylation in the

E Poor Graup were trgeed for bonformatics aralyss to construct
¢ regiaiey networks (Fg. 3A and Bl Masy pathways were found n
i common betwesn the two methyiation Bsts, including Akt ok, Creb,
¢ NIF-iB and MAPK. Howewer, difflerent players within these ampleses
i were atherincreased or decreased in the Poor Group, immcting the
¢ owerdl gene network function (Supplementary Tabie SHl).

Targeted sperm DMNA methylation validation
P Less tmnten pencent of known human imprinted genes (7% 7/97)
E were represented within the methylation amay dataset with at beast
: one sgnificantly altered Cplosite (ange: | -3 oG sites). Lkewize,
¢ examinton of 10 known gametic dilfferentially methylated region
: (gDMRs PLAGLI, GRBIO PEGI0, MEST, PEGIS, HIY, KCNQIOTI,
D SNRRN, PEGT, GMAS) did not reveal any abermnt imprinted methy-
i lation patterns This was further confirmed by targeted bimibfie
retained hzmones [Fig. |}{I—|=r|1-m.d etal, M}.The,u'-wh:dmh- H

sequencing, observing no satstcal differsnce betwesn groups at

! two defined imprinting control regions (ICRs), the patemally
defined gancamiic regions. In the Good Group, a predomirantly hyper- :
R
{Srabwesd et al, 2001; Dere et al, 2016), having >40% of ol CpG ©
¢ idagion at the indriduzl Coi bevel, Thres distinet pattems of metyia-
tion wens chsarved () hypermethylation (80 100%) n both grougs,
I (§) ypomethylation (0-20%) in both groups and (i) variable methyla-
: thon in bath growps (Fg. 5). Two penes were seecied for eahotion in
i 2 lrper mhort of spem samples o acoount: of their consstent and
: discemable methyltion diflerential betwesn goups; AMKROST and
D MAPT (Fig 6and Suppbementary Fig. 51

expressed KCNQIOT T ICR and the mtemally methylated H 19 KR

Twentythres genes wers alo sdected for further methylagon val-
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Fgure § Sperm DA methylation wdidagon for both groups 2 select genes. Targessd DIMA. mathyhution ardyss in inddduad normozoogpermic

mmples jn= &) & 13 genes. Back damonds represent sperm from the Good Group, and red dia ds rep -
frdation for the individual s perm comple. Thres metiyation patems ane obsened - bypermaethylation

i | is pogitinned at the averags b

firom dhe Poor Group. Eadh

im bosh grou ps, ypome dhylation in both growps and arable methyition in both grougs .

Sperm miaroRNA profiling

Thie mifiA profies of the two spem groups wens nvestigaied and
10 milfidAs were found to be sgnficanty altered, induding one that
was mcheively sxpresed o the spaom fom the Good Group (mift-
325}, and one that was excheively spmesed in e pem fom the
Poor Groug [mif-879). In addifion, five were sgnficnty down
reguiated fet-Td, mik3 7l -3p, mi-382, mits | a-5p, miR-515), while
three were Sgificantly up-reguiated (miR-| 39-5p, mit-29¢, mif 5204
5} i the Foor Group (P« 0005) (Fgs | and TA)L

Blastocyst mRMA gene expression

Targeted mRMA tamscript level in individual blstocysts reveaied
sewen genes with significant alterations in #he Poor Group (P < 005)
(Fig | and 7B} Increased mifl-29¢ in the sparm fom the Poor Group
nagptively tarpets the de novo methpitamnfeacs appmes in humns,
Sgnificant decreases in both DNMTIA and DNM TIB transcripts were
found in the blastorysts from the Poor Group. This miflMA, o
negtively targets MMFPZ, 2 matix melbprotemse gene important
for implartation, showing significanty reduced epr=sion Deoreased
mif-357 negatresly tarpets FTEN, a negative regulsor of fe Fl 3K
AKT sgrafng mthway esental for embrponic gene actiation
A merresponding noemse in axpresion of FTEN was olerved in the
Hlasincysts from the Poor Group. A sgrificnt increase was also iden
tiied for T, 2 thymine DA, glymsyise required for defense againt
genedc mutation and for acive DA, demethylation, while sgrficnt

decrms e wers demced for e plurpotency gens POLSFT, requirsd

for proper premplantation development, and DNMT, the methyl-
trarsferase ermpme required for DA, methpiation maintenamos.

Discussion

The mobecubar mechanisms iting in make nietly ae poody
understood, and 2 lrge proportion of cases are desmed unexphined,
or iopathic, = sandard testing fis © find 2 case. Gamemgenesis
and sardy smbryogeness ane important sges for penome-wide &pi-
penetic ransitons, providing 2 perdod o which disruption to normal
F B k i wiould greatly affect gamete mtuation

e ) T F ¥

25 well 25 embryo development. lnoeasing evidence suggests that
spermn DA, methylation i an important mark, with 2 diea =soc-
ation with poor semen prameers, often manidesting at develgpmen-
tal g and Imprinted regions (Hammoud =t al, 2000, 2011 ). Semiler
disturbances to male spipenetc reprogammng may also @atrbute
to unexplanad malke Botor infertiity and to fhe poor embryonic devel-
opment olserved in these cases (Aston &t al, 200 & Urdinguio =t al,
201 5; Jerkins et al, 200 fab). To address the amociation betwesn
unexplained MF infertiity and epigenstics, we ssectad spemm samphes
having nonmal semen parameters and young donor cogte cpcles to
elimirate nown male md fermale fctors.

Thee histons-retained CpG sland regions of the sparm spigeome
did not shibit 2 sistally sgnificant difference when examined in
its entirety between the two groups, which indicated no comelagon
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Flgure & Sperm DA medylsion perentges 2t AMKRD ST and MAPT. Targeted DIMA medylation arabys in indhidual i i

(= 1&) at ANKRDST and MAPT. Black diamonds nepresent sperm: from she Good Growp, and ned diamonds: repressn @ sperm from the Poor Group.
() Each damond & posithonesd at e aeerage penoent methyhton for the indvvidwl sperm ample. ([B) Avweage peroent methylaiion & disnboesd by
the 21 Tpils postions at AMKRDS 3 for both groups (Good Group: 91.6%; Poor Group: §20%; P < 005). (C) Average panentmethylation is distribu-
toese] by the: 19 Cpls posithars 2t MAPT for both groups (Good Group: T3.1%; Poor Group: 53.8%; P < 0.05).

between oveall DMA metylaton bevek nd quality of embrypos
(Benchaib et al, 2005). Rather, 2 srmall (~5—10%6) but distinctand stat-
mtically sgrificant shift awvay from the expected methylaton profile
was olmerved in comelation with poor blastoryst development. The
binlogical sgnificances of this. small methylaion shift & sl unbnown,
though existing data suppests that subtie epipenetic danges ane amo-
ciated with complex disexe phenotypes (Leenen et al, 2016), and
thersfore may have greater tarslational conssquence, reulting in a
cumubafve affect on fertiity and subsequent ambryonic dessiopmen-
tl cmeity.

An even distibuton betwesn norezed methylation and decreased
methylation was observed with poor blastoryst development, nagnes-
met with 2 previows report (Undinguio =t al, 2005} Gene antdogy
amlyss reveded an ennchment of penes imvolved in cellular adhesi
and morphogenesiz similar to other publiatons (Ason «t al, 2015
Hemmoud et al, 2015; Urdinguio &t al, 2015) 2x well 2z exparsive

proceses mwohing o=l develoqpment, differentation and organc
Genes in these patways mpac cel-toosll mteactions induding
spermroocyle fuson, embryonic pename actwatkon, Empiantation
potental and embryonic differentation. As affirmaton, enndument for
genes involved in embryo morphopenesis and development wene found
to be the ubmost significant patiway n the population of Cpl sites
with decrez=ed methyhtion. Regibtory iheraed 2 murphs
of pathways that wene common between the gane Bt for noneosd
and decreased methyhtion et, the ganes within theos pifsays wene
primariy detnct betwesn [, indicating that the methybtion alters-
thors at fhese penes are allactively driving the danges observed inthe
unexplaned MF inferifity group. Aberant methylafion at these oritical
geEnes, impacting the overall gene network funciion, conceivabily beds
1o the observed compromised embryopeness.

Three dstnag patems of methylation wem obmerved in the genes
seected for waidatorr hypemetiyhtion, hypomethylaton and
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cyst mAMNA, expres son. Mormalired fold change nedasve tothe Good Group and o the inemal consant Mammls for miBMA expresion, and to te
housekeeping gene ACTE for mAMNA expresdion. Saixtal sgnificance of P < 005 is denoted by an aserikc.

wariable methylation. Sperm nesuling in poor bastocyst development
appeared to be more prone to inoesed eppenetc heterogensity,
similer to studies of known MF infertiity (Benchosb et ol 2005; Kuhtz
et al, 20 14; enkdns etal, 2015; Larentno stal, 2015). The bickhgicd
cormequences of these srmal alterations are unclear, but they may
mpact the actve goba DMA demetfylation of the mterml genome
after ferflintion, or disrupt the fidelity of DINA metybtion mainten-
ance at vital patemaly inherited ool

Alered sperm methylation comelated with dtered patermal milfldA
profiles in smples resuiting in poor bixtocyst develbpment Maure
smenmatoena are tamoiptonaly quescent, but Engering tansonipts
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inchuding small nonrcoding RAs edst (Amanai etal, 2006; Yan = al,
2008}, and their aberant presence or ailsence could be ndicative of
abnonmal development, function, or fertiity. Growing evidencs indi-
cates 2 potental rmole for these patemal mlMNAs in efy emboyo
development (Krawetz, 2005k koeased patemal sperm miRNA
levels cormefated with higher rates of pood-quality embryos, implnt-
ation, pregrancy and Fee birth in unexplained male nfertiity mtents
{Cui et al, 2015} In cur study, ten mifMAs were idemtified = signifi-
cantly altersd in 2mocation with poor biastocyst development, with
comespanding alterations to target genes invohwed in embrponic gen-
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dysreguiation of spenm-barne miflMAs or their trges may also be 2
scurce of the oiserved compromised blastoopst development.

[Epigenatic reprogramming events n both the gametes and the sy
embryo are desgned to prevent epigenetic defecs from being nher-
fed Howewer, generational epigenetic nbher of aber-
rant methyhtion and miRNA, Sgratures from 2 compromised sperm
popuiation, faciitated by IVFASL, may cour and mnribute to pens
expression dentons and ulbimarly poor embryo quality Hawing
saminaied the nfluence of female Betor nfertiity by wsing only young
fertle donor cocyes, significanty alered methylation profiles ennidhed
at dewelbpmental lod were observed I nommaroospeTnic samples
resuliting in poor bisinoys development, reflacting 2 subsst of unes-
phined male Bacior infertiity. The improved inowiedge of spemm epi-
genetcs and epigenetc mhenne from swdes such a5 ours hae
mportant imph for futurs g while providing avdence
for poential cases of unexplained male fctor nfertlity and support
medified courssing and dinical maragement.

Supplementary data
Supplementary data are avaibble 2t Homan Reproduction onfine.
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ORIGINAL ARTICLE: AMDROLOGY

Inheritance of epigenetic
dysregulation from male factor
infertility has a direct impact on
reproductive potential

Michelle M. Denomme, Ph.D.* Blair R MoCallie, B.5c.,* Jason C Parks, B.5C,* Keith Booher, PhD,”®
William B. Sdhookraft, MDD, and Mandy G. Katz-Jaffe, PhD ™"

* [Fertility Labs of Colorado, Lone Tree, Colorado; ® Zymo Research Gonp., Irvine, Califormia; and © Caorado Center for
Reproductive Medicine, Lone Tree, Coloradao

Objective:r To evaluate the epigenstic consequence on the methylome and subsequen transcriplome in euploid blagocysis of male-
Faetar (MF] infertility periens.

Design: Mehylome and transcriptome analysis on individual oligoasthenoierminzompermia [DAT [MF]] blmsiocysis

Setting: Infertility clinic.

Patient(sh Clinical data from 128 couples presenting with OAT (MF] and 118 maternal age-matched control [m MF) subjeds
undergning infertility treatment from 2000 0 2014, along with 72 surplus eryopresened hlagocysts donated from 11 couples with
their informed consenis.

Intervention{sk Nane.

Maln Outcome Measure(sh Methyl Maxi-Seq [£ymo Besarch] was used (o determine genome-wide DNA methylation, and small cell

number ENA-Seq was used to ecamine the glolal transcriptome. Validation experiments were performed with the use of
‘ingd or quantitative real-lime polymerase chain reaclion. Statitcal analysis used Shudent ¢ bedt, analysis of varance in

R, Fisher exact est, and pairwise fooed reallcation andomizafon et where appropriste, with sgnifcance at P 05

Resulb(sh Clinical pregoancy rates were similar betwes OAT(MF) pa tients and contral (no MF) subjects aftereuploid embryo transfer.

However, the miscarriage rate for DAT [MF] patients was significantly higher [14.7% vs. 2.2%; P< 06). Methylome and transcripiome

analyses of individual blagogrst revealed significant alterationsin 1,111 Cpl sites and 469 transeripls, respectively [P 05]. Patlovay

analysis elucidated genes invalved in “regulation of cellular metabolic prooss™ o universally alTected. Validation of the genome-wide

approaches was performel Tor SHF] and SLOEAS [P 05]

Concluslon{sh Methylation and transcription aberrations inindividual 0AT [MF] Wasiocysts illusrate an epigenstic consequence of

MF inferility on embryogenssis, significnily allerng key deve opmental genes and alTecting embryonic competence. This epigenetic

dysregulation provides an explamtion b the reduced reprod uctive potential in OAT (MF) patients despite euploid blastocyst transfers.

[Fertil Steril® 2008; 1104 19-20. ©2018 by Americn Sodety for Reproductive Medicine. |

El resumen estd disponible en Espafiol al final del articulo.

Key Words: Male factor, PGT-A, methylome, transeriplome, epigenstic dysregulation

Disruss: You can discus thi aricle with iis auhors and other readers ai Mﬁu:ffww.h—h{ddhhgmrﬂmﬂiﬁiiﬂ—h—ﬂi{y—
anl-sterility/posisf 11847-25761

trilubes iy one-half ofall infer-  procedures by means of sandandized — messurement continues to be the only

tlity cases workdwide [, 7).Itl semen  parameter anmalyses awessng moutne test to diagnose this oondition,
ypically identified durng @ asskied | germ concentration, moflity, amd  even though it B known tat sch
descripthve asssments cannot acount

Receboed Felwuaery B, 3008 mevimd Maech 28, 2018, acoepted Ageil 3, 2018, published online lune 25 for all agpeck of sperm qual ify, auch @

WIE
WLMLD, P i e i . BLRLM P i 1 o | C P mathing o disciose B an  LHPOMSTN organization and inegrity.
empboyes of Zymo Reseash Corp WES. s mothing to didoee. MG K | has mothing to Compnom ked quality of the male gamete

M ale-factor [MF) infertlity con-  reproducthve technology [AKT) mopholegy (3. ThiE  mmventional

Sclor. Is known to affect fertilization poberdial,
Regrint request: Mandy G Kaiz-ffe, PRD., Colomedo Cenier for Repmductie Medicine, 10250

Ridgegate Cinle, Lone Tase, Coborada 30124 (Email micaz jaffedon koorm com]. cleavage divisions, and embrye grade [4,
Fartility 3nd Stariify® Vol 110, Ho. 3, August J012 ED15-C0E03E 00 5) md & ted with an Incrase in
Copyigh tBI0E mmmy'hrnmmm.mmwmu areuploidy (6L micarriage (7], and
ittgecieloi.corg10L Y016 fertriert 20 12 04004 peegathve [eCRAnCY rtenmes
VOL 100 NOL 3 FALNAET 2018 I 418
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Recent evidence suggests that the sperm epigenetic status
oould ako play a mle in the etiology of miscardage (8, 9]
Bplgenetic reprogramming events occwr during gametogenssis
amdl  eafy  embryogemssks,  incluling DNA - metndation
evasune, aoquistion, and malnierance [10L Some reglons, ach o
imprinted  geres amd repatithve elements, cn peserve  eer
mathylation signature from the parental gameies through to the
developing embryo (1 1] Epigenetic interitanoe from the sperm
DNA metlylatdon landscape & essential for both proper
fertilization of the oocyte and wabiity of the eady embryo,
wherehy  dismupbon  ooud  largely  affect  embryonic
development A number of stdies in both humans and
nonhuman animal models kave highlighied the importance of
a “paternal factor® in miscarriage (9,12-15), ut the cusal ity
between sperm DNA indegrity and embryo development afer
implanttion emains usexplained. There 15 a wide array of
evidence linking MF infertility and aberrant sperm epigmetic
sgratures [16-21), but little is known about the inheribed
effects after fertlization [22, 23] Nevertheles, evidence
suggests that aneploidy affects epigenetic regulation, resul ting
in hypomethylation and geretic instability in Hasiocysts [24].

The intmaduction of intracytoplasmic sperm  injection
MCST) cimwunvents conventional MF infertlity, thus elimi-
rating the majority of barders to fertlization. Sperm are
selected for ICS] hased on the et pssible combination of
motlity and nomal gross morphology. However, this does
not ensure the genetic or epigenetic integrity of the sperm,
anil disruptions may play a significant rode in impairing the
deve lopment of the embryo a frer fertl kation. The Incorpora-
tion of preimplantation genetic testing for aneuploddy [PGT-
A heas prowed to be swocessful i improving embr selection
Ty pemovimg abmnormal chmmosomal con tributions, amd ma-
domized conrolled triaks kave shown increases in sustained
impantation and delivery rabes [25-29.

The present stwdy explored the clinical outeomes of PGT-
A for ol igoasthenoteratozoogpermia [OAT [MH) patients after
a euplold blastocyst transfer. More Importantly, it investi-
gated the generational eplgenetic effects of severe MF infier-
ity by examining the global methyome and subsequent
tran seriptome of blastocysts derboed Foom OA T [MF) infertility
patients

MATERIALS AND METHODS
Pafient Selection

IF cycle data and pregrancy outcomes were collected from
oouples [n = 246) that underwent frozen ewplodd blastocyst
transfers at the Colorado Center for Reprductive Medicine
from 20010 i 2004, Surplus cryopresenved blastocysts (n =
72) were donated from couples [ = 33) 5+ years after their
infertlity treatment with thelr informed ¢ onsen tsand et
tiomal Review Board approval (WIEB study mo. 1145350]).
OAT MF) was defined as motility < 40%, morpholegy
<%, cownt <20 millionml, and total motile count [TNVC)
<13 milion/mL OAT (MP infertility patients [n = 128) amd
mabernal age-matched control subjects with normo®odspe -
mia (o MF; n= 118), underwent row tiee infertl ity treatme nt
during a similar time frame in the IVF laboratory. Onvaran
atimulation, eocyte retrieval, ICSL embryo culture, troplecto-

derm hlopay, PGT-A, amd vitdfication procedurs were
routinee ly performed @5 previowsly reported [10]. Fupladd blas-
tocysts were warmed and transferred in a8 subsequent frozen
embryo transfer. Statistical analysk for ovaran reserve, IVF
cycle data, and pregnancy outcomes Inclwded Student ¢ test
with significance at P 05,

PGT-A

Trophectoderm blopsies urderwent cell ysis and DNA ampli-
fication with the wse of Tagman quantitative real-time poy-
merase chaln reaction [gPCE) [311). The copy number forall 22
mis of sutosomes and two sex chromosomes wis clarac ter-
tred with the use of standand methods of relative qua ntifiea-
tion [32). This PCR methodology has demonstrated 98.6%
accuracy (11, 3] Only embryos diagnosed as euplodd 4630
or 4EXY with sufficlent confidence were deemed fo be
aultable for transfer. Limitations of qPCE methodolegy
include the imability to detect mosakkm, chomosome
segmental imbalanoes, and strectural vearrangemen s

Blastocyst Grading

Blasicyats imcluded inthe shudy were soomed based on i aner cell
muass and trophectodermn quality [ 34], and were all morpholog-
ically graded as high, transferrable quality [grade = 3BB]. Blas-
tocyss weredhvided into two growps based on semen pa ramete r
analysls at the time of cocybe retrieval. Blasocysts (n = 36
were selected for the control group based on the inclusion
criteria of motlity =40%, morphology =3%, count 20
millionyml, and TMC = 13m0 lon) ml,amd dosoroocyte, Blas-
tocysts [n = 36) wene sdected for the 04T [MF) group besed on
the inclusion criterta of motility < 40%, morpholegy < 3%,
count <20 millionfml, and TMC =13 millionmL.

Whole-Genome Bisulfite Sequencing

Trophectode rm biopses -5 10 cells; ~ 60 pg DNA] from indi-
vidual blastocyss [n = 6) underwent whale genome bisulfite
sequencing with the use of the Methyd Mol -Seq platform
[Fymo Research). Extremely-low-input 1ibrary prepamaton of
the samples with the wse of the Pico Methyl-5eq Library Prep
Kit [Zymo Research] was followed by amplification steps to
add adapter sequences, PCE purification [DNA Cean B
Concentrator 5: Zymo Research), and sequencing on te Mu-
mina HiSeq 2500 platform Sequence reads wene ldentified
with the we of sandand Mumina base-calling software with
a 5x minimum read count filier and theomretical resolution
for detection at 20%, and hisulfite sequence data alignments
weere perfiormed with the uwse of the al ignment sofware Bimark
[wrwow bl rifiorma tes. babraba meac.uk fprojects’bismark ], be-
tween OAT [MF) and control [ro MF) groups. Tndex files were
oonstructed with the wse of the entre reference genome,
hgle. The methylation lewel of each cytosine was estimated
a5 the number of reads reporting a C, divided by the total num-
ber of reads reporting a Cor T. Quanti fication of the statstical
agn ifvcance of the methyd ation dif ferenoe wias determ imed with
the use of the Stdent ¢ test, where P05 was deemed to be
dgnificant. A limitaton to the sudy & that a comection for
multiple comparsons was not performed owing to the low

420 I
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starting matertal in individisl Hastocysts combined with the
small sample sze and lack of statistica] power.

Whole-Transcriptome RMNA-Saq

Indbvidual blastocysts (n = 11) underwent ENA isolation
with the wse of the Picopure ENA Isolation Eit (Molecular
Devices), amd library preparation with the use of the Low
Input Library Prep Eif [Clontech] followed by small-cell-
number RNA-Seq run on the Mumina Hi%eq 4000 with the
e of the 1 3 50 b platform. Reads generated wene mapped
to the human genome [hg13) with the use of gSNAP, gene
expresion (valwes expressed a5 fragments per kilobase per
million [FPEM]) derbved by Cufflinks and dferential
expresion analyzed by mears of analysls of vadanoe in B
Orwingg to Jow input KNA and inherent varability therein, a
dgnificance cutoff of P 05 was used. Tn addition, to re-
move fake positives at or near haseline expression levels,
a arict expression cutoff of 5 FPEM was used, where one
of the means [either the contml mean or the treatment
mean) must e =5 FPEM.

Bilogic Processes Pathway Analysis

Pathway analysk was asessed with the use of DAVID 68
Matabase for Annotation, Viswmlizaton, and Integrated Dis-
covery] (15, 16] for four independent gene lists signlficantly
altered in ODAT MF): hypermethylated, hypomethdated
decreased franseription, amd increased transcription. A
modlified Fisher exact P value of «<.056 was considered o
indicate significant GO term enrchment for “hologle
proceses.” A lmitation to the study & that a comection for
miltiple comparsons was not performed owing to the low
aarting matertal in individual blastocysts combined with
the small sample size, which resulied in a lack of satistical
power and may affect the interpretation of the pathway
ara sk,

Tamg eted Bisulfite Pyrosaquencing for Validation

Bisulfite conversion of individual blastocyst genomic DNA
andl pymsequencing analysds was performed a5 previously
described (17) with negative and posithee contrml samples
included. Briefly, genomic DNA (~600 pg) of indbddual
Wastoryss [m = 30) were Bolated with the use of the
(HAamp DNA Mero Kit (Qiagen) and modified with the
we of the EZ DNA Methylation-Gold Kif [Zymo Research).
Comverted DNA was directly wsed as the template for nested
PR amplification with the we of a univesal reverse blo-
tinylated primer in the second rmound. Two gemes, SEF1
arl SLOEAD, were chosen for validation by means of pyro-
sequencing, hased on both their methyome amd trarserip-
tome msults a5 well as their reported hiologe roles. The
DNA methylation assays investigated six CpG stes for
SBFI and elght Cpl dtes for SICEA 9. Primers for methyl-
ation analysks [Cpl) were des gred with the wse of the Pym-
Mark Assay Design Software v.2.001.15 ((iagen) amd are
provided with PCR parameters In Supplemental Table la
favallable online at www ferisert org) Pymsequencing re-
actiors were performed in a Pyromark (24 Advanced sys-

Fertility and Sterility®

tem [Pyrosequencing] with the Pyromark Q24 Advanced
Cpl Kit {iagen). The DMA methylation level was caleulated
a5 a ratio of the C to T peaks at a ghoen CpG site with the use
of Pyrohark ()24 Advanced Software v.3.000. [(lagen). Stu-
dent i test was used for targeted blastocyst methylation vali-
dation, where P< .05 was considered i be statistically

dgnificant.

Relative Expression Analysis with the Use of PCR
for Validation

Total RMA was bolated from indbidusl Hastocysts [n = 24)
for analysis of trarscrpt abundance a5 previously desoribed
[18]. Brefly, samples were treated with ENase-free DMNase 1
agen), and then reverse transerbed wsing the High Capac-
ity Reverse Transcription ¢DMNA Kt [Thermo Fisher S clentific).
The ABI 7300 Real Time PCR System was uwsed to perform
queantitative real-time PCR with Power SYBR Green PCR Mas-
ter Mix [ThermoRsher Scientific]. The quantification of the
twn genes, SBF1 amd SLCEAS, were calculated relative to
the housekeeping gene, GAPDH. The OAT MF) group was
analyzed relative to the Control [no MF) group. Expresion
primers and PCR pammeters are outlined in Suwpplemen tal
Table 1 [avalable onlime at www fertsertorg) The Relative
Expression Software Tool [REST 2009; (lagen] was wsed for
mENA geme expressdon analysds The determined expresion
ratio was tested for signi fucance by a pairwise fied realloca-
tion mndemization test [39) where P<.06 was consldered to
be statisteally significant.

RESULTS
NF Cycle Outcomes

Asummary of patient |nformation and IVF cpcle outcomes is
provided in Table 1. The two groups, OAT [MF) and control
[no MF), were defined based on semen pamameters at the
time of oocyte retrleval As such, statktical differences
were observed based on the MF inclusion eriteria s outlined
in the Mate rlalsand Methods section. Conversely, number of
o ytes retrieved and fertllized remained dmillar between
gmups, 8 did number of blastocysts biopsied, proportion
of euplodd Hastocysts, Wasiocyst survival aftervitd fication,
an the muwmbser of euplald blastocysts transferred. Likewlse,
there were no dgnificant differences between the patient
gmups for patient ages or ovaran reserve, except for antl-
millledan hormone levels, which wene statistically better
for the OAT [MF) group fontml [so MF]: 2.3 ngfml: OAT
MF]: 3.2 ngimLl: P=014)

A for frozen embryo transler [FET) outcomes, there were
o s gl it i ferences de tected between the two [nfertility
groups for hiechem ical pre gnanc y or ol in eal pregra ey mies,
wilth a trend indicating a lower live birth mte for the OAT MF)
matients However, a significant increase was observed for
first-trimester pregnancy loss after ultrasound detection of
fetal eart tone in OAT [MF) infertility patients compared
with the maternal age-matched contral [ro MF)] subjects after
the trarsfer of a euplold blastocyst [contrl [ao MF): 2.2%:
AT [MF]: 14.7%:; P= 03],
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TABLE 1

Patient shatistics and VF cycle cutcomes.

Contwml fna MF) QAT (MF)
Variable {n = 118) {n = 1.28) Palus
Semen parametes
Bartinty (%) 58.0% +14.1% 12.1% £ 12 8% <001
Count (millonin) LEE S 48748 <00
Total matile count (milionfml) 1666 = 1598 2450 <.00"
Marphalogy (%) 7% 1 19% 1.1% £ 12% <.00"
Pafent information
Paternal age () BEL53 410+84 A3z
Blarierrial age (5 39 +36 3BAL3E )
harierrial B {kgfm®) 240+44 24045 2915
Bl follicle muntind) 168 +91 19.1% 104 a8
AMH (ngfml) 23120 324139 N
Dy 3 FEM {miLlimiL) 7A+35 7638 743
Dy 3 E (pgdnl) 409254 A0x27 960
MF opde data
Cocyies retdewd () 19.7 £ 86 198+ 87 .aa4
Oayies fertlned (n) 126+58 120+ 63 476
Blatinoysts biopeied (n) 58438 54+43 545
Poparton of euplosd blacoorst (%) 57.1% =+ 22 9% 59.7% + 24 6% 413
Blatincyst sunmal after vitdficaton (%) 98 4% 95% 99 0% 4 7% 485
Eupioid Biastacysts ransfered per FET (n) 16+05 16+ 05 939
Cyche outtomes
Biochemical pregnancy ate (%) BE5% (1007113) B75% {112128) A14
Cinical pregnancy raie | %) 7AA% (891 13) 79.7% (1021 28) B0
Mizcasiage rawe, 15t thmester after BT (%) 22% (289) 14.7% (15102 o0z
L Biinth rarie per trancher (%) T7.0% (871 13) GR.0% (@728 R

Note: A = armilerian homone; B = body mu inder; BT = froon smbyo S, FHT = fetal et oo AT = in vt isieton; MF = male facor, OAT =

cainich e afcerros pTi.
[ A —
i et e it i . e St 207

Global Methylome

After while-genome bisulfite sequencing on trophectoderm
hiopaes, the hisulfite comversion rabe was »>9%, and aver-
ages for the samples included =747 million read pais, 45%
mapping effickency, =10 million unbgue Cpls, with 48«
average Cpl coverage. Sequencing data displayed methyl-
atbon profiles that were shifted toward hypomethylation
[28.8% methylation in OAT [MA va 18.7% methylation in
oontml [ro MF]; P<.06) with a notable methylation increase
for statistically significant Cpl probe sites in the OAT [MF)
groupin= 1,111 Cpls; P 0% Fig. 1) These real t5 2 e within
the expected range for blastocyst-stage embryos, which
exhibit an overall hypomethylated state arownd ~20% [40,
all. A total of 726 Cpls (representing 287 geres) were
dgnificantly hypermethylated in the OAT MF] group
ocompared with control (noe MFL OF tese, 264 CpGs (122
Eenes) wene characterteed as “stongy hyperme thydated,®
sgnifying a4 13%-100% Increxse in methylation relathee to
the control (o MF) samples Similady, 385 Cpls
[re presenting 156 genes) were significantly hypome thylated.
Of these, 154 Cplis [66 genes] wem chamcterzed as
*srongdy hypomethylated” with a 3% 100% decrease in
methylation. With very small starting input, the genome
ooverage wias adversely affected, which is a limitation to the
study. In relation to genomic features, gene body coverage
was faily consistent for all samples [T6%-B6%), whereas
promoters [2%-T3%), and CpG slands [29%- 5% showed

mare vartable coverage acras the samples [Supplemental
Rg. 1, avallable online at www fertstert.org.

Theee 11t of gerses with altered CpG methylation wnderwe nt
mthway amalysk for “Blologic Process® Regulation of
dgnaling (59 genes: P 01), and posithve regulation of
cellular metabolic process (53 genes: Pe 05, ane the twio pro-
oesaes with the greatest number of sign ifieanthy ypermethy-
lated gemes, and would largely afect e mbryonic developme nt
with Increased methylation rsulting in subsequent decreased
e expresion. Conversly, the greatest number of
dgnificantly hypomethylated gemes revealed negative
regulation of cellular metabolic process [28 gemes; P<01),
andl establ Ehment of protein localkzation (23 genes, P« 05),
v processes that would directly affect embryonic develop-
ment with decreased methylation and ineressed gere expres-
don [Table 21 Allst of significantly altered genes invalved in
positive or megathve regulation of cellular metabol i process &
provided in Supplemental Table 2 (awallable online at
www_fertatertong)

Global Transcriptome

Following small-cell-number RNA-Seq on individes) Hasto-
cyats, the filtered reads disrbution averaged 51 million
Angle-end reads, with an average of 2614 megabases yield
and yield quality of =89% (30 ases, with a mean quality
soore of 3748 The global transerptome data resulted in
469 agnificantly altered transceripts (P<.05) in the OAT

£22 I
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perkrmed for hypomethylsted regons [0%-20%], [09%-10%], and [10%-20%]. *Stastical sgnficance of P< 05
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TABLE 2

Ensiched biologic prcesses for statistically significant genes in OAT (MF).

GO term Temn No. of genes Palue

Hpemmetdaind
GO0043087 regulxton of GTPase actiety 20 < 005
GO0023051 regulaton of sgnaing 59 <01
GO:1904062 reguiaton af cation rarsmembane vangport 9 <05
GO0031325 pastve reguistion of celiuiar metshoic proces 53 <05
GO0 220 on tansmembrane tsnpont 22 < 05
GO0030516 reguliaton of ann extenson 5 <05
GO0060538 skeletal musde argan development 7 <05

Hpomethdated
GO0030029 achn flament-based pcen 16 « 0001
GO-1903827 reguiation of aeliciar praten locaiizaton 13 < 0005
GO0006461 PN mmpiex asen 21 < 005
GO0031324 negative reguistion af cefiular metabolic o 28 < 005
GO0039536 synap i Sgnaling " <0
GO0045 184 estabihment of poein locafizston 23 <05
GO0051270 reguiston of asliular component movement 12 <05
GO0019725 celluly homeostass 12 <05
GO0051960 regulston of nenvous system development 11 <05
GO0031327 negative reguistion of aefluler bcsynthefic process 17 <05
GO0060548 negative reguistion of aoll death 12 < 05

Decressed ranscagtion
GO0009833 pastve reguiston of deliuisr metsholic praes 16 <005
GO0008 104 protsn belzstion 14 <0
GO0042325 reguiaton of phasphondaton 10 <01
GO0031401 postive reguiston of proten modidicaton proces 8 < 05
GO0016055 Wit signaing patway 5 <05
GO0032880 regulaton of grotewn localaton 7 <05
GO000011 lacomation 3 < 05

noreased tansripton
GO0048857 newasl nudews dewlopment 6 < 0005
GO006038 ATP metabolc process 8 < 005
GO0006020 pyuvate metabaic pooes 5 <01
GO0086907 miraceliuiar vampont 2 <
GO0G32787 manacadiaeyic ad metabolc process 10 <05
GO0010565 regulaton of celiufar ketone metshalic process 5 <05

Nt ATP = s s i Tudn t

tom ] acg i M. Pt Serd X7 8
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Blasiodyst SBFT and SLIEAD metiyiation and rarkcspion el (A) Ovesall methylation pecentage for SBFT n the contmling male facar [WF)
group companed with fie QAT (MF) group (31% . 57 %; P05 n indiedual blatiooss . Black bas mpoesent owerall seerage methylistion o
rarcdpt shundande for fe contd ino M) gouy gey bars mpesent the DAT 0F) group. Exor bars mepesent S0, (B Mefylaton
perertage for the s Cph Sies aocrois the amplified S8FT mgion i individual Blastocysts. Sonificant moesses wee obseved for Cpi
pastons 2 and 3 (Pc05). Bladk ines mpesent sveage mefhyiaton alang the amplified mgiore for the @akal (no M) group; geay Ines
mpmsent the CWAT (MF) gmoup. (C) Oweral tensoipt shundance for 55T Mosmalined fold change for fhe OAT (MF) group (0.51; Pc05) B
mdafve o the contrd (no MF) gmup and o the hawdkesping (HEK) gene GAPDH. (D) Oweall methyiaton peraentage for SOEAD N fhe
amntral (no MF) goup mmpaed with the OAT BAF group {15% w 32%; Ac.05) i ndsedusl bisctocysts. (F) Methyiaton perosntage for e
egit Cpl sites acmzs the amplified 20549 region n individual blacnops. Significant increstes wese choesned for CpG pasifons 1, 2, 5§, 6,
and 7 (P i05). (F) Oeeerall ton soript shundance for SI06AS. Normalized fold change for the OAT (WF) group (034; Pc05) & neinte 1o the
contral (no MF) group and to fe HSK gene GAPDH. Black diamaonds represent the methylation level for eadh individual blsstocyst i fe
Contral {no bF) gmoup at each Cplh positon along the amplified regions; gey diamonds represent the OAT (MF) goup. *Staistc sl sonificance

IMF) group Of these, 404 genes had significan thy |nemeased
e expresion and 65 genes had significantly decreased
e expresslon [Supplemental Table 1, avallable online at
wwnw_fe ristertong)

Pathway analysk for hlologic processes included positive
rgulation of metabolic process (16 gemes: P<.01) with the
greatest number of geres with significantly decreased gene
expresson, and intrmeellular transport (22 genes; P<.01) for
thise with significantly increased expression [Table 7).
Validation of genome-wide approaches. Overall, 462 Cpl
ates exhibiied statistically significant methylation changes
[P 05) comesponding to 423 genes with transeription
changes. From these, 118 Cplis wene hypermethylated with

a eorresponding decrease in transeription at 105 gemes, amd
46 Cplis were hypome iyl ated with an increase in ranserip-
tomat 41 geres A subset of 21 genes was found to e statis-
tically sgnificant In both the methylome amd  the
transcriptome data. OF these, two genes were chosen forvali-
da thon of the genome-wide approaches that were signl ficantly
altered in both methylome amd transerptome results aml
dentified as gemes assoclated with spermatogenesds and
embryogenests, Pyrosequenc ing data confirmed hypermethy-
lation along the amplifed 3BF1 reglon, with an avemge
methylation for the control (o MF) growp at 31% and a sta-
tistically dgnificant increxse to 47% for the OAT MF) growp
[P=05; Fig. 2A). When analyzed individually by Cpl site,

<24 I
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dgnificant increases were observed for Cpli positions 2 and 3
[P 105; Fig. 2B). With increased methyation, a subsequent
decreased transeription is predicted amd was observed for
the SHF1 framscrpt to 051 nomallzed fold change in the
OAT [MF) blasicysts relathve to control [mo MF; P<i05;
Fg. 20}

Significant hypermethylation was ako observed along
the amplified SLCE49 meglon An avermge methylation of
15% was ohserved for the control [Ro MF) group, with a sta-
tistically dgnificant increase to 32% for the OAT [MF) group
P=i05] [Fig. 20). The CphG peitions 1, 2, 5, & and 7 were
identi fied as significanty altered when analyzed by ndivid-
ual Cpls site [P 105; Fig. 2E] A subsequent decressed tran-
scription & predicted and was observed for the SICEA9
transcript 1o 034 normalized fod change in the 0AT MF)
Hastocyss relative to control (no MF: P 05; Fig. 2F), con-
firming the overall genome-wide rsulis.

DISCUSSION

The molecular ask of MF infertility is poordy understoosd
Semen parameter analyss, while identifing ermoms in count,
motllity, and morphdogy, dees not account for other under-
lying genetic or epigenetic sspects of MF infertility. Likewlse,
ICST clreumve nts ferti lization failure for MF cases, but it ako
does not select against all possible deleterdous effects arsing
from defective sperm DRA

Risks of implantation falure and repeated mscarrage are
Increased in couples with MF infertiity [42-44). One study
evaluating high-magnificaton sperm selection observed an
Increase in mBcardage rate from 112 [B.3%)] in the non-MF
group to 38 [17.5%)] in the 0AT [MF) grouwp, although owing
to limlted sample numbers this statistie was not significant
[P=.138] [45]. Mevertheless, the percentage of higher-
qualify spermatoros was significantly lower in patients
with OAT MF: 1% va 1T%: P=_001) amd significantly
higher in patients with oageing pregrancy oompared with
thise with miscardage [23% v 11%; P= 007]. PGT-A testing
heas revealed higher mtes of aneuploddy in embryos derved
from spermatosoa with increased chromosomal alterations,
and this & exacerbated in DAT [MF) infertlity cases [46],
again highlighting that ICS] & not sufficient to exclude chm-
TS0 E ETTTS.

I this study, we stra tegically eliminated detectable aneu-
Haoddy in OAT (M blastocysts by performing PGT-A on tro-
prectoderm  hlopsies amd only frozen euplod embryo
transfers Results showed that clinkcal pregrancy raies were
smilar between MF patie nis and non-MF control subjects af-
ter euplold embryo transfer. Overall OAT MF) inferd iy pa-
tients experienced significant clinieal berefit following the
transfer of a fromen euploid blastocyst Nevertheless, the
milsca rriage rate for matermal age-matelved couples present-
ing with OAT [MF) infertility diagnosis was significantly
higher [147% vs. 2.2%; P=.003) and may represent the
disturbance of other developmental varables that are essen-
tial for ongoing healthy fetal devel opment.

Alternate paterral factors may influence embryonic
development and clinlcal pregrancy rates, desplie euplold
embryo transfer, such a5 sperm epigenetics. The asociation

Fetility and Sterility®

hetween aberrant sperm DMA methylation patterns and
oompromised smen parameters suggests that disturbanees
in male germline epigenetic reprogramming contribute to
this problem. In particular, there have been varous demon-
strations that methylation errors are present at developmen tal
nes and imprinted locl in men with oligospermia [16,19-
21]. However, there s minimal information on the pxsible
oorequences that fertlization with sperm harborng
methylation erms may have on embryo development
implantation, gestation, and offspring. In a study that
analyzed DNA methylation at imprinted loci in ART-derived
oonoepiuses amnd matched paternal sperm DN A samples, iden-
tieal alterations were observed in both paired samples in 717
caves [41%)] (22], demonstrating a direct inheritance of these
alteratiors. Importantly, the imprinting erros were more
prevalent in patents with ol igspermia.

Pwluation of the methylome and subbequent trarserip-
tome in high-grade indbidieal blastocysts derived from OAT
[MF] patients in the present shudy revealed significant alier-
athons in = 1,000 CpG sdtes and =000 tranceripts. The we of
only transferrable-quality bastocyss ypasces most effects
on preimpla ntation developme nt, s these dgnd icant me thyl-
ation patterns and expresion level changes may insead be
mespondhle for the comprom Bed IVF outcomes and increased
miscardage rmte ohserved in this population

Pathway amalysk elucidated the functional effects of
these methylation and expression changes. Interestingly,
“regulation of cellular metabolic proces™ appeared to be uni-
vermally affected in both sets of results, albeit with alterations
to independent gemes. Although it & a hroad em, hyperme-
thydaton of geres involved in positive regulation of cellular
metabolic process, as well &5 hypomethylation of gemes
imvolved in its megative regulation, may ultimately affect
embryogenssk I a similar manmer. Positive regulation of
metabalic process was enriched in both the hyperm ethylated
gene list and the comesponding decreased-trarserption gene
list from OAT [MF) samples. For gemes with abermant i neme aoed
transcription, more specific metabolic processes were high-
lighted, including adenosine triphosplate, pyrvate, momo-
carboxylic acid, and regulation of cellular ketore metabalic
process.

Although a lange number of CpG sites exhibited 1ncmeaced
DMA methylation in the OAT [MF) growp, we did not observe a
comesponding number of decreased transcripts owerall
Rather, a greater number of geres ex hibited increased gene
expression in the OAT (MF) group Ultimately, methylation
and tramscripion do not always correlate on a genome-
wide scale. One explanation & that the Cpl stes assessed
are not the ones solely contmlling gene expression. The
Cpld density surmunding the significantly altered site plays
a large rae in gere regulation. Likewlse, the sites may not
wverlap the positions for transe Aption-factor hinding or en-
hancers. Also, there are additional epigenetic influences on
Eene expresson, inchding histone modifications and mon-
coding RNAs, which we were not able to examine in this
shudy. Mecesarlly, global DNA - methylation-depende nt
changes in gene expression do not cormelate exactly owling
to all the other levels of gere megulation acting simulta-
meousdy on the genome.
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Furthermore, although transerption 15 a sapshot of pre-
sent oocurrences in the blastooyst, DNA methydation can
represent el ther a memory of a previous status o pre cond i on
for future events Thus, alterations in methylation at the blas-
tocyst stage may instead affectgene expression at later stages
of development and [n specific thswes depending on location
anl gere function

Nevertheless, among the subset of genes with abermant
methylation and comesponding directional  transceription
changes, two mlevant genes were selected for valldation
sudies High inesample methylation wvarability was
observed, likely a consequence of the dymamic and active
methylation reprogramming proces occurdng &t the hlasto-
oyt stage. This be terogenel ty was ex pected and Tas been pre-
viously reported (47, 48). Further evaluation of parental
source revealed that this varlablity exsts even for those
Wastoryss derived from the same patients. The 5EF1
protein & highly expressed in the seminiferous tubules of
the testes, and mice that are SBF1 homozygous null are
characterized by ammoospermla [49). The abnormal Increase
in SBF1 methylation amd subsequent decrease in expression
in blastocysts derdved from OAT MF) sperm s most lkely a
rempant of compromised spermatogeneds. The SICEA9
gene enoodes the GLYTI protein, amd has been reported to
be essential for cell volume regulation in prelmplan tation
mouse embryos (50, 51 Glycine trangport wia GLYTI is
alsy present and essenttal in human embryos (52). Aberrant
decreased SICEA 9 expresion due to increased methylation
may result in cell volume dysregulation in the blastocysts
derved from OAT [MF) sperm or play a larger mle in later
events swch as implantation.

In summary, this novel study investigated the outeomes
of euplold Hastocyst transfers for OAT [MF] infertility cases
The miscarriage rate for patients presenting with this infer-
tlity diagnosis was significantly higher than for non-MF
contrl subjects, despite maternal age-matched and euploid
Wastoryst tramsfer. Furthermore, methyation and transerip-
tion aberrations in indbddwsl QAT (MF) blastocysts Dlustrate
a consequence of severe MF infertllity on epigenetic events
occuring durng embryogeness, sgnifieantly altering key
developmental geres. Taken together, inbertance of epige-
netie dysregulation from compromised spermatogenesds in
OAT [MF) patients has a direct impact on subsequent embry-
onle competence and provides an explanation for [neme ased
miscardage mbes and redwoed reproductive potential .
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sperm count and motility for samples donated to research, and prepared them for storage
at -80°C and downstream epigenetic experiments. Finally, | co-wrote and edited sections

of the materials and methods section of the manuscript for publication as a co-author.
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Abstract

Purpose Tn men, ohesity may lead to poor semen parameters and reducaed fortility. However, the causative links between obesity
and male infertility are not itally clear, particularly on a molecular level. As such, we investigaied how obesity modifies the
human sperm protesme, to clucidsie any ingortant inplications for fertility.

Methods Spermprotein hysates fiom 5 men per treatment, ¢ lasified as a healthy weight (body mass index (EMT) <25 kg/m?) or
obese (BMI Emmﬁ,mcFﬂmmwmlmﬂdmwwdHnmmmmmtdmmp.wdh}'
labehfree quantification. Findings were confirmed for several proteins by qualitative immunofTeorescence and a quantitative
prodein imnmnOassEy.

Results A total of 20034 proieins were confidently identified, with 24 profeins being significandy (p-< 0U05) less abundani (fold
change <0U035) in the spermatoza of obese men and 3 being mone abundant (fold change = 1.5) companed with healty weight
controls. Prokins with altered alundance were involved in a vaniety of biolegical processes, including oxidative stress (GSS,
NDUFS2, TAGHNL, USF 14, ADHS), inflammation (SUIGT 1, LTA4H), translation { ETFIF, ETF4A2, CENE1GL), DNA damage
repair (LTBEA4), and sperm function (MAFA, RNPEF, BANF2).

Comdusion These results sxgpest that oxidative stress and inflammation are closely tied o reproductive dysfinction in obese
men. These procesaes likely inpact proiein randation and folding during spemaingenesis, leading to poor sperm function and
subfertlity. The observation of these changes in obese men with no overt andrological diagnosis further suggests that traditiomal
clinical semen assesaments fai i detect impaortant biochemical changes in spermatozoa which may compromise fertility.

Keywonds Obsesity - Reproduction - Spermaineea - Fertility - Proteome - LC-MSMS

Introduction

Excesaive body weight continues i bea growing problem in
the twenity-first century; estimaies of overw cight and obesity
{Lr.,ahudy:rmmindn{ﬂhﬂ}nf&ﬂkg‘mzj in aduls remain
high at 389% globaly [1]. In the USA, 378% of men of

Electronic supplementery msterisl The online version of his articls
htpsidoiorg 10, 100751 081 5-020-01M7-K) contains. supplementary
mavierial, whidh i availabhls i mothon z22d nsars.
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tpini @ flooko _oom

' \Colomdo Center for Reproduoctive Medicne, Lone Tree, C0 801 24,
UsA

?  Zchaal af Medicine Bislogio] Mas Speciramesry Facility,
Univessity o fCakwada, Aurara, OO 50045, LSA

reproductive age (2059 years) are obese (BMT =30 kg/m”
[211, highlighting that this population is at risk for expenenc-
ing co-morhidities of obesity. As the sequelae of oucessive
by weight have been investigatod, it has bocome clear that
obesity has significant negative implications for fertility. In
men, this ofien manifests as peor semen parameters includng
belowaverage sperm maotility, concentration, and normnal mor-
pholegy [3-5]. In addition, obese men are significandy less
likely to conceive naturally within 12 monts of trying [ 7).
Patemal ohesity has further boen shown i impact the fertility
of the subsequent gencration in rodent studies, with male off-
sring demonsirating poor semen parameters and reducad fer-
tilization raies [§, 9]. These dats emphasize the negative ef-
fects of obesity on male fortility, and highlight the noed to
further understand the mechanisms underlying these effock
and investigate possible solutions.

‘While obesity is clearly linked to poor semen parameers,
diagnosis of the latter remaing condered around basic somen

£ St
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assesament [10]. Assays evalusting basic parameters such as
spemm motility, concentration, and monphology may fail to
dietect obesity-derived changes in spermatneca operating at
the molecular level. Previows studies support this idea, dem-
onstrating that sermatozoa from obese men have altered
abumndances of a handful of proteins despite being largely nor-
mazospe mic (e, complying with World Health
Organization standards for sperm motlity, morphology, and
concentration) [11, 12]. However, these studies employed
twio-dimensional difference gel electrophonesis ( 2D-DIGE),
a proteomic method with good sensitivity, but limitations of
low reprodec ibility, narmow dynamic range, and poor sopara-
tion of highly hydrophobic or acidicbasic proteins [13]. In
COMmpErEon, proeonic ambysis of samples by lguid chroma-
ingraphy tandem mass spectrometry (LC-MSME ) offershigh
sengitivity, with improvements in dynamic range and accurate
analyss of proteins regardless of hydrophobicity or isoelectric
peoinit [ 14]. Combined with the wse of Label-free quantification,
LC-MSMS offers robust and relisble identification of prode-
omic differences in complex samples, including human
spermatozoa [15] While a previous study by Lin et al
[16] used LC-MS/MS to investigate the spemn protecme
of obese men, this was limited b a small sample size
{n=3 men), incomporated the complicating factor of se-
vere asthenoeoospermia and did not appear to control
for melevant factors such as disbetes or smoking. In
contrast, we sought to snalyze clinically nomal samples
from a wellcontrolled population of obese men. Such a
deep exploration of the human sperm profome in the
context of obesity could provide insight into the mech-
anistic links betweoen obesity and infertility, as well as
offering more information for clinical assessment of se-
men parameters, and pokental pathways to improve se-
men guality.

In this condesxt, we performed an in depth profeomic anal-
ysis of clinically nomnal human spermatozea from healthy
weight and obese men using LC-MSMS. We present a com-
prehensive sperm profeome ivestigating the impact of dbe-
sity ona molecular level and discemn potential implications for
malke fertility.

Materials & methods
Chemicals

All chemicals wene purchased from Sigma Aldrich (St
Louis, MT) unless otherwise stabed and were of HFLC
grade. Antibodies used for immunofleorescence wene pur-
chased from Sama Cruz Biotechnology (Dallas, TX) and
Thermo Fisher Scientific {Waltham, MA). Antibodies wsed
for the gquantitative profein immunoasssy wene purchased
from Movus Biologeak (Centenndal, C0).

£ Spinger

Ethical approval

Semen was collected with consent from patients at the
Colorado Center for Reproductive Medicine (Lone Tree,
C0) and approval from the Western Institutional Review

Boand (Puyallup, WA, protooco] number 200 42468).

Patient selection, semen processing, and statistical
analysis

Human semen was collected on the day of cocyte netrieval.
Men were selected based on age (< 50) and BMI {contol =
BMI =25 kg/m”, obese = BMI = 30 kg'm”). Patients were
excludad if tey smoked wbacoo or had a history of disbees,
hyperension, edicular injuries, or other significant medical
conditions. Only men with clinically nomnal semen were re-
cruited; applied cut offs included semen concentration > 15«
10* spermatozoa/ml., gyerm maotility = 20%, nomal monphol-
ogy{arict Kmger criteria [1 7)) = 1%, and DNA fragmentation
(terminal deoxymc lootidyl ransferase (TAT) dUTP nick-end
labeling | TUNEL) assay) < 16% (if messuned). Samples with
significant somatic cell contamination were excluded. Rowine
clinical data, inchuding age, BMI, semen concentration, mao-
tility, morphology, and DMA fragmentaion, were subjocted to
statistical anahysis by Student's two-tailed ¢ test employing an
c of (L5 Values for sperm concentration and motility were
obiinad from the ejaculale used for proteomic analysis.

Ejaculates were collecied by mastrbation, allowed to lique-
fir, and separated ona W09%/45% PureSperm gradent(MNidacon)
i remove spmatic cells and isplaie vishle spermatzoa. Sperm
pelles were washed twice with G-IWVF (Vitolife) supplemented
with 5 mginL serum proiein supplement (SAGE media) in
prepamtion for intracytoplasmic sperm injection (ICST)L
Following 1CSI, surplus washed semen was either cryopre-
served (proteome, =35 men per reatment) or immediaiely
underwent processing for qualimtive immunofluorescence or
the quantitative protein inmmoassay as deseribed below. For
cryopreservation, washed gjaculaies were centrifivged (300:=g,
1 min) to remove G-TWE, resuspended 1:1 (wv) in TEST-yalk
buffer (12% (v/¥) glycerol, 20% (v/) egg yolk, 10 pgmL
gentamicin sul fate, Irvine Scientific), and suspended in higuid
nitrogen vapor for 20 min before immersion in liguid nitrogen.
Samples were stored at — 80 °C and thawed by shaking in a
37 °C weater bath fior 2 min prior i probeemic analysis.

Preparation of sperm cell lysates

Frozen thawed samples were furter washed (300e<g, 10 min,
2x) with Dulbecco's phosphaie buffoed saline (PBS, without
calcium and magnesivm, Giboo) to remove TEST-yolk buffer
and any remaining serum prokein supplement. Sperm pelles
were resuspended in an equal volume of bysis buffer (10 mM
ris, 2% (wiv) sodivm dodecy sulfaie (SDS), cOmplete mini
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EDTA free proase inhibitor coclktail) and incubated for | hat
o emperatre with regular vortesing. Dysates wene contri-
fuged (T500=g, 15 min), and both e supematant and pellat
were retained. Cell pellets were solubilized in 200 oL 8 M unea,
10 mM ammonivm bicarbsonate (U-ABC), vorexed for
Jimin, and centrifiged (14,000=g, 10min). Both sypematanis
wre anap frozen and sioned at— B0 C unt] forther procsssing.

FASP digestion

Samples were individuslly prepared for mass spectrometry
wing filler aided sample proparation (FASP). Cell lysate and
anlubilized pellet supematant were combined for each sample,
fhe mixture applied to a 30 kDa filier unit (WVivacon, Sanoris;
pre-washed with U-ABC) containing 200 pl. U-ABC, and cen-
rifieged (14, 00=g, 15 min). SDS was removed by 3 washes
with 200 pL U-ABC (13,000=g, 15 min). Prokins wene ne-
duced (10 mM dithiothreitol, 30 min, room empersine) and
alkylated (50 mM iodoacetanide, 30 min, reom temperatune, in
the dark), washed with U-ABC and 50 mM ammonivm bicar-
beoneate and trypsin digested (sequencing grade maodified tryp-
sn, L50 enmyme protein, i 0L02% (vi) protease maoS0 mb
ammonivm bicarbonate, 16 h at 37 *C). Peptides were washed
and eluied with tive hes of 50 mh i
bicarbonate and 0.1 % (wv) formic acid (FA) (13,000 =g,
W min). Digested peptides were dried o minimum volume in
& vacuum centrifiege, resuspendad in 150 pL0.5% (v FA and
applied i activated STAGE (STop and Go Exirac fion) tips [1§]
{activated with B0% (w'v) acetonitrile, 0. 5% (v/v) FA, and equil-
ibrated with 0.1% {v/v) FA) contining C18 resin (hinding ca-
pacity — 10 pg). Samples were reappliad o tips 3 times to
ensure saturation of resin (L500=g, | min) and washed (0. 1%
{wi) FA, 1500=g, 2 min) & remove amy nemainieg oomtami-
nants, Pepitides were elwied (B09% (w/'v) acetonitrile, 0.5% (w/v)
FA), dried to mininmm voleme in 8 vacoum centrifisge, and
resuspendod with 0 1% (w/v) FA prior to injection.

Liquid chromatography tandem mass spectrometry

All samples (n= 5 per reatment) were run in duplicaie i ac-
oot for any betwoen-run variation. Samples were anabyzed on
a () Exactive HF gquadrupole orbitrap mass spoctrometer
{Thermo Fisher Scientific, Waltham, MA) coupled 0 an Easy
nLC 1000 UHPLC (Thermo Fisher Scientific) through a
nandelectrospray don source. Peptides were soparated onoa
selfmade C18 analytical column (100 pm inemal dismeter,
=20 em length) packed with 2.7 pm Phenomenex Conecs
particles. After equilibration with 3 pL 5% (wA) acetonifrile
and 0.1% (v formic acid, the peplides were separaied by a
340-min lincar gradient from 4% (vA7) to 3% (v/v) acetoni frile
with 0L 1% (w'v) formic acid at 400 nLimin. LC mobile phase
splvents and sample dilutions wsed 0.19% (w/v) formic acid in
water (buffer A) and 0.1% formic acid (vW) in acetonifrile

(buffer B) (Optima™ LC/MS, Fisher Scientific, Pitishurgh,
PA ). Drata acquisition was performed using the instrument sup-
plied Xcalibur™ {v 4.0) software. The mas spoctrometer was
operated in the positive ion mode, in the date—dependent acqui-
sition made. Full MS scans were obtained with a range of m'z
3001 600, a mass resplution of (20,000 at m.tz 200, and & Eroet
vale of 1LOIE-+06 with the maximum injection time of 50 ms.
HCD eollision was performed onthe 15 most signi ficant peaks,
and tandem mass specra were acquined at 8 mass resolution of
30,000 at m'z 200 and a target valee of 1.00E+DS, with a
maximum injection time of 100 ms. Isolation of precursors
was performed with a window of 1.2 Th, The dmamic exclu-
sion time was 20 5. The normalized collison energy was 32
Precursor jons with single, unassigned, or eight and higher
charge staes were exchuded from fragmentation selection

Protein identification

MEMS spectra were extracted from raw data files and con-
verted into Mascot generic files (mgf) uwsing Protesme
Discoverer (v 2.2, Thermo Fisher Scientific). Mascot generic
files were baich searched wsing an in-howse Mascot serer (v
26, Matrix Science), against the SwisProt datshase (release
date February 2018, 20,333 entries), with taxmomy set to
Howmar sapiens. Search parameters included trypsin as the pro-
tease, dllowing up to | missed cleavage, carbamidomethy] cys-
eine a5 a fived modification, acetylation of N-emninal pro-
eins, oxidation of methionine and proline, and N-terminal
pyroglutamate as variable modifications, MS pesk wleance
of 15 ppm, MSMS fragment ion iolerance of 25 ppm, and
peptide charges of 1+, 2+, and 3+ and #C13C of 1.

Label-free quantification of protein abundance
and statistical analysis

Mascot .dat files were loaded into (v 4.8.9, Proteome Software
Inc.) for ID validation and quantitative amlysis Peptide and
prodein ident fications wene accepted if they were established
at greater than 5% or 999 probahility by the Peptide Prophet
[19] and Protein Profit [207] algoritms, respectively. Positive
proein identifications also required & minimum of 2 wnigue
peptides. Profins that contained smilar peptides and could
ot be differentiated based on MS/MS analysis alone were
grouped i satisfy the principles of parsimony. False discovery
rate (FDR) was calculaied within Scaffdd, using poptide and
protein probabilities calculated by Peptide Prophet and
Protein Profitalgorituns. Quantitative comparnsons employed
normalized weighted spectra (NWS) using experiment-wide
prodein growping, and eatment groups wene compéarned using
a Stdent's two-tailed 1 test within Scaffold, with an c of 0.05.
Data were expaoried to Excel and ranked by fold change; only
samples with a fold change of = 1.5 or =05 werne further
considered as significant To further enhance e validity of

£ Brwimger
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e quantiative comparison, amininmm NWS cutoff of 5 was
applied to the patient growp with the highest abundance of
each prokein (ie, NWS below 5 was accepted iff present in
the patient group with significantly reduced protein
abumdanse).

Gene ontology and protein network interactions

Identified proteins wene further characterized using
PANTHER {www patherdborg, v 14.0) for gene ontology
and STRING {(www string-dboorg, v 1100 to identify protein
network interactions. In both cases, species was specified as
Howma sapiens.

Qualitative mmunofluorescance

Cuealitative immunofleorescence was performad to cormobo-
rate & representative selection of proteins which wene signifi-
cantly differentially abundant in the sperm proteome of obese
men (GSS and NDUFS2). Samples used for imnmensflwores-
cence were obtained from new cohorts of control and obese
patients {n=13 per treatment, under the same inchsion
exclusion criteria as previously stied) to ensure that findings
could be generalized to a different population of patient.
Fresh post1CST1 samples were washod (300=g, 10 min) with
PBS, diluted to 50 = 10° spermatozoa’nil., and gendy smeared
on poly-L-lysine-coated slides. Slides were air dried and
siored at —20 *C until use. Slides were allwed to warm to
o temperatune and fixedipermeabilized in 100% ice cold
methanol for 1 min. Slides were Hocked with 5% (wv) goat
serum in FBS and 0.1% (v/A) Tween 20 (FBST) for 60 min,
then treated with primary antibody (1:50 dilution,
Supplemental Table 51) dilwted in 5% {(w/v) goat serum in
PBET for L5 h. Shdes were washod 4 times for 5 min each
in FBST, then incubated with a FITC-conjugated goat anti-
mouse socondary antibody (1:100 diution, Supplemental
Table S1) dilued in 5% (v/) goat serum in FBST for 1.5h
Slides wene washed 4 times for § min each in PBST, then
mounted in Fluoroshield with DAPT and imme distely imaged
using an Olympus BX52 fluprescent microscope and
Coolsnap HO) camera, running Metamorph software (v
T.70000. All images were captured under a = 60 objective,
with & standardized exposure time | 10 s), and & consistent
display range was set for each target using Imagel (v 1.52a).
Target localization and signal strength wene qualitatively
asmpssed inall samples.

Orthogonal validation of differentially abundant
proteins

A quantitative immunoassay was performed as onthogonal
validation for a representative selection of proteins which
werne significantly differentially abundant in the spem

1 Spinger

profeame of obese men (ATDHS, GSS, LTA4H). Samples usad
fior the imnmunoassay were obtained from new cohars of con-
trol and obese patients (r=5 per treatment, under the same
inc husion/esoelusion criteria as previously staied) i ensune that
findings could be generalized i a different population of pa-
tients. Fresh post-BCST samples were washed (300k<g, 10 min)
with FBS, the supematant discarded, and the pellet snap fro-
zen and stored at — 80 *C. Pellets were 1ysed as above, prodein
concentration assessed by Qubit assay (Thermofisher), and
tysates diluted to 8 sendardized concentration (200 pgimL
for LTA4H or 800 pgimL for ADHS, GSS) in 0. 1= sample
buffer (Protein Simple). Relative protein amounts wene quan-
tified using the auomaied Jess Simple Wesbern prodein immu-
noassay (Protein Simple), employing capilary based separa-
tion and chemiluminescent detection according to manwtac-
wrer's directions. Briefly, samples wene dilwied with a fluo-
rescent master mix containing DTT (final concentration
40 mM) and reduced (100 *C, 10 min). Proteins were elactro-
phorctically separated by size, labeled with primary and soc-
omdary antibodies (Supplemental Table S 1), and imaged using
chemiluminescenee. Fluorescent indemal standards were wsod
for quality control, and within-capillary total protein nomal-
tzation was performed to account for any differences in pro-
ein lpading. In addition, both positive (HeLa or Jurkat cell
lysawes) and negative (Hela or Jurkat cell lysates with o
primary antibody) controls were inchuded o confimm appro-
priate performance of each antibody. All samples were mm in
duplicate for each proiein wrget (n= 10 replicaies per treat-
ment). Relative protein amounts were assessed using the
comected area of ¢hemiluminescent peaks and analyzed by
Student's two-tailed £ test, with an ¢ of DU05.

Results
Clinical data

There were nosignificant differe noe s betweon control and obese
patients in erms of age, semen concentration, maotility, nomal
morphology, or DNA fragmentation (Table 1). In all cases, pa-
tients wene considered to have clindcally normnal semen acoond-
ing i cut offs described (Supplemental Table 2. Average BMI
was significantly higher in the obese compared with the control
group (33006 v 230504 kg'm', p <0001},

Identification of proteins by LC-M5/M5 and general
characteriztion

A total of 606, 078 peptides (FDR 0.52% ) comesponding to
2034 proteins (FDR 000%) were identified in the combinad
control and obese datssets after applying confidence cut offs
{peptide (95%) and protein confidence (999% ), minimum 2
unigue peptides per protein, Supplemental Table S3). By
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Table1 (limical dsaof patin s providing ejaculsed samen for LOC-MS/MS mal ysis

Parameter Contral (BMI <25) Oihes e (B =30} Pvaloe
Man + SEM Rmge Mean +5EM Rmngs

Age 382422 3346 410421 1546 03

Body mass index {kgim”) 2319+ 04 2rA-249 B0+04 312347 002

Semen conc mafml) 932 0P H133x10°  Ee-137x 00 RISk I0P2R3x 105 1R-IRAx10® 0764

Total moility (%) G460 £2-7 SR+ 26-78 0675

Hormal mompho gy (%) 3.0+09 1-5 2R+046 1-4 0.855

DNA fagmenaton %) 3425 0-13 13402 34 095

*Based on Emger classification [ 1], ssessed on DNff Qrik stuined slides
" Basid on TUNEL assxy using In Sitn Call Death Detection Kit {Roche Disgnostios), peseniage of spesmain s with DNA strand beeaks ., positive

shimning)
Hightlighted i show a si gnificant p valoe (ie. less than 0L05)

manwal comparizon with published human proteomes [16,
21-24], the vast majority of these proeins have previously
boon identified in human spermatozoa (20192034, 99.3%).
All proteomic data has been made publically available via
PRIDE (project accession numbser FXD014849).

G0 ama bysis of all identifiod profeins (Supplemental Tale 54)
showed that the molecular fimctions of most identified proteins
fall under either calalytic activity (GOADAEM, 633 proteins,
30.5% of total) or hinding (GOMMS48E, 490 proeins, 23.6%
of i) Onver 809% of pmteins were invobved in the following
hinlegical processes: metsholic proces §G0:0008152, 575 pro-
teing, 27 7% of ntal), cellular component organi zation o biegen-
esis (GO00TIE0, 333 proteins, 16.1% of totl), local ization
(G005 1179, 302 proins, 14.6% of wil), biological regula-
ton (GOADREST, 270 proteins, 13.0% of ol ), or cellular pro-
ooz (GO00090ET, 222 profeins, 10.7% of l). A wide range
of profein classes wene identified, with hydrolase (PCOD1 21, 223
roteins, 108% of otal), oxidoreductase (PCOD1TE, 141 pro-
feing, 6.8% of towl), nucleic acid binding (PCOD1TL, 134 pro-
teing, 6.5% of total), transferase (PFOMR20, 130 profeins, 6.3% of
iotal), cyinskeletal profein (FOMDES, 108 prokeins, 52% of -
tal), and enzyme modulaior (PCOO0RS, 105 proteins, 5.1% of
inital ) being e most commmim.

The 50 most abundant prokins included protein families
such as tubulins, dyneins, and heat shock proteins. The major
interaction cakegories of these highly abundant proteins re-
vealed by STRIMNG analysis ncluded metabolic processes
(ghycaysis, ooddative phosphorylation, beta oxidation of Sty
acids), hisiones, structural profeins, spem motlity, spem ca-
pacittion, and fertilization.

Quantitative differences in the global sperm
proteome of obese men

From a total of 2034 proteins, 27 had sgnificantly diffenent
abundance in obese compared with control samples

{Supplements] Table 85). Of these 27 proteins, 3 were signif-
icantly more abundant in spermatozoa of obese men (fold
change = 1.5, p < 005), while 24 were signi ficantly less abun-
danit {fold change =<0.5, p < 0.05) compared with ¢ontrol sper-
matozna (Table 2). Proteins with the most significant fold
changes included protein jagunal homolog 1 (JAGN 1),
MADH dehydrogenase [ubiguinone] iron-sulfur protein 2
(NDUFS2), leukotriene A-4 hydrolase (LTA4H), cukaryotic
initistion facior 4A-T1 (ETF4A2), and glutathione synthotase
1GS5).

Qualitative mmunoflucrescence

Qualitative immunofluorescence of representative proteins
confirmed sbundance changes observed by LC-MSMS
{Fig. 1). GSS showed very strong signal in control spermato-
zoa, mostly resricted to the oguatonial and post acrosomal
region, while spemaizea from obese men displayed only
weak signal NDUFS2 showed moderate signal in spemato-
20d friom obese men, & both an equatorial band, post acnoso-
mal and midpiece shining and control spermatozoa showed
only dim @gnal with similar localization.

Orthogonal validation by quarntitative protein
T Uroa ssay

Changes in proein sbundsnce of ADHS, GSS, and LTA4H
were confirmed by orthogonal validation wsing a Jess Simple
Wostermn protein imnmunoassay (Supplemental figure 1), Both
ADHS and GSS were confirmed o be significanty less shun-
dant in permainena of obee patients companed with controls
(ADHS contral 66,160+ 7641 vs obese 31,855+ 4666 arbi-
trary units, p= 00001 ; GSS control 175,907 £ 13,420 vs obese
107,161 + 14 068 arbitrary units, p=0.002). While the
63 kDa izoform of LTA4H was similar between control and
obose patients, the 73 kDa isoform was significanty less

£ St
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Table} Pmtsnsidentified by LC-MSMS with signifi anty & f dmnce by lizerd weighted spectm)in o from comtral (EMID

< 25) vs obese (BMI > 30) men

(e s ymibal Protein name Mean control Mean ohese pvaloe Fald chan g
it s cmal)

JAGH] Profein jagmmal hamolog | 457 2448 04 L7

KDUFS2 MADH deh yobeo genase [ubiquinone] mnsulfir 1285 2153 000052 16

profein 2, mitnchondrial

ML Maclsoporin NUPS3 i 3110 a4l 15

BANF2 Bamier i 2 iine gration facior Hee proein 1636 £ER 0l 0s

MPC1 Mitnchondrial pysovae camier | 11.74 M o7 s

Usr4 Ui cpuitim caarbyoncy] -derminal bydeolase 14 1065 498 anls s

RARIE Rasrelated prmisin Rab-18 0 im 0042 s

EF3F Eulkaryotic tanshion mitiation facor 3 subamit F 749 158 Lilie,] s

SUGT1 Protein 3GT1 homalog 1620 657 a7 a4

FAHDZ2A Fumarylcetnacetate nydrolase domain containing protein 850 145 LT o4

CCCIR9 Cailed-onil domain-contsining protein 189 204 143 ol a4

ADHS Aloohol delrydrogenae cliss-3 1362 am <000 1 a4

CSNEKIG] Casaim lonase T iso form: gamma] 1341 4 4R 0oz 03

HAPA Alpha-soluble NSF atachment protein 230 245 ooy a3

EIAALZM UPFISTT protein KIAALL24 e | 210 0008 a3

UBEAA Ui quitin conjugation factor B4 A a9 208 aoll a3

NTSC S ¥ pdeoocyribom deoti daee, cyisalic tpe 633 158 0028 a3

SEF1 S-phase kinase-associaed peowin | [ ] L™ LI 03

LRRCM4A Lencinerich repent-oon tining protein 744 1037 20l ool oz

TTC12 Tetatricn peptide repeat protedn 12 BE7 185 iz oz

ATIC Bifimctiona] pusine bicsynthes is protein PURH 673 155 el oz

Clasf100 Unchamctesinad protein C lorfl 00 635 104 02 oz

GLODY ol yoncalas & comavin- oom i ming peotein 4 676 108 <000 1 oz

RMNPEP Aminopeptidass B 752 068 0n0s3 Ll

G35 Glutashions synthetme 531 0s3 0019 Ll

EFF4AZ Eukaryoticinitaton factor 44-T EA D 043 00ME 008

ITAdH Lenkotriens A-d hydmlass i 037 00007 Lili ey

ahumndant in spemaineea of obese men (control 126,432+
4T3T va obose 93, 436 £ 8151 arbitrary units, p = 0U003)

Di .

Using LC-MSMSE, we identifiod 27 proteins which are sigmif-
icantly different in sbundance in te spermaioeoa of obewe men
compared with men of a healthy weight These resuls demon-
atrate that excessive body weight has implications in the malke
reproductive tract, leading o significant alterations in the sperm
proteome. W believe that these aberations are truly a reflection
of ohesity, as patient cohorts did not & ffer in any oter relevant
factors (e.g., age, semen parameiers, pbacoo we), and patents
with complicating factors (e.g., diabetes, oligozomspemmia)
wone excluded. Interestingly, while clinical semen analysis
sdhowad no significant differences in semen parameters, mass
spoctrometric analysis demonstraied significant changes i the

) Spinger

e profeome, sugeesting that even obese men with no se-
vere andrological pathologies may have important molocular
alterations i their spemstozoa. The proteomic data gathenad
in this sudy sugges possible mechaniams by which e sper-
muatoena of obese men may be negatively impacted (Fig. 2).
Proteins with aliered abundance in the spermatozoa of
obese men ame invobed ina diverse range of processes, yet
their commonroles serve to highlight how obesity may impact
it spermatnpenesis and mature sperm function. While ma-
ture spermatoeea ane thowght to be largely ranscriptionally
silent, changes in protein abundance while spemaiena ane
fully transcriptionslly active (e, during spermatogenesis) ane
likely to have wide ranging and significant impacts. Several
proie ins with docreased abundance inspematosna from obese
men had important roles in tramscription and translation, in-
cluding the eularnyotic translation initiation faciors ETFIF and
EIF4A2. EIF3F is a subunit of the ¢IF3 complex, which is
involved in mRMA recruitment to initise protein syntesis.
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Fig. 1 Represenitive mmages of qualibtive mmmoflorescence.
: soroa Fom contol (BMT < 25 kgém®) or obess (EMT = 30 kgf

men were incohated with anthodies against G35 or NDUFS2 and
a FITC -con jugater] sscondary antihody. DAPT staining was indudsd to
identify all s parmadoeon. A seoon dary anithady only control was indnded
i e nomes peific binding

EIF3F specifically inhibits protein synthesis at the transls tion-
al level [25], and the decreased expression of this prokein in
cancer cells protects them from apoptosis [26]. In comparison,
ETF4A2 is involved in mBNA silencing via micro RMAs [27).
Expression of casein kinase | gamma | ({CSNE 1G] ) was ako
docreased; it is a prolific zignaling molecule, involved in
hodgehog, NFeB, p53, PIRE/AKT, and Wit signaling cas-
cades [28], all of which impact ranseription and transkstion
of their various downstream targets. The observed reduced
ahumdance of these regulators of transcription and translation
demmstrates that obesity may have significant implications
for gene expression during spermatogenesis.

Fig. 2 Obesity comates sysiemic
inflammation and oo dati ver

abesity

Obesity creates a chronic inflammaiory state in the body,
driven by interactions between adipese tisaue and the inmune
gystem [29]. This inflammaiory state undoubiedly impacts the
eates, where increased levels of pro-inflammatory cyinkines,
inflammation markers, and macrophage infiltration are ob-
served as a reault of chronic obesity [30-33)]. Inflanmation
oocurring in the tesies of obose men may be reflocied in, and
i some extent explainaed by, the proteomic alierations we ob-
served. We found redoced levels of STHGT | (alias SGT1), a co-
chaperome of HSP90 with roles in Akt signaling [34], centro-
mene fimction [35], and regulation of NLREP3 inflammasomes
[36]. Obesity & associabed with increased expression of
NLRF3 [37], and as the SUWGT 1-HSPH) complex i responds-
bl for mantaining these nflammasomes in a repressed siie,
limited levels of STMGT] could potentially lead to an sherrant
immmme response and auto-activation of inflammatory path-
ways [36]. Interestingly, leukotriene A4 hydmlase (LTA4H)
was ako redeced in abundance in the spormatozna of obese
men. LTA4H has both pro- and anti-infla mmatory moles, cata-
byzing the production of he pro-infllmmaiory mediator leuko-
tricne: B4 and degrading the chemosttractant peptide PGP [38].
D to its podent capacity for degrading PGP, reduced abun-
dance of this protein could help o sustain local inflanmmation
in the estes. Inlewatingly, both the production and activity of
LTA4H is reduced by acrolein [39], a byproduct of lipid per-
ouidation, which could be produced by developing spermato-
a0a undergoing ooddative stess [440]. While inflammation as-
s iated with obesity i primarily propelled by adipose tisae,
reduced levels of SIMGT] and LTA4H could help to maintain
inflammation in the tesies of obese men.

Chronic low level nflammation contributes to oocidative
atress, anpiher significant side effoct of dbesity [417]. This site
of midative stress is again locally observed inote testes of pbese
males, reflecied by higher concentrations of both reactive

GG A

WGAIL LRl RDURR 2

poesses. When ooomring local-
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may impac spemmn g md
matmre spam fanction either di-
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@ygen species (ROS) in spermaiozoa [3, 42, 43] and producs
o Tipid perood dia tion in iesticular tisses [$4-46]. These produc &
of lipid peroxidation {e.g., 4HNE, acrokein, malondisldehyde)
cause further problems by forming ok in addocts which may
alter protein structne and function, potentially in a deleenous
manmer [47). Only 3 profeins were observed at a higher abun-
dance inthe spermatoros of deese men, and 2 of fwse, NOUFS2
and JTAGN], may have important interactions with midative
atress and its comollanies. NDUFS2, a conpsmeent of mitochon-
dirial complex 1, forms adducts with lipid perosddation products
umder conditions of adidative stress [48, 497, potentially modi-
fying is srucre andior finction and casing mitnchomdrial
dysfimction. Such an alteration could help to oplain increases
in mitochondrial ROS production [50] and fwe sberrant mito-
chondrial funetion observed in the spermain@oa of deese men
[51, 52]. The heightened expression of TAGN | observed insper-
matora i lkely doe i indoction of the unfolded pmtein me-
Fponee during spormategenesis &5 a el of endoplasmic retic-
wum (ER) siress [53], 8 commonly observed side effoct of obe-
sity, driven in part by oxidative sress [54]. We also observed a
reduction in USP14, a profeasome-associaied deuwhiqui tinating
enzyme, which ties gether both oxidative and ER stess
Inhibition of TISP14 increases degradation of proteins addocted
by lipid peroxidation byproduct, enhancing cellular esistance
o oxddative siness [35]). In addition, slencing of TISF14 activates
the ER-associsied degradation pathway, increasing hrealdown
of imfikded prodeins n the ER [56]. USP14 was similarly found
i be decreased in spermatoros of ohese, asthenoanpapermic
men [ 16]). Thus, while increased levek of NDUFS2 and
JAGMN] may be cawses and symptoms of oxidative siress, e-
doced levek of TUSP14 may be a mochanism for coping with
aecidative stress, by allowing e increased hreakdown of prodein
adduct and clearance of mfolded proteins.

The loss of antipwidant capacity is another hallmark of
obesity [57]. The ripeptide thiol anticxidant glutathione has
boen found &t reduced levels in serum and various body tis-
sues of obese individuak [$8-60]. OF note, low glutthion:
levels have also bomn observed in the semen of men with
wvarious infertility diagnoses [61, 62]. Inriguingly, we saw
reduced levels of glulathione synthetase (GSS), which cata-
tyzes the fimal step of glutthione synthesis Roducod avail-
ahility of GSS may directly limit ghitathione synthesis, leav-
ing spermatoroa from obese men vilnerable i oxidati ve dam-
age. We ako observed significantly decreased levels of ADHS
(alias GEMNOR) in spermatoaoa from obese men. ADHS main-
tains the balance of GNSO formation and protein
nitrpsylation, without producing reactive inermediaies or
e products, thus representing a significant element of cellu-
lar antiooddant definse [63]. This activity of ADHS ako con-
tributes to the maintenance of an intracellular ghitathion:
pood; thus, the combined efect of roduced abundance of Toth
and ADH S may significantly weaken glutsthions-based
antipwidant defenses in spermaknzoa from obese men.

) Syminger

Several proteins which were less abundant in the spema-
inzoa of obese men compared with men of a healtly weight
have important roles ina ma e sperm function. NSF atach-
ment protein alpha (MAPA alias alpha-SMAF) plays a direct
and indispensable mole in the sacrosome eaction [64, 65]).
‘While NAPA iz shod from the acrosome during eupcyinsis,
anti-MAPA antibodies limit sperm-zona pellucida binding,
suggesting that NAPA may ako play a role in zom recogni-
tiom and binding [66]. Aminopeptidase B{RNPEP, aliaz APB)
is an exopeptidase which cleaves pro-neuropeptides inbo their
active forms [67], and has previpusly been identified in the
sperm acrosome [68]. Inberestingly, both the pro-nouropepride
pro-enkephalin and its cleavage product met-enkephalin have
alsop been detected in the human sperm head, and met-
enkephalin has been shown to have significant positive effecs
on sperm motility [69]. While no direct links between RNFEF
and the processing of pro-enkephalin in spermatozoa have
oo described, there is a strong possibility that this may be
the exopeptidase responsible. In addition to sperm motility,
BRNPEF may ako impact zona recognition; its inhibition in
Xenopus laevis spermatozoa reduced vitelline membrane
binding by 50% [T0]. Barrier to sutointegration factor 2
(BANF2, aliass BAF-L)is a nuclear protein which, along with
BANFI, is expressed in spermatids and retained in matre
ejaculated spermainzoa, unlike mamy other nuclear prok ins
[T1, 72]. BANF2 i highly expressed in the testes and is pro-
posed to regulsie the function of BANF], which has roles in
chromatin srcture, segregation, and poet-mitoic nuclear as-
sembly [73]. These charactenistics suggest that BANF2 may
s imnpeirtanit fior mai nta ining nuclear shape in matre sperma-
tozoa and formation of te male pro-nucleus following fertil-
ization [72]. The reduced levels of NAPA, RNPEF, and
BANF2 we observed could help to explain why obese males
eathibit poor sperm motlity, a deficient response i acros0me
challenge [T4, 75], reduced zona pellucida binding [76], and
slower pronuckear fusion i achie ve synganty following fertil-
ization [T7].

Conclusion

Wi have shown that obesity significantly impacs the human
aporm protoome, poentially to te detriment of important
spermaigenic procesess and the function of matre sperma-
oz, These changes may be both symptoms of and contrib-
winrs & the nflammation and eoddative sress associated with
obesity, and may help o oplain why obese men may have
aliered semen parameters, poentally keading i aliered fertl-
ity. Tt iz noieworty that these changes were detecied in obese
men with no significant andrological diamoses, indicating the
failure of traditional clinical semen sssesament to recognize
molecular changes which could potentially compromise fer-
tility. While some of the problems created by paiemal obesity

296



Molecular Signatures of Reproductive Success

J bt Repood Gemet {20000 37777-T&T

TES

may be overcome by ART, the swathe of implications fol low-
ing fertilization remains to be rigorously investigated. In ad-
dition, ¢ ffors showld be dirocted towarnd te inplementation of
reatments to correct or limit the observed changes when
weight loss prior to conception & neither practical nor
realistic.
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