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ABSTRACT

The global population is on the rise putting pressure on the agricultural
industry to increase production and increase the global food supply. The dairy industry
has responded to this pressure by genetically selecting for higher milk production.
This increase in production has coincided with a decline in fertility among dairy cows,
due in part to a loss of reproductive cyclicity. Ovarian cyclicity and, in turn,
reproductive cyclicity, is dependent upon proper development of ovarian follicles and
the function of the cells that comprise the follicle and support the oocyte. One of these
cell types is the granulosa cell. Granulosa cells support the growth and maturation of
the oocyte of the follicle while producing estradiol to regulate reproductive cyclicity
and behavior of the dairy cow (bovine). The functional capacity of bovine granulosa
cells has been linked to a post-translational protein modification called O-linked-N-
acetylglucosaminylation, or O-GIcANcylation. O-GIcNAcylation influences the
proliferation of bovine granulosa cells, and possibly their metabolic activity. However,
a connection between O-GIcNAcylation and estradiol production has yet to be
explored. Additionally, considering the lack of a vascular supply within the ovarian
follicle during its development, it is unclear whether the optimal metabolic
environment for granulosa cells is low oxygen tension conditions (hypoxia). In this
study granulosa cells from bovine small antral follicles were cultured to evaluate the
effects of O-GIcNAcylation and hypoxia on estradiol production. Briefly, the cells
were cultured in the absence or presence of small molecule inhibitors (OSMI-1; 50uM
and Thiamet-G; 2.5uM) to manipulate O-GIcNAcylation, and in a separate set of

experiments, cultured under normoxic (20% O2). or hypoxic (2% O2) conditions. The



conditioned medium was collected at the end of the 144hr culture period to evaluate
estradiol production. Conversely, the cells were collected and lysed for gPCR analysis
of transcripts of the estradiol synthesis pathway (i.e., FSHR, STAR, and CYP19A1) and
for immunodetection of hypoxia (i.e., HIF1a). Hormonal stimulation of the granulosa
cells stimulated estradiol production (P<0.05) as expected. However, manipulation of
O-GIcNAcylation under these circumstances had no effect (P>0.05). The only
detectable effect of O-GIcNAcylation occurred with transcript expression of STAR,
which decreased (P<0.05) as O-GIcNAcylation was inhibited. Hypoxia increased
estradiol production (P<0.05) by the granulosa cells, but only under basal culture
conditions, and there was no effect of hypoxia on any of the evaluated transcripts of
estradiol synthesis (P>0.05). Surprisingly, HIF1a was undetectable in the cell lysates,
so induction of hypoxia remained unverifiable. The results indicate O-GIcNAcylation
has minimal effects on hormone-stimulated estradiol synthesis and secretion by bovine
granulosa cells, and that hypoxia may be the optimal environment for granulosa cell

metabolism.
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CHAPTER 1

INTRODUCTION

As global population inevitably increases, greater demands to keep pace with
world food supply have been placed upon the agricultural industry. Global population
is estimated to reach 9.15 billion by 2050, an increase of approximately 2.25 billion
people since 2010 (Alexandratos & Bruinsma - FAQ, 2012). Additionally, global food
demand is being driven by a shift in consumer preferences toward animal-derived
protein, especially in developing countries. This has resulted in an increased demand
for meat and dairy products on an international scale (Alexandratos & Bruinsma -
FAOQ, 2012). Consequently, the dairy industry is addressing this increased demand
through efforts to increase milk production and reproductive efficiency in dairy herds.
Historically, genetic selection of high producing dairy cows, however, has
simultaneously resulted in decreased cow fertility (Pryce et al., 2004). Moreover, dairy
herds with low fertility have lower profitability than herds in which reproductive
health is prioritized. Improved reproductive performance in a dairy herd increases
economic gains through higher milk and calf receipts, lower animal replacement costs,
and lower costs associated with reproductive management (Cabrera, 2014). On a per
cow basis, these positive economic impacts of improving reproductive performance
are still observed. Cows having poor fertility result in losses to farm income through
their inability to become pregnant, and even cows with average fertility contribute to
these losses because of diminished milk yield. Poor fertility is also associated with
longer intervals between calvings (Inchaisri et al., 2010). Notably, higher milk yield

and poor fertility in dairy cows is often attributed to metabolic challenges associated



with both high milk production and pregnancy (Wathes et al., 2007). For instance, in
high-producing dairy cows during early lactation, feed consumption is unable to meet
the nutrient and energy demands to sustain both lactation and resumption of
reproductive cyclicity, and the cows enter a state of negative energy balance, or NEB
(Coppock = et al., n.d.). These cows tend to remain in NEB until they reach peak
lactation, and those that remain in NEB require more time to return to reproductive
cyclicity (Butler et al., 1981). The period of negative energy balance in dairy cows is
metabolically characterized by mobilization of body fat to provide needed energy,
which then leads to increased non-esterified fatty acids (NEFA) in the general
circulation. The mobilization of body fat results in a decrease in overall body
condition of the cows. Both the decrease in body condition during the post-partum
period and the increase in blood NEFA are associated with delays in reproductive
cyclicity (Manriquez et al., 2021; Wathes et al., 2007). While nutritional
considerations of the postpartum, lactating dairy cow might offer one avenue to
manage this fertility problem in dairy herds, the mechanisms of these impacts must be

understood to fully address reproductive dysfunction in the high producing dairy cow.

ESTROUS CYCLE

The reproductive cycle of the cow is the estrous cycle. This cycle is subdivided
into four distinct stages, generally characterized by hormonal profiles, ovarian
activities, and behavioral traits in the cow. These stages are proestrus, estrus,
metestrus, and diestrus. The duration of the estrous cycle in the cow averages 21 days

(Senger, 2012) .



Estrus is designated as day 0 of the estrous cycle in the cow and is
characterized behaviorally as when the cow is receptive to mounting (i.e., so called
“standing heat™) to the male or other females in the vicinity (Senger, 2012). This stage
is also characterized by the ovulation of a dominant ovarian follicle (Swanson et al.,
1972). Ovulation coincides with the above behavior in the cow to optimize the
likelihood of fertilization. Cows also increase their locomotive activity during estrus
(Lewis & Newman, 1984). This increase in locomotive activity is a visual cue to the
bull that the cows is in heat. These behaviors are influenced by the concentrations of
certain hormones in circulation throughout the estrous cycle. For instance, estradiol
increases before estrus and peaks at estrus (Wettemann et al., 1972). The increase and
subsequent peak in estradiol coincides with the surge in the gonadotropin, luteinizing
hormone or LH, from the anterior pituitary gland and is known as the ovulatory LH
surge (Swanson et al., 1972; Wettemann et al., 1972). The ovulatory LH surge is, in
turn, triggered by the hypothalamic hormone, gonadotropin releasing hormone or
GnRH (Estes et al., 1977). Together, these hormones ensure the timing of ovulation
occurs concomitantly with standing estrus and the timing of mating in the cow.
Another pituitary gonadotropin, known as follicle stimulating hormone or FSH, is
secreted during the estrous cycle to stimulate the growth and development of ovarian
follicles. FSH surges have been recorded with the emergence of follicular waves in the
cow (Adams et al., 1992). The final major hormone typically characteristic of the
estrous cycle is progesterone. Progesterone secretion is low during estrus (Lewis &
Newman, 1984; Wettemann et al., 1972). Progesterone is produced by a functional

corpus luteum and is low at estrus because no functional corpus luteum exists on the



ovary at that time (Shrestha et al., 2019).This structure develops immediately
following ovulation when the cells of the ovulated follicle undergo a process called
luteinization (Berisha & Schams, 2005).

Following estrus, the next stages of the estrous cycle in the cow are metestrus
and diestrus. During these periods, the numbers of growing follicles increase and then
decrease immediately following ovulation (Swanson et al., 1972). Similarly, estradiol
concentration decreases once the ovulatory follicle has ovulated, and remains low
throughout early metestrus (Wettemann et al., 1972). Progesterone production
increases during metestrus and remains high during diestrus (Wettemann et al., 1972).
The increase in progesterone is attributed to the development and maintenance of the
corpus luteum.

The final stage of the estrous cycle in the cow is known as proestrus. This
stage directly precedes estrus and ovulation. During this period, estradiol secretion
increases as selection and dominance of the ovulatory follicle occurs (Ginther et al.,
2000). Concurrently, progesterone secretion by the corpus luteum decreases as it
undergoes regression in response to pulses of prostaglandin F2 alpha from the non-
gravid (i.e., non-pregnant) uterus (Wettemann et al., 1972). During this stage, FSH
secretion by the pituitary gland is suppressed by the high concentrations of estradiol
and inhibin produced by the dominant, ovulatory follicle (Ginther et al., 2000; Good et
al., 1995), whereas LH exerts its ovulatory surge in response to the positive feedback

effect of high circulating concentrations of estradiol (Swanson et al., 1972).



FOLLICULAR DEVELOPMENT

In the 1960s, understanding of follicular structure and growth dynamics began
when a model of two-wave folliculogenesis (i.e., follicular growth) was proposed
(RAJAKOSKI, 1960). Initial studies utilized slaughterhouse specimens, in which
follicles were observed at specific timepoints of the estrous cycle. As technology
improved, ultrasonography became the method of choice for observing growth
patterns of follicles in vivo and in real time. This approach confirmed the existence of
the two-wave phenomenon, but also pointed to the fact that patterns of follicular
growth in cattle and other species can vary from two waves to four waves (Fortune,
1994; Ginther & Kot, 1994). Follicular wave patterns have now been described in a
variety of species, including humans, cattle, horses, and goats (Baerwald et al., 2003;
Ginther, 2000; Ginther & Kot, 1994; Sirois & Fortune, 1988) and provide a
comprehensive view about follicular dynamics during the estrous cycle (Ginther,
Kastelic, et al., 1989).

The characterization of follicular waves has led to insight about the dynamics
by which one follicle becomes ovulatory in monovulatory species like cows. Each
wave begins with a cohort of small antral follicles (<5 mm) (Matton et al., 1981). As
these follicles grow in synchrony, one follicle begins to outpace the others in the
cohort, growing slightly faster and impairing the growth of the others by secreting
inhibin and estradiol as negative feedback mechanisms to the hypothalamus (GnRH
secretion) and anterior pituitary gland (FSH secretion) (Gregory & Kaiser, 2004; Ying,
1988). Suppressed gonadotropin secretion in the midst of this process still enables the

one follicle to be “selected” and become the dominant follicle, whereas the other



follicles of the cohort become subordinate, eventually destined to undergo atresia
(Turzillo & Fortune, 1993). The dominant follicle will either regress and a new
follicular wave will emerge, or the dominant follicle will ovulate while the cow
exhibits estrus (Swanson et al., 1972). The determining factor of whether or not the
dominant follicle ovulates is the absence or presence, respectively, of a functional
corpus luteum and the stage of the estrous cycle, as described previously. The
presence of a functional corpus luteum prevents ovulation through the negative
feedback effect of progesterone. The dominant ovulatory follicle is often larger than
the dominant nonovulatory follicle of previous follicular waves and it produces more
estradiol (Noseir, 2003). This higher concentration of estradiol stimulates the
ovulatory LH surge.

The hormonal changes described above occur in tandem with visual changes in
the follicle that can be observed via ultrasonography. Among the first studies to follow
individual follicles throughout the estrous cycle, heifers were observed to typically
have 2-3 waves of follicular growth with each wave having its own dominant follicle.
The dominant follicles of the first waves, however, regress. The dominant follicle of
the final wave continues its growth and eventually ovulates (Ginther, Knopf, et al.,
1989; Sirois & Fortune, 1988). The three-wave pattern of follicular development is
characterized by a new wave emerging every seven days during ~21 day estrous cycle
(Sirois & Fortune, 1988). The above studies are important because they showed that
antral follicles could individually be tracked over the course of the cycle, and they

showed that each follicular wave had its own dominant follicle, rather than the



historical thinking that there was one continuous dominant follicle that grows over the
course of the estrous cycle (Marion & Gier, 1971).

While ultrasonography offers insight about growth changes in ovarian antral
follicles, slaughterhouse specimens provided the framework concerning the cellular
composition of follicles. Follicles are classified based upon size and histological
characterizations (Marion et al., 1968). As follicles develop, the cellular layer
surrounding the oocyte thickens. This thickening is attributable to proliferation of cells
(i.e., called granulosa cells) until the follicle reaches ~10mm. Further growth of the
follicle occurs as fluid accumulates within the follicle (i.e., the antrum), and other
layers of cells become distinguishable including the theca externa, theca interna,
membrana granulosa and the cumulus oophorus (Marion et al., 1968). Morphological
development of the follicle has been further described since this study. In preantral
primordial follicles, there is a layer of flat, inactive granulosa cells lining the length of
the follicle with cuboidal granulosa cells localized to either end, giving the primordial
follicles an oblong shape (Van Wezel & Rodgers, 1996). Follicles that have
transitioned from primordial to primary are characterized by a layer of granulosa cells
separated from the stroma by either a single basal lamina or more than one layer of
lamina with loops that extend towards the surface of the granulosa cells (R. J. Rodgers
& Irving-Rodgers, 2010). During the preantral stages of development, the stromal
cells are recruited to form the theca-cell layer (Fortune, 2003). As the follicle grows,
granulosa cells continue to proliferate and the antrum forms. Antrum formation and
granulosa cell proliferation are differentially regulated during follicular development

(R. J. Rodgers & Irving-Rodgers, 2010), and both are important to follicular



development. The follicular fluid formation commences with the vascularization of the
theca cell layer and expansion of the antrum occurs (Raymond J. Rodgers & Irving-
Rodgers, 2010). All of these morphological changes within the follicle are tightly
regulated to influence follicular development.

Complete development of the differentiated cell layers of the follicle are
necessary to ensure proper steroidogenic function. The theca cells and the granulosa
cells work together to maintain steroidogenic activity of the follicle. This is the basis
for the “two-cell, two-gonadotropin” model of steroidogenesis proposed in 1979
(Midgley et al., 1979). In brief, the model proposes that granulosa cells express FSH
receptors, theca cells express LH receptors, LH mediates androgen synthesis by the
theca cells, and FSH stimulates aromatase conversion of androgen to estrogen
(Midgley et al., 1979). Estrogen production by the follicle is important to estrous
cyclicity as described previously, and as healthy follicles develop, aromatase activity

of the granulosa cells increases (McNatty et al., 1984).

OVERVIEW OF O-GLCNACYLATION

O-linked-N-acetylglucosaminylation, or O-GIcNAcylation, is a post
translational modification of cellular proteins first identified in rat lymphocytes in
1984 (Torres & Hart, 1984). Originally it was thought that any sugar modifications to
proteins existed only on the outside of the cell, but this type of modification also
occurs on nuclear and cytoplasmic proteins. Further investigation revealed that

proteins modified in this manner are located in the nucleus of the cell, but they are also



localized elsewhere (Holts & Hart, 1986). In addition, the modification occurs solely
on serine and threonine residues of proteins (Holts & Hart, 1986).

Following the discovery of O-GIcNAcylation, work began to determine how it
is regulated. Interestingly, regulation of O-GIcNAcylation is controlled solely by two
enzymes, one that adds the sugar and one that removes the sugar from proteins. The
first of these was identified in 1989, named O-GIcNAc Transferase or OGT, and is
located in the cytoplasm of the cell (Haltiwangers et al., 1989). The second enzyme
was named O-GIcNAcase or OGA, and like OGT, is located primarily within the
cytoplasm of the cell (Dong & Hart, 1994). These two enzymes work in tandem to
regulate the amount of O-GIcNAc modification within the cell.

The biochemical pathway responsible for generating O-GIcNAcylation in cells
is the hexosamine biosynthesis pathway or HBP. The HBP utilizes glucose that would
otherwise be used to generate energy through glycolysis. It is estimated that between
2 to 5% of all glucose taken up by the cell is utilized by the HBP (Hu et al., 2010). The
product generated by the HBP and then added to proteins by OGT is UDP-GIcNAC.
The availability of UDP-GIcNAc within the cell directly influences OGT affinity for
the targeted protein undergoing modification (Bond & Hanover, 2015). Along with
this nutrient sensing mechanism of OGT activity, there is also evidence of other ways
in which substrate affinity and specificity of the enzyme is regulated. Structurally the
enzyme consists of an N-terminal tetratricopeptide repeat (TPR) domain and a
catalytic C-terminal domain (Stephen et al., 2021). Although no consensus sequence
has been identified to determine if a protein will be O-GIcNAcylated, the TPR domain

of OGT is responsible for interaction between the enzyme and the protein it modifies



(Stephen et al., 2021). A similar understanding about the specificity of the OGA
enzyme is known. In an initial study evaluating OGA substrate specificity, a peptide
binding groove was identified in the structure of bacterial OGA and was found to be
conserved in human OGA (Schimpl et al., 2010). When this domain is altered,
catalytic activity is altered, suggesting that OGA interacts with the protein it is altering
and not just the O-GIcNAc sugar. Bacterial OGA was used as the starting structure
because at the time of the study no eukaryotic OGA crystal structure had been
determined (Schimpl et al., 2010). More recently, now that the structure of human
OGA has been determined, it is evident the enzyme interacts with target peptides
directly at multiple sites (Li et al., 2017). While it is still unclear what dictates the
specificity of the enzymes regulating O-GIcNAcylation, as glucose availability is
diminished for conversion to UDP-GIcNAc, OGT is less active and global O-
GIcNAcylation is decreased. This connection between glucose availability and O-
GIcNAc levels translates to O-GIcNAcylation providing a nutrient-sensing and
nutrient-dependent mechanism of regulation within the cell (Hu et al., 2010).
Acknowledging that regulation occurs primarily from glucose availability, O-
GlIcNAcylation of cellular proteins is also reciprocally regulated by another post-
translational modification, phosphorylation. Similar to O-GIcNAcylation,
phosphorylation modifies proteins at serine and threonine residues, with specificity
determined by localization of the kinase, depth of the catalytic site on the kinase, and
amino acids surrounding the phosphorylation site on the protein (Johnson et al., 2023;
Ubersax & Ferrell, 2007). An example of these modifications working together is that

of AMP-activated protein kinase, or AMPK, which is O-GIcNAyclated, and AMPK is

10



responsible for the phosphorylation of OGT (Bullen et al., 2014). Such reciprocity
between O-GIlcNAcylation and phosphorylation tightens the regulation of these two
post-translational modifications and, in turn, more tightly regulates the function of the
proteins they modify.

O-GIcNAcylation and its relationship to phosphorylation likely plays many
different roles in a variety of organisms and cell types. One ubiquitous role of O-
GIcNAcylation is that of modification of transcription factors. For example, one such
transcription factor is Specificity Protein 1, or Spl (Jackson & Tjian, 1988). O-
GlIcNAcylation of Sp1 blocks the transcription of the housekeeping genes within all
mammalian cell types (Jackson & Tjian, 1988; O’Connor et al., 2016). This regulatory
control of housekeeping genes suggests O-GIcNAcylation is important for cell

function and survival.

GRANULOSA CELLS, METABOLISM, AND O-GLCNACYLATION

Granulosa cells surround the oocyte within the ovarian follicle and support the
growth and development of the oocyte. Oocytes metabolize pyruvate for growth and
maturation, and the granulosa cells are the primary source of this substrate through
their glycolytic activity (Biggers et al., 1967). Pyruvate is provided to the oocyte via
gap junctions between the cumulus granulosa cells and the oocyte (Heller et al., 1981).
Transfer of pyruvate from the granulosa cells to the oocyte, however, is only one half
of the bidirectional communication that occurs between these two cell types (Alam &
Miyano, 2020). The oocyte augments glycolytic activity by the granulosa cells

(Sugiura et al., 2005), and does so via oocyte secreted factors, or OSFs (Gilchrist et

11



al., 2008). These OSFs also stimulate granulosa cell proliferation and prevent
luteinization, ultimately maintaining an optimum environment for oocyte development
(Gilchrist et al., 2008). Thus, the granulosa cells play a vital role in supporting the
oocyte metabolically, while the oocyte concurrently plays a functional role in
sustaining granulosa cell function and phenotype.

Current thinking about the metabolic needs of the ovarian follicle is somewhat
controversial. Historically, ovarian follicles were thought to rely primarily upon
glycolysis for energy production (Boland et al., 1994a, 1994b). More recently, others
have demonstrated glycolysis alone is insufficient to support follicular growth; energy
derived from the TCA cycle and oxidative phosphorylation are required to support
continued follicle growth (Wycherley et al., 2005). Yet others have shown that when
glycolysis is disrupted, the function and proliferation of the granulosa cells and, in
turn, the development of the follicle is adversely impacted (Mazloomi et al., 2023).
These uncertainties aside, any disruption of granulosa cell function specifically, and
follicular development generally, likely has negative impacts on the development of
the oocyte, and fertility on the whole.

As discussed previously, O-GIcNAcylation is a post-translational protein
modification that plays a role in the regulation of multiple cellular processes. For
instance, altering O-GIcNAcylation in bovine granulosa cells decreases the glycolytic
activity of the cells (Wang et al., 2022). Conversely, our laboratory has recently found
that alteration of O-GIcNAcylation in bovine granulosa cells has no effect on
metabolism (Maucieri & Townson, 2023), but impairs proliferation (Maucieri &

Townson, 2021). Obviously, there is some discrepancy that has yet to be resolved

12



about the potential impact of O-GIcNAcylation on bovine granulosa cells, but all three
studies clearly indicate a functional role for this type of modification in this cell type.
Additional studies have identified that not only does O-GIcNAcylation impact
granulosa cell function, but it affects cumulus oocyte complexes as well. For example,
when bovine cumulus oocyte complexes, or COCs, are cultured with glucosamine, O-
GIcNAcylation within the oocyte is increased, and results in lower rates of blastocyst
development following fertilization than COCs cultured under control conditions
(Sutton-McDowall et al., 2006). When the increase in O-GIcNAcylation is inhibited,
blastocyst development progresses at typical rates (Sutton-McDowall et al., 2006).
Evaluation of the COCs revealed that the proteins primarily O-GIcNAcylated were in
both the cumulus granulosa cells and the oocytes (Zhou et al., 2019). Together, these
observations indicate that the regulation of O-GIcNAcylation is important to the
physiology of the granulosa cells and the maturation and development of the post-
fertilized oocyte. However, given the relative infancy of these findings, there is much
yet to be determined about the impact of O-GIcNAcylation in granulosa cells,
including effects on hormone responsiveness, steroidogenic activity, and other similar
functions which serve to support the development of the follicle and the oocyte

contained therein.

HYPOXIA AND GRANULOSA CELLS
Besides the phenomenon of O-GIcNAcylation, another relatively unexplored
area of granulosa cell function is oxygen requirements as they relate to metabolism.

Prevailing thought is that granulosa cells within the follicle exist in a low oxygen
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tension or hypoxic environment. Most follicles within the ovary are not particularly
well vascularized, and the observation that granulosa cells of the follicle exist in an
avascular compartment (Tamanini & De Ambrogi, 2004), separated from a well-
vascularized theca layer by a basement membrane (Tamanini & De Ambrogi, 2004),
suggests granulosa cell metabolism operates in a relatively low oxygen environment.
However, oxygen concentration is challenging to measure in the follicle without
inadvertently introducing extrinsic oxygen. Instead, investigators have resorted to
estimating oxygen concentrations inside antral follicles using mathematical modeling
(Redding et al., 2008). The models estimate oxygen concentrations within the follicle
to be between 1.5%-6.7% (Redding et al., 2008). If accurate, this is a much lower
concentration of oxygen than atmospheric and/or physiologic conditions, which are
typically 20% oxygen, the same conditions under which granulosa cells are typically
incubated in cell culture experiments.

Since this revelation, several laboratories have tested and suggested that
granulosa cells of antral follicles are functionally better suited to a hypoxic
environment. Our laboratory recently reported that granulosa cells preferentially
metabolize glucose via anaerobic glycolysis rather than oxidative phosphorylation
(Maucieri & Townson, 2023). This finding is consistent with the idea that granulosa
cells might thrive in relatively low oxygen conditions. Indeed, in another study
investigating metabolism in granulosa cells, genes associated with glycolysis and the
TCA cycle were upregulated only by 5% oxygen conditions compared to 20% oxygen
conditions (Shiratsuki et al., 2016). In tandem with the increase in glycolytic activity,

the granulosa cells were also more proliferative in 5% oxygen (Shiratsuki et al., 2016).
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All of these studies support the concept that granulosa cells are more metabolically
suited to a hypoxic environment than a normoxic one, but again like O-
GIcNAcylation, there has been little to no investigation of the effects of hypoxia on
granulosa cell function in terms of hormone responsiveness or steroidogenic capacity.

Although it is evident that granulosa cells can function under hypoxic
conditions, it remains unclear if hypoxic conditions exist in situ. Although granulosa
cells of follicles exist in an avascular environment histologically, it has been argued
that a variety of factors within the follicle operate together to maintain a non-hypoxic
environment (Thompson et al., 2015). These include gonadotropin signaling and
hemoglobin activity to provide the oocyte with the oxygen it needs to avoid a hypoxic
stress response (Thompson et al., 2015).

While the concept of whether ovarian antral follicles exist in a normoxic or
hypoxic environment physiologically remains uncertain, there is clear evidence that
extreme hypoxia is detrimental to the follicle. In at least one study, for instance,
intrafollicular oxygen concentrations in human antral follicles measured between 1.5%
and 5.5% revealed that as oxygen concentration decreased, the developmental
competence of the oocyte also decreased (Van Blerkom et al., 1997a). Follicles in
which the dissolved oxygen content was less than or equal to 1% had a greater
proportion of oocytes with chromosomal abnormalities, problems with spindle
organization, and issues with cytoplasmic structure (Van Blerkom et al., 1997a). The
detrimental effects of extremely low oxygen concentration affected oocyte maturation,
yet another study determined that less severe hypoxia is beneficial to oocyte

development (Hashimoto et al., 2000). Specifically, oocytes at 5% oxygen developed
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into blastocysts at a higher rate than those cultured at 20% oxygen, and those cultured
at 5% oxygen also contained less reactive oxygen species (Hashimoto et al., 2000).
Additionally, development of the oocytes improved under hypoxic conditions when
supplemented with glucose because the TCA cycle and oxidative phosphorylation
become inoperable in these conditions (Hashimoto et al., 2000). Overall, it is evident
that developmental capacity of the oocyte in conditions that promote glycolysis is
increased, and when combined with the results supporting granulosa cell preference
for glycolytic metabolism, the concept that follicle growth occurs in a hypoxic
environment becomes plausible.

There is compelling evidence that bovine antral follicles might be a good
model to investigate hypoxia as part of ovarian function. In bovine antral follicles
granulosa cells express the alpha subunit of Hypoxia Inducible Factor, or HIF1a,
readily (Berisha et al., 2017). HIF1 is a transcription factor upregulated under hypoxic
conditions (Semenza et al., 1997). The alpha subunit activates transcription of genes
associated with glycolysis and angiogenesis, specifically (Semenza et al., 1997). These
processes are thought to help the tissues adapt to the hypoxic environment. In the work
by Berisha and coworkers (2017), mRNA expression of HIF1« by the granulosa cells
increased as the follicle grew larger and ovulation became imminent (Berisha et al.,
2017). Thus, as the follicle and its antral cavity increases in diameter, oxygen
concentration decreases, and the granulosa cells respond to the hypoxic environment
through HIF1 expression. Both mRNA and protein expression for HIF1a were

evaluated to determine the extent and distribution of HIF1o within the follicle

(Berisha et al., 2017). Critically, the HIF1a protein was localized to the granulosa
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cells, rather than the oocyte or theca cells, indicating that the granulosa cells are
exposed to the hypoxia (Berisha et al., 2017). This study provided the first in vivo

evidence that granulosa cells exist in a hypoxic environment within the follicle.

OBJECTIVES AND HYPOTHESES

The first objective of this thesis was to determine the effects of O-
GIcNAcylation on estradiol production by bovine granulosa cells. We hypothesized
that impairment of O-GIcNAcylation in the granulosa cells will have a negative effect
on estradiol production. The second objective of this thesis was to determine, in a
similar manner, the impact of hypoxia on estradiol production by bovine granulosa
cells. We hypothesized that under hypoxic conditions, estradiol production by

granulosa cells will be augmented.
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CHAPTER 2

INTRODUCTION

The first goal of this study was to evaluate the effect of O-GIcNAcylation on
estradiol production by bovine granulosa cells. O-GIcNAcylation impacts metabolism
and proliferative capacity of bovine granulosa cells (Maucieri & Townson, 2021;
Wang et al., 2022). Metabolism and cell proliferation of granulosa cells are vital to the
overall growth and development of the follicle as well as the oocyte contained therein.
Another important function of granulosa cells is the ability to produce estradiol.
Estradiol influences behavioral, reproductive cyclicity of the cow and coordinates the
timing of ovulation to optimize fertilization. All of these factors converge to influence
fertility. Since O-GIcNAcylation is clearly implicated in some of these important
functions of the granulosa cell, we reasoned that O-GIcNAcylation might also
influence estradiol synthesis and secretion.

Another goal of this study was to evaluate the effects of hypoxia on estradiol
production by bovine granulosa cells. The evidence in support or against the existence
of granulosa cells in a hypoxic environment within antral follicles is unclear. There is
more compelling evidence that hypoxia aids the developmental capacity of the oocyte.
However, the granulosa cells and their supportive role in the development of the
oocyte is clear, and it stands to reason that the environment suitable for one cell type is
suitable for the other. For this reason, we postulated that hypoxia may be the more
suitable environment for granulosa cells and in doing so augments the ability of

granulosa cells to synthesize and secrete estradiol.
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MATERIALS AND METHODS: O-GLCNAC
Cell Culture and Treatment

Bovine granulosa cells were obtained by aspiration of small antral follicles (5-
6 mm) of slaughterhouse ovaries and shipped overnight on ice in 50ml centrifuge
tubes containing culture medium from the Pennsylvania State University. Upon
arrival, the cells were washed by centrifugation at 4°C at 500rpm for 10min and then
resuspended in DMEM/F12 medium prior to seeding and culture in T-25 flasks
(Corning Costar). The cells were cultured in DMEM/F12 medium (Gibco, New York,
NY) containing 10% fetal bovine serum (Fisherbrand, Waltham, MA) and antibiotic-
antimycotic (10,000 units/mL of penicillin, 10,000 ug/mL of streptomycin, 25 ug/mL
Amphotericin, Gibco). The cells were incubated at 37°C at 5% CO2zand 95% air until
confluent, approximately 3-5 days. Once confluent, the cells were subcultured to 24-
well plates at a density of 50k cells per well. After allowing 48 hours for attachment,
the cells were switched to serum-free conditions, DMEM/F12 media without serum,
but containing antibiotic-antimycotic and ITS (insulin-10 ng/mL, transferrin-5.5
ng/mL, and sodium-selenite-0.67 pg/mL). All cells were provided androstenedione
(10"M) as a substrate for estradiol production. Wells of control cells received
androstenedione only. Remaining wells of cells were exposed to either IGF-1 (100
ng/mL), FSH (2.5 ng/mL), the combination of IGF-1 and FSH, or dibutyril-cyclic-
AMP (10-3M), as a positive control for hormone/gonadotropin responsiveness. The
cells were cultured under these conditions for a total of 144hrs, with the culture
medium and treatments exchanged every 48hrs. In certain experiments, the cells were

also exposed to the small molecule inhibitors to inhibit or augment O-GIcNAcylation,
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OSMI-1 (50 uM) and Thiamet-G (2.5 uM), respectively, during the last 24hrs of
culture. At the end of 144hrs of culture, the culture medium was collected and stored
at -80°C until assayed for estradiol. Half of the cells from each experiment were lysed
for RNA extraction and subsequent gPCR analysis by adding 350uL of RLT lysis
buffer (Qiagen, Hilden, Germany) to each well. The cells were stored in the RLT
buffer at -80°C until RNA extraction could be performed. The other half of cells from
each experiment were kept on ice and washed with PBS, and then lysed using 75uL of
radioimmunoprecipitation assay (RIPA) lysis buffer (20mM Tris HCI, 150mM NacCl,
1mM EDTA, 1ImM EGTA, 1% TritonX 100) with HALT protease and phosphatase
inhibitors (Thermo Scientific, Waltham, MA) added to each well. The plates were kept
on ice for 10min to allow for complete cell lysis and then stored at -80°C until further
sample preparation. Lysis was completed by thawing the plates on ice and scraping
each well with a cell scraper. The lysates were aspirated into clean Eppendorf tubes
and placed on ice. The samples were further lysed by aspiration through a 27G needle
and syringe, and then vortexed for 15 seconds. Finally, the samples were centrifuged
at 12,000 RPM for 10min at 4°C. The supernatant containing the protein fraction was
transferred to a new Eppendorf tube and stored at -80°C, whereas the pelleted
membrane fraction was discarded This set of experiments was repeated 4 times over
the course of 2 months (n= 4 independent experiments).
RNA Extraction and gPCR Analysis

RNA was extracted from the granulosa cells using the RNA Mini Kit from
Qiagen (Hilden, Germany). Samples were exposed to DNase according to Qiagen

protocols to remove genomic DNA. Following RNA extraction, the concentration and
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purity (A260/A280, A260/A230) of each sample was measured using the Thermo
Scientific NanoDrop 8000 spectrophotometer. From each RNA sample ~200ng of
RNA was reverse transcribed to cDNA using the Azura cDNA synthesis kit. For each
set of cDNA reactions run, RNA was pooled, and a non-RT reaction was included to
serve as the negative control for the gPCR reaction. This last measure was
implemented to ensure that genomic DNA was not amplified by the primers. The final
cDNA product was diluted 1:5 using nuclease-free, sterile water.

The use of qPCR analysis was run to evaluate the relative mMRNA expression of
bovine STAR, FSHR, and CYP19A1 with RPL4 run as a reference gene. Primers were
manufactured by Integrated DNA Technologies (Coralville, IA) and purified through
standard desalting. Endpoint PCR was run for each primer pair (Table 1) to synthesize
standards for the subsequent qPCR reactions and validate the primer pairs. To validate
the primer pairs, each PCR product was run on a gel, purified, and sent in for
sequencing. Results were compared to the gene sequences on NCBI BLAST to ensure
that they were amplifying the correct gene. For endpoint PCR the Promega GoTag®
Green Master Mix was used. For gPCR, the AzuraQuant™ Green Fast qPCR Mix
LoRox was used. The gPCR reactions were run on a Roche Lightcycler 96. For all
gPCR, the general protocol was to include a preincubation step, a 3-step amplification,
and a melt curve. Preincubation consisted of one cycle at 95°C for 600s. For
amplification of RPL4, STAR, and FSHR the protocol consisted of 40 cycles of 95°C
for 10s, 58°C for 10s, and 72°C for 10s. For CYP19A1, amplification was 95°C for
10s, followed by 60°C for 10s, and 72°C for 10s. For all genes evaluated, the melting

curve consisted of one cycle of 95°C for 10s, 65°C for 60s, and 97°C for 1s. The
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difference in amplification conditions was determined based upon the Tm values for
each primer pair. The temperatures used were optimized such that each primer pair
could efficiently amplify the gene it was designed to target. All efficiencies for each

primer pair were between 90% and 110%.

RPL4 5>-TCCTTT GGT GGT GGA AGA TAA A-3’ 5°-CTC ATT CGC TGA GAG GCA TAG-3’ 120 bp
STAR 5’-CTG CCG AAG ACC ATC ATC AA-3’ 5’-GCC TTC AAC ACC TAG CTT CA-3’ 112 bp
FSH R 5°-CAT GCT CAT CTT CAC CGA CTT-3” 5’-GAC CAG GAG GAT CTT TGACTT-3” 112 bp
CYPlgAl 5’- CAC CCATCT TTG CCA GGT AGT C-3° 5’- ACC CAC AGG AGG TAA GCC TAT AAA-3’ 78 bp

Table 1: gPCR Primer Pairs

Estradiol Analysis

Estradiol analysis of the conditioned culture medium was performed using an
estradiol ELISA assay kit (Cayman Chemical, Ann Arbor, Michigan). The assay was
performed according to the manufacturer’s protocols. Briefly, a standard curve was
generated on each assay plate with each sample of unknown run in duplicate. Assay
values for the unknowns were extrapolated based upon the standard curve. The inter-
assay coefficient of variation was 23.62%.
Statistical Analysis

All statistical analysis was run using GraphPad Prism 10 statistical software.
To evaluate the effects of O-GIcNAcylation status and hormone exposure on estradiol
production, the data were log transformed and a QQ plot was generated to evaluate the
variance of the data. Next a mixed-effects analysis was performed, followed by a
Tukey’s multiple comparisons test. Effects of O-GIcNAcylation status and hormone
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stimulation on FSHR, STAR, and CYP19A1 mRNA expression were evaluated using
non-transformed data, expressed as a ratio of the gene of interest to the reference gene
RPL4. These ratios were then log transformed and evaluated for heteroscedasticity. A
two-way analysis of variance was run followed by posttests based upon the sources of
variation identified in the ANOVA (i.e., main effects and/or interaction). Statistical

significance was declared at P<0.05.

MATERIALS AND METHODS: HYPOXIA
Cell Culture and Treatment

Bovine granulosa cells were obtained and prepared for culture as described
above (see MATERIALS AND METHODS: O-GIcNAc). Once confluent, the cells
were again subcultured and seeded at 50K cells per well in 24-well plates. Similarly,
the cells were cultured for a 144hr period in serum-free conditions with complete
medium and treatment exchanges every 48hrs. For the final 24hrs of culture, the cells
were also exposed to either OSMI-1 or Thiamet-G to influence O-GIcNAcylation
status. Additionally, for each experiment, half of the cultures were exposed to
normoxic conditions (20% atmospheric oxygen) for the final 24hrs of culture; while
the other half of the cultures were placed in a hypoxia chamber initially flushed with
2% oxygen for ten minutes at 2L/min to induce hypoxia. After an hour of incubation,
the hypoxia chamber was again flushed to reduce any residual oxygen that may have
been introduced into the culture medium and placed back into the incubator. At the
end of each experiment, the conditioned culture medium was collected and stored at -

80°C until estradiol analysis. RNA and protein lysates were prepared as described
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above (see MATERIALS AND METHODS: O-GIcNAc). This set of experiments was
repeated 4 times over the course of 1 month (n= 4 independent experiments).
RNA Extraction and qPCR Analysis

RNA extraction and qPCR analysis were performed as described above (see
MATERIALS AND METHODS: O-GIcNAC).
Estradiol Analysis

Estradiol analysis was performed as described above (see MATERIALS AND
METHODS: O-GIcNACc). The inter-assay coefficient of variance is 10.24%.
Immunodetection of HIF1a

To verify that the above-described hypoxic culture conditions induced
hypoxia, protein lysates from the granulosa cells were obtained and then evaluated for
HIF1a expression. Protein concentrations of the samples were analyzed using the
Pierce™ BCA Protein Assay Kit according to the standard microplate procedure
outlined by the manufacturer. Following the BCA assay, samples were prepared for
electrophoresis using 10% precast polyacrylamide gels (Mini-PROTEAN TGX Stain-
Free Gel, Bio-Rad, Hercules, CA). The sample lysates were diluted with RIPA buffer
to the lowest common concentration across samples determined by the BCA assay.
Following dilution, 5X SDS sample buffer (5% SDS, 30% Glycerol, 20uM DTT,
2.5mg BPB) was added to each sample in a 1:5 ratio and the samples were boiled at
100°C for 2 to 3min. The samples were then vortexed prior to loading on the gel.
Approximately 7ug of total protein was loaded per well, with certain lanes including a
standard protein ladder as well as positive and negative control cell extracts for

hypoxia (Cell Signaling, Boston, MA). The gel was run at 200V until the dye front
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reached the bottom of the gel. The gel was then imaged for total protein using the
Image Lab imaging software (Bio-Rad, Hercules, CA). Electrophoretically separated
proteins were transferred from the gel to a PVDF membrane using the TransBlot®
Turbo™ Transfer System according to the manufacturer’s protocols. Following
transfer, the gel was imaged again to make ensure complete transfer of the proteins to
the PVDF membrane, and the membrane was incubated overnight in 5% BSA-TBST
blocking buffer at 4°C on a platform rocker to block non-specific binding. The
membrane was then incubated overnight in primary antibody (HIF-1o (D5F3M)
Mouse mADb, Cell Signaling) at a 1:1,000 dilution in 5% BSA-TBST at 4°C on the
platform rocker. Following primary incubation, the PVDF membrane was washed in
TBST twice rapidly, once for 20min, and then four times for 5mins with agitation
throughout prior to transfer to the secondary antibody. The secondary antibody was a
goat anti-mouse antibody conjugated with HRP at a 1:5,000 dilution in which the
membrane was incubated with agitation at room temperature for 1hr. The membrane
was also kept in the dark during the incubation with the secondary antibody.
Following this, the membrane was washed in TBST as previously described and then
incubated in Clarity ECL substrate according to manufacturer’s protocol (Bio-Rad).
Detection of HIF-1a on the membrane was imaged using Image Lab imaging software
(Bio-Rad).
Statistical Analysis

All statistical analysis was performed using GraphPad Prism 10 statistical
software. To evaluate the impact of oxygen availability on estradiol production by the

granulosa cells, the data were logarithmically transformed and a QQ plot was
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generated to evaluate heteroscedasticity of the data. A two-way analysis of variance
test was performed to evaluate effects of O-GIcNAcylation and hormone stimulation
on estradiol production. A second two-way ANOVA was performed to evaluate
effects of oxygen concentration and hormone stimulation on estradiol production.
Statistical evaluation of potential changes in gene expression of FSHR, CYP19A1, and
STAR was conducted as described previously (see MATERIALS AND METHODS:

O-GLCNAQC). Statistical significance was declared at P<0.05.

RESULTS: O-GLCNAC

Effects of O-GIcNAcylation on Bovine Granulosa Cells

Effects of manipulating O-GIcNAcylation in bovine granulosa cells have been
verified previously in the Townson laboratory (Maucieri & Townson, 2021). Briefly,
exposure of the cells to OSMI-1 between 4-8hrs impaired expression of globally O-
GIcNAcylated proteins (see Figure 1). Conversely, bovine granulosa cells exposed to

Thiamet-G for 24hrs augments global expression of O-GIcNAcylated proteins (see

Figure 2).
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Figure 1: Inhibition of O-GIcNAcylation in Bovine Granulosa Cells by OSMI-1.
OSMI-1 inhibited global O-GlcNAcylation in bovine granulosa cells following 4-8hrs
of exposure as depicted by immunodetection (A) and quantified by densitometry (B;
P<0.05). The effect was not sustained, however, at 12-24hrs post treatment (P>0.05).
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Figure 2: Augmentation of O-GIcNAcylation in Bovine Granulosa Cells by
Thiamet-G. Thiamet-G augmented global O-GIcNAcylation in bovine granulosa cells
following 24hrs of exposure as depicted by immunodetection (A) and quantified by
densitometry (B; P<0.05).

Given this information, subsequent experiments were set up similarly in this thesis to
manipulate and evaluate the effects of O-GIcNAcylation on estradiol synthesis (qQPCR)
and secretion (ELISA) by bovine granulosa cells.
gPCR Analysis

Assessment of FSHR, STAR, and CYP19A1 transcripts was strategic in that
these molecules are critical to the ability of the granulosa cell to respond to
gonadotropin stimulation (in this instance, FSH) and synthesize estradiol. The FSHR
gene encodes the FSH receptor and is directly responsible for the downstream
stimulation of estradiol synthesis genes. In the current experiments, and as seen in
Figure 3, FSHR transcript expression was not affected by O-GIcNAcylation status
(P>0.05), nor by growth factor (IGF-1) or gonadotropic ligand (FSH) exposure, alone
or in combination (P>0.05). Direct upregulation of the cAMP signaling pathway (via
dbcAMP) had no effect (P>0.05), and there was no O-GIcNAc by hormone interaction

observed (P>0.05).
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Figure 3: FSHR mRNA Expression in Bovine Granulosa Cells. No effects of O-
GlIcNAcylation or hormone stimulation were observed (P>0.05). Similarly, there was
no O-GIcNAc by hormone interaction observed (P>0.05).

The gene, STAR, encodes for the steroidogenic acute regulatory protein. This
protein transports cholesterol (the precursor to all steroids) from the outer leaflet to the
inner leaflet of the mitochondria membrane. It is considered the rate-limiting enzyme
in the steroidogenic pathway. As is evident in Figure 4, an increase in O-
GlIcNAcylation in granulosa cells was associated with a decrease in STAR mRNA
expression (P<0.05). Interestingly, a decrease in O-GIcNAcylation was associated
with a further decrease in STAR expression in all groups (P<0.05). Beyond the effects
of O-GIcNAcylation, there were no effects of hormone (P>0.05) or O-GIcNAc by

hormone interaction (P>0.05) on STAR expression observed in these experiments.
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Figure 4: STAR mRNA Expression in Bovine Granulosa Cells. An effect of O-
GIcNAcylation was observed (P<0.05), but no effects of hormone (P>0.05) or O-
GIcNAc by hormone interaction observed (P>0.05).

The final transcript evaluated was CYP19A1. This gene, also known as the
aromatase enzyme, converts androgens to estrogens. In this instance, the conversion
was androstenedione (exogenously provided) to estradiol. As depicted in Figure 5,
there was no effect of O-GIcNAc on CYP19A1 expression (P>0.05), but there was an
effect of hormone exposure. Specifically, docAMP increased expression of CYP19A1
(P<0.05), whereas all other hormones, alone or in combination had no effect (P>0.05).

Similarly, there was no O-GIcNAc by hormone interaction (P>0.05).
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Figure 5: CYP19A1 mRNA Expression in Bovine Granulosa Cells. No effect of O-
GIcNAcylation was observed (P>0.05), but an effect of hormone (i.e., dbCAMP) was
observed(P<0.05). There was no O-GIcNAc by hormone interaction observed
(P>0.05).

CYP19A1 Expression Relative to RPL4

Estradiol Secretion

Estradiol secretion by bovine granulosa cells was not affected by the
manipulation of O-GIcNAcylation. As shown in Figure 6, there was no effect of O-
GlIcNAcylation status on estradiol secretion by the granulosa cells (P>0.05).
Conversely, there were effects of hormone exposure on estradiol secretion (P<0.05).
Specifically, IGF-1, IGF-1 plus FSH in combination, and docAMP all stimulated

estradiol secretion compared to control cultures (P<0.05).

30



Estradiol Production

E 4-
> bbp bPb bby [0 Control
S 3- B OSMI-1
ju 2 2a a2 Bl Thiamet-G
c
o
o
o 17
L
S
20 n=4 independent experiments
-
© < X hat
N $)
& F
N

Figure 6: Estradiol Secretion by Bovine Granulosa Cells-No effect of O-
GIcNAcylation was observed (P>0.05), but effects of hormones were evident for IGF-
1 alone, IGF-1+FSH, and dbcAMP (P<0.05). There was no O-GIcNAc by hormone
interaction observed (P>0.05).

RESULTS: HYPOXIA
gPCR Analysis

Similar to the above-described experiments, gqPCR analysis used to evaluate
estradiol synthesis of the granulosa cells by targeting FSHR, STAR, and CYP19A1
transcripts following culture in normoxic and hypoxic conditions. For FSHR, as
depicted Figure 7, hypoxia inhibited FSHR expression (P<0.05), that was negated by
hormone exposure to either IGF-1+FSH or dbcAMP (P>0.05). Moreover, docAMP
stimulated FSHR expression under hypoxic conditions compared to normoxic

conditions (P<0.05).
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Figure 7: FSHR mRNA Expression in Bovine Granulosa Cells cultured under
Normoxic and Hypoxic Conditions-There were no main effects of oxygen
concentration or hormone exposure on FSHR mRNA expression (P>0.05), but there
was an oxygen concentration by hormone interaction observed (P<0.05).

As shown in Figure 8, there was no effect of oxygen concentration on STAR
expression observed (P>0.05), but the hormone combination of IGF-1+FSH
stimulated the expression of STAR under both normoxic and hypoxic conditions
(P<0.05). Surprisingly, there was no effect of dbcAMP under these culture conditions

(P>0.05).
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Figure 8: STAR mRNA Expression in Bovine Granulosa cells cultured under
Normoxic and Hypoxic Conditions. No effect of oxygen concentration on STAR
expression was observed (P>0.05), but effects of hormone exposure were observed
(P<0.05). There was no oxygen concentration by hormone interaction observed
(P>0.05).

Lastly, as depicted in Figure 9, and similar to the results observed for FSHR,
hypoxia inhibited CYP19A1 expression (P<0.05), but the effect was negated by
hormone exposure to either IGF-1+FSH or dbcAMP (P>0.05). Also similar to FSHR,
dbcAMP stimulated CYP19A1 expression under hypoxic conditions compared to

normoxic conditions (P<0.05).
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Figure 9: CYP19A1 mRNA Expression in Bovine Granulosa Cells cultured under
Normoxic and Hypoxic Conditions-There were no main effects of oxygen
concentration or hormone exposure on CYP19A1 mRNA expression (P>0.05), but
there was an oxygen concentration by hormone interaction observed (P<0.05).

Estradiol Secretion

Estradiol secretion was evaluated based upon O-GIcNAcylation status,
hormone exposure, and oxygen concentration during culture conditions. As shown in
Figures 10 and 11, there was no effect of O-GIcNAcylation on estradiol secretion by
the granulosa cells cultured under either normoxic or hypoxic conditions (P>0.05).
However, the hormones IGF-1+FSH and dbcAMP both stimulated estradiol secretion

by the granulosa cells cultured under either normoxic or hypoxic conditions (P<0.05).
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Figure 10: Estradiol Secretion by Bovine Granulosa Cells cultured under Normoxic
Conditions. There was no effect of O-GIcNAcylation (P>0.05), but there was an effect
of hormone exposure (P<0.05). There was no O-GIcNAc by hormone interaction
observed (P>0.05).
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Figure 11: Estradiol Secretion by Bovine Granulosa Cells cultured under Hypoxic
Conditions. There was no effect of O-GIcNAcylation (P>0.05), but there was an effect
of hormone exposure (P<0.05). There was no O-GIcNAc by hormone interaction
observed (P>0.05).

35



As depicted in Figure 12, bovine granulosa cells cultured without manipulating O-
GlIcNAcylation exhibited greater estradiol secretion under hypoxic conditions than
normoxic conditions (P<0.05), but this effect was negated by exposure to either IGF-

1+FSH or dbcAMP (P>0.05).
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Figure 12: Estradiol Secretion by Bovine Granulosa Cells cultured under Normoxic
and Hypoxic Conditions. Effects of oxygen concentration (P<0.05), hormone
exposure (P<0.05), and oxygen concentration by hormone interaction (P<0.05) were
observed.

Immunoblotting for HIFl«

The induction of hypoxic culture conditions was evaluated by
immunodetection of HIF1a. As seen in Figure 13, expression of HIF1a was not
detectable in bovine granulosa cell samples obtained from normoxic and hypoxic
cultures despite evidence of its differential expression in cell lysates of HepG2 cells

(an immortal cell line of hepatocellular carcinoma) used as controls.
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Figure 13: Immunodetection of HIF1e« in Positive and Negative Control Lysates

DISCUSSION: O-GLCNAC

O-GlIcNAcylation is a dynamic post-translational modification of proteins that
has a role in many vital cellular processes. It is described as a nutrient-sensing
mechanism (Hu et al., 2010), making it a good indicator of cellular health and nutrient
status. It also modulates the transcription of different housekeeping genes through the
transcription factor, Sp1 (Jackson & Tjian, 1988). More recently, our laboratory has
discovered this modification influences proliferation of bovine granulosa cells;
inhibition of O-GIcNAcylation impairs proliferation of the granulosa cells (Maucieri
& Townson, 2021). Proliferation of granulosa cells is important to the overall health
and function of ovarian follicles and to reproductive cyclicity, implicating O-
GlIcNAcylation as vital to the reproductive performance of the dairy cow. Another
important attribute of granulosa cells is the ability to produce estradiol to regulate
behavioral and reproductive cyclicity in the dairy cow. With the knowledge that O-

GlIcNAcylation affects one of the essential functions of cells (i.e., proliferation), one
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goal of this study was to evaluate the impact of O-GIcNAcylation on hormone
responsiveness, and estradiol synthesis and secretion by bovine granulosa cells.

There were no overt effects of O-GIcNAcylation on hormone responsiveness
or estradiol production by bovine granulosa cells as evidenced by expression of
transcripts to gonadotropin receptor (i.e., FSHR) or an enzyme of estradiol production
(i.e., CYP19A1). However, manipulation of O-GIcNAcylation in the cells did
influence transcription of STAR. Inhibition of O-GIcNAcylation reduced the
transcription of STAR, and in FSH-treated cells, an increase in O-GIcNAcylation also
reduced STAR expression. The implications of these effects are unclear, especially
because no previous research literature exists about the consequences of O-
GIcNAcylation on steroidogenesis in any cell type. However, what is known is that
STAR is transcriptionally regulated by Sp1 (Reinhart et al., 1999), a transcription
factor that is also O-GIcNAcylated (Jackson & Tjian, 1988). Unfortunately, the
binding site for Sp1l in the STAR gene is not conserved among humans and cattle
(Reinhart et al., 1999), suggesting this is not the mechanism of influence of O-
GIcNAcylation in the current situation. It is conceivable that another transcription
factor is involved in the transcription of bovine STAR, and is O-GIcNAcylated, but this
would require further investigation to resolve. The decline in transcription of STAR is
also discordant with the observation that O-GIcNAcylation in the current study did not
affect estradiol production by the granulosa cells. This may in part be explained by the
fact that transcription of MRNA does not always directly correlate to translation of the
protein or its biological activity. That is, even though mRNA transcription of the gene

is altered, the abundance of the STAR enzyme and/or its activity might be unchanged.
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Another explanation for the disconnect between transcription of STAR and the
production of estradiol is, experimentally, the granulosa cells were supplied with
exogenous androstenedione. Androstenedione is the direct precursor to estradiol,
bypassing the need for STAR activity. Physiologically, the STAR enzyme transports
cholesterol from the cytoplasm into the mitochondria of the cell (Stocco, 1997). The
cholesterol is then converted to pregnenolone, which is then converted to
progesterone, androstenedione, and finally estradiol (Payne & Hales, 2004). Thus, by
providing the granulosa cells with exogenous androstenedione during cell culture, the
biological need for STAR and the impact of any alterations in its transcription might
have been negated when measuring estradiol production as the experimental endpoint.
The observation that hormone stimulation enhanced estradiol production by
bovine granulosa cells but did not influence the transcription of genes supportive of
this was surprising. The lack of upregulation of the FSHR transcript coincides with the
result that FSH did not stimulate estradiol production. The lack of upregulation of
receptor transcript suggests the receptor itself is either poorly expressed or not being
expressed on the cells, which explains the lack of response to FSH stimulation
observed in the current study. These results are consistent, however, with that of
another study in which the researchers found that FSH alone does not stimulate FSHR
expression in granulosa cells (Luo & Wiltbank, 2006). Similarly, previous work in our
laboratory determined that FSH treatment alone does not stimulate FSHR expression
cells or estradiol production by the granulosa cells (Maucieri & Townson, 2021).
Collectively, whether these results stem from a deficiency in the culture conditions

imposed or some other reason is unknown. Importantly, they bring into question
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whether or not FSH alone is suitable to stimulate estradiol production in granulosa cell
in vitro, as it is recognized to do in ovarian follicles in vivo (Ball & Peters, 2007).
Another transcript of interest in this study was CYP19A1. Although
manipulation of O-GIcNAcylation failed to change the expression of CYP19A1,
exposure of the granulosa cells to docAMP stimulated expression of this transcript.
This outcome was anticipated, in part because aromatase activity (i.e., the protein
product of CYP19A1) is stimulated by cAMP-mediated pathways (Parakh et al., 2006).
The molecule dbcAMP is a soluble form of CAMP, so it would be expected to
upregulate expression of aromatase, and possibly other factors regulating estradiol
synthesis. Having said this, the results for CYP19AL1 in this study do differ from
previously published work. For example, previous experiments in our laboratory
utilizing similar culture conditions found that hormonal exposure to IGF-1 and FSH
together stimulates CYP19A1 expression (Maucieri & Townson, 2021). The reason for
this incongruity is uncertain but may be characteristic of differences of time during
which the granulosa cells spent in culture prior to treatments for the two studies. In the
previous study, cells were in culture for up to 72hrs prior to treatment, whereas in this
instance, the cells spent 3-5 days in culture prior to treatment. For the current study,
the transcription of CYP19A1 was possibly not upregulated to the same extent as the
previous study because the cells spent an additional 3-5 days in culture prior to
hormone exposure. The granulosa cells of the current study might have reached a state
of quiescence and downregulated transcriptional machinery at the time the experiment
was terminated, and samples collected. The results of the two studies also differ from

other reports in the literature. For instance, in one study evaluating the effects of
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hormone stimulation on steroidogenic pathways, FSH stimulated CYP19A1 transcript
expression, but not FSHR expression, in bovine granulosa cells (Luo & Wiltbank,
2006). The effect here might be due to differences in cell culture conditions as well. In
the latter study, granulosa cells were supplemented with 1% FBS throughout hormonal
(i.e., FSH) exposure; whereas the cells cultured in our laboratory are switched to
serum-free conditions during hormonal treatments. It has been shown that in cultures
containing serum, the hormone responsiveness of the cells is decreased (Orly et al.,
1980; Pate & Condon, 1982). Conversely, it has also been demonstrated that cells
cultured without serum produce less steroid hormone, most likely due to the lack of
cholesterol as a precursor (Pate & Condon, 1982).

All of the above observations point to the idea that a discrepancy may exist
between transcript results and the translation and/or activity of the enzymes being
transcribed. For example, hormone stimulation (i.e., IGF-1, IGF-1+FSH) and
upregulation of cAMP signaling (i.e., via dbcAMP) both increased the production of
estradiol by bovine granulosa cells, but only dbcAMP stimulated the expression of
CYP19A1. Considering the aromatase enzyme is required for the conversion of
androstenedione to estradiol, we have evidence the aromatase enzyme (CYP19A1) is
biologically active within the cells. Similar results were seen in previous work by our
laboratory wherein both IGF-1 and IGF-1+FSH stimulated estradiol production, but
IGF-1 failed to stimulate CYP19A1 expression (Maucieri & Townson, 2021).

The results of the current study offer insight about future directions in which
effects of O-GIcNAcylation on follicular function can be focused. Firstly, expression

of FSH receptor, STAR, and aromatase proteins within bovine granulosa cells
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undergoing O-GIcNAc manipulation should be evaluated. This would provide
additional information about what proteins are actively involved in the estradiol
synthesis pathway under these culture conditions. Secondly, transcriptomic and
proteomic analyses would provide valuable insight about the entire steroidogenic
pathway following manipulation of O-GIcNAcylation. This approach would likely
elucidate previously unforeseen ways in which the granulosa cells compensate for
changes in O-GIcANcylation that might impact estradiol production. Given the
observed changes in STAR expression following inhibition of O-GIcNAcylation, it
would be relevant to measure progesterone production by these cells. The change in
STAR would be expected to have an impact on total steroidogenesis, more so than
estradiol production, by bovine granulosa cells, and this would be evident in
progesterone production—the first readily measurable steroid of the steroidogenic
pathway. Changes in STAR would be relevant to progesterone production by bovine
granulosa cells, but also bovine luteal cells. Considering the importance of luteal cells
to the bovine corpus luteum (Hansel et al., 1991), and the importance of progesterone
to maintain pregnancy (Pohler et al., 2012), evaluation of O-GIcNAcylation in bovine

luteal cells and how it impacts steroidogenic activity of these cells has merit.

DISCUSSION: HYPOXIA

Among the many contested ideas in the study of ovarian physiology is the
question of whether or not the ovarian follicle is a hypoxic environment. Although this
idea has been debated for a number of years, there is mounting evidence to suggest

granulosa cells are optimally suited to a hypoxic environment. For example, granulosa
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cells are more proliferative in 5% O than 20% O2 (Hashimoto et al., 2000). In our
laboratory we discovered bovine granulosa cells preferentially metabolize glucose
through aerobic glycolysis rather than the TCA cycle and oxidative phosphorylation
(Maucieri & Townson, 2023). These observations support the concept that granulosa
cells may be better suited to a hypoxic environment and prompted us to evaluate this
idea further in the current study in the context of hormone responsiveness and
estradiol production.

We learned that hypoxia (2% O3) increased estradiol production in bovine
granulosa cells when cultured under basal conditions, without any hormonal
stimulation. The increase in estradiol production is consistent with studies in which the
suggestion of hypoxia in bovine antral follicles is evident (Berisha et al., 2017;
Redding et al., 2008), and previous reports suggesting glycolysis is the favored avenue
of glucose metabolism in granulosa cells (Maucieri & Townson, 2023). Other studies
have also suggested that the granulosa cells are preferential to a hypoxic environment
and may exist in such a state in situ. In one study investigating the effects of hypoxia
on mouse granulosa cells, it was found that hypoxia (1% O3) increased estradiol
synthesis by the granulosa cells in comparison to the cells cultured under normoxia
(21% O2) (Wu et al., 2022). It was also demonstrated in this study that when treated
with FSH, the cells under hypoxia increase their estradiol production, and when
HIFla expression is blocked, this increase in estradiol production is blocked (Wu et
al., 2022). These results suggest that granulosa cells are more steroidogenically active
under hypoxia and that this steroidogenesis may be mediated by the expression of

HIF1la (Wu et al., 2022). In another study involving porcine ovaries, the expression of
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STC1 (a glycoprotein implicated in angiogenesis and steroidogenesis) was evaluated.
In this study it was found that STC1 expression within the follicle increased as the
follicle grew larger (G. Basini et al., 2010). It was also demonstrated in this study that
granulosa cells cultured under hypoxic conditions (1% and 5% O3) increased their
production of STC1 (G. Basini et al., 2010), suggesting that the cells in the follicle that
had been increasing their expression of STC1 were under hypoxia. In another study
done in porcine ovaries, follicular oxygen content was measured and it was found to
be decreasing as follicular size increased (Giuseppina Basini et al., 2004), but when
granulosa cells were cultured under hypoxia (1% and 5% O3), no effect on
steroidogenesis or proliferation was detected (Giuseppina Basini et al., 2004). While
this still suggests that the follicle decreases in oxygen content as it grows, this does not
suggest that the granulosa cells are better suited to a low oxygen environment. It has
also been suggested that even if hypoxia plays a role in follicular function, it may be
more so following ovulation and not during follicular development. In bovine follicles,
endothelin-2, a protein involved in vascular formation is increased in granulosa cells
treated with CoCl2 (a hypoxia mimic) or cultured at 1% O2, and when measured in the
follicle, this protein is at its highest concentration following ovulation (Klipper et al.,
2010). This suggests that hypoxia may not play a role in granulosa cell function until
ovulation has occurred and luteal formation begins. This role of hypoxia in luteal
function was further explored in another study where luteinized and non-luteinized
granulosa cells were treated with CoCl2 (Fadhillah et al., 2017). When luteinized
granulosa cells were treated with CoCl2 they increased their production of

progesterone, but this increase was not observed in non-luteinized granulosa cells
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(Fadhillah et al., 2017). This suggests that hypoxia may be more beneficial to the
steroidogenic activity of luteal cells rather than the granulosa cells of the antral
follicle. Overall, the role that hypoxia may play in granulosa cell and follicular
function remains to be fully elucidated.

The results of the transcriptional data obtained in the current study indicated
there was no effect of oxygen concentration on any of the transcripts evaluated (i.e.,
FSHR, CYP19A1, or STAR). While this indicates hypoxia has little to no impact on the
transcription of these genes, it could also mean the severity of the hypoxia is too
excessive to have a stimulatory effect. In a previous study conducted using mouse
granulosa cells, the authors determined 1% and 5% O2 decreased or did not affect,
respectively, STAR transcription in dbcAMP stimulated cells, but 10% O2 increased
STAR expression (Kowalewski et al., 2015). While 10% Oz is much greater than what
has been estimated or modeled as the oxygen content within follicles (Redding et al.,
2008), severe hypoxia negatively affects oocyte development (Van Blerkom et al.,
1997b), and likely negatively impacts cumulus-oocyte interactions. As a first attempt,
the results of the current study support hypoxia as potentially beneficial to estradiol
production by bovine granulosa cells, but further investigation of this idea is required
to fully understand the range of optimal oxygen concentrations and the downstream
effects on steroidogenic enzymes and their transcripts.

Effects on transcript abundance were observed in the current study when
considering interactions between oxygen concentration and hormone exposure.
Specifically, for FSHR, transcript abundance decreased when bovine granulosa cells

were exposed to hypoxia and did not receive any hormonal stimulation. Conversely, in
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granulosa cells exposed to hypoxia and treated with docAMP, expression of FSHR
expression increased. A similar pattern was observed with the expression of
CYP19A1,; transcript expression decreased when cells were exposed to hypoxia and
basal conditions, whereas transcript abundance increased following hypoxia and
dbcAMP exposure. The increase in CYP19A1 expression may be due to the fact that
CYP19A1 expression is mediated by HIF1a (Baddela et al., 2020). Here, HIF1a
knockout cells expressed lower amounts of the CYP19A1 transcript than control, non-
HIF1la knockouts (Baddela et al., 2020). The cells were also stimulated with high
concentrations of FSH and IGF-1 (20ng/ml and 50ng/ml respectively), which
conceivably stimulated the CAMP pathway in a manner similar to the docAMP
utilized in current study. Thus, there may be interconnectedness among these
pathways (i.e., hypoxia, CAMP signaling, steroidogenesis) to influence transcript
expression in steroidogenic cells, including granulosa cells. This idea merits further
exploration. Additionally, it may be worthwhile to evaluate granulosa cell
proliferation under both hypoxic and normoxic conditions because proliferation is
generally a good indication of overall cell health. It would certainly be relevant to
current understanding about glucose metabolism in granulosa cells because
presumably the cells are metabolizing glucose to provide energy for both mitotic
activity and steroidogenesis.

As with all studies, we acknowledge there are limitations to the above
described experiments. Beginning with the cell culture period, the granulosa cells were
cultured in T-25 flasks for a period of 3-5 days until confluent. Previous work in the

Townson laboratory had indicated 3 days was sufficient for the cells to reach
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confluency (Maucieri & Townson, 2021), but this was not the case with the current
work. The cells remained in culture for up to 5 days to attain confluency, and since
this method had not been previously validated, it calls into question whether some
aspects of cell responsiveness to hormones might be lost (i.e., receptor expression
downregulated, senescent cells). Additionally, the cells were provided 48hrs for
attachment following subculture compared to the typical 24hrs. This additional time in
culture, in the absence of hormonal support, might have led to an overall
downregulation of cell function, including metabolic and steroidogenic activities.
Another methodological concern realized after the conclusion of the experiments is
that the agent used to dissolve the small molecule inhibitors (OSMI-1 and Thiamet-G),
which was DMSO, was not added to the control cultures. Given the concentration of
this agent is extremely low in culture (<0.01%), the presence or absence of it in the
culture most likely had little to no impact. Nevertheless, from a strictly interpretation
standpoint, it implies that any changes associated with OSMI-1 and Thiamet-G could
also be due to the DMSO alone rather than the actual treatment (i.e., changes in STAR
expression). Additionally, although OSMI-1 and Thiamet-G have been used on
numerous occasions in our laboratory as well as others as agents to alter O-
GIcNAcylation at the concentrations specified, these effects have yet to be validated
for the experimental conditions stipulated in the current study. For the hypoxia
experiments, the biggest limitation was the inability to verify the induction of hypoxia
by immunodetection of HIF1a. Whether the problem stems from a methodological
approach (i.e., detectability of bovine HIF1a) or an actual lack of induction of hypoxia

has yet to be resolved.
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In conclusion, the collective observations of this study are that O-
GIcNAcylation status does not impact steroidogenesis or hormone responsiveness in
bovine granulosa cells. This means that we must reject the hypothesis that impairment
of O-GIcNAcylation decreases estradiol production. It was also determined in this
study that while hypoxia increased basal production of estradiol, there was no change
in hormone responsiveness under hypoxic conditions. This is in line with the
hypothesis that hypoxia increases estradiol production in granulosa cells. Overall, this
study gives new insight into the roles that O-GIcNAcylation and hypoxia play in

steroidogenesis by bovine granulosa cells.
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