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Abstract 

The use of the RNA interference with its transient knockdown of genes offers a versatile 

technique to study the roles of FSH signaling on the development and function of ovarian follicles. 

The objective of this study was to develop a reliable protocol to knock down the follicle-

stimulating hormone receptor in bovine granulosa cells utilizing the RNA interference pathway 

with small interfering RNAs (siRNAs). This work was done in bovine granulosa cells to 

understand further follicle-stimulation stimulating hormone signaling mediated by its receptor. 

FSH signaling is responsible for activating pro-apoptotic, mitogenic, and steroidogenic signals that 

characterize the development and differentiation of granulosa cells during folliculogenesis. This 

study tested several approaches to find the optimal conditions to knock down the FSHR in 

granulosa cells using siRNA. These approaches include testing the duration of transfection, 

different formulations and concentrations of the transfection reagent, the number of siRNA 

sequences used, and the siRNA concentration. Experiments are still ongoing to establish the 

optimal conditions for the knockdown of the FSHR in bovine granulosa cells.
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Roles of FSH signaling during ovarian folliculogenesis in cattle 

CHAPTER 1 – Review of the literature 

 

Folliculogenesis 

Female mammals have a finite number of inactive oocytes referred to as an ovarian reserve. 

The ovarian reserve diminishes over time as the ovary goes through the cyclical process of oocyte 

activation and ovulation. These oocytes are housed within a spherical structure made of granulosa 

cells and extracellular matrix (ECM) that support its development. As the gonads develop during 

fetal growth, germ cells (oogonia) form clusters surrounded by somatic cells (pre-granulosa cells).1 

These clusters retain cytoplasmic bridges until the oogonia initiate meiosis and develop into 

primary oocytes. The oocytes are then arrested at the prophase of meiosis I and the cytoplasmic 

bridges are broken. These processes create individual primordial follicles with a meiotically 

arrested primary oocyte surrounded by a single layer of flattened granulosa cells. Primordial 

follicles appear in the fetal ovary during the transition between the first and second trimesters of 

gestation in large species such as cows and humans. In mice and rats, primordial follicles form in 

the perinatal period.1,2 

Most of a follicle's life is spent in the quiescent primordial stage as a single layer of 

granulosa cells surrounding a primary oocyte. The follicle will stay in this quiescent state until it 

is selected for activation. Once the follicle has been activated, the oocyte and granulosa cells will 

reinitiate the cell cycle and resume development.1 Although the mechanisms of primordial follicle 

activation are not fully understood, some factors have been identified to play a critical role in 

regulating this process to ensure that the ovarian reserve is maintained and utilized in a timely 

manner during a female's reproductive life. Anti-Mullerian hormone (AMH) has been identified 

as one of the local factors necessary to maintain primordial follicles in a quiescent state in both 



 

 2 

bovine and mice.2,3 Homozygous null AMH females mice showed depletion of follicles as early as 

four months old (considered the reproductive peak); heterozygous null females displayed a smaller 

number of follicles at 4 and 13 months when compared to age-matched wild types.3,4 Another 

factor that appears to play a role in maintaining follicles in the quiescent state is cyclin-dependent 

kinase (Cdk) inhibitor (p27). This tumor suppressor protein acts as a checkpoint in the cell cycle 

to prevent excessive proliferation. Female p27 knockout mice exhibit premature activation of 

primordial follicles and increased folliculogenesis leading to premature ovarian failure.5 

 The signals driving selective activation of some, but not all, primordial follicles are not 

fully known, although studies point towards the PI3K/AKT pathway having a central role.6 The 

current model for follicle activation starts with an increase in mTORC1 that leads to increased 

proliferation and differentiation in the granulosa cells.7 In addition, mTORC1 signaling stimulates 

granulosa cells to increase their secretion of KIT ligand (KITL) that binds to the KIT receptor 

located on the oocyte's surface.8 This binding increases PI3K/AKT signaling within the oocyte to 

signal follicle growth.7 Granulosa cells within activated primordial follicles become more 

metabolically active and undergo a characteristic change from a flat to a cuboidal morphology.9,10 

Activated primordial follicles become primary and then secondary follicles as the oocyte and 

follicular unit increase in diameter and granulosa cells proliferate.9,10 This growth phase is called 

the preantral development phase, given that these follicles have not developed an antral cavity yet. 

During preantral development, the communication between oocyte and granulosa cells is 

established, the zona pellucida is formed around the oocyte, and DNA transcription begins to 

accumulate maternal RNAs within the oocyte.9,10 Between the primordial and the early antral 

stage, the oocyte increases in size from about 30 µm to 120 µm, while the surrounding granulosa 

cells increase exponentially in number.1,9,10 In mammalian species such as cattle and humans, the 
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preantral phase takes a relatively long time, estimated to be around 100 days (cows) and as long 

as 180 days (humans), depending on the study.11–13 

During the preantral phase, follicles are gonadotropin responsive but not dependent.14,15 

Preantral follicle development is regulated by local factors such as the transforming growth factor-

β (TGF-β) family, including bone morphogenetic protein-15 (BMP15) and growth differentiation 

factor-9 (GDF9)16, the latter being vital to preantral follicle development. In the absence of GDF9, 

follicles do not develop past the primary follicle stage.17 Binding of BMP15 and GDF9 to their 

receptors leads to activation of the Smad pathway. When Smad proteins are inhibited, particularly 

Smad3, the growth and development of preantral follicles are inhibited. For example, Smad3 

deficient granulosa cells show a decrease in differentiation and cell division markers and a 

decreased responsiveness to gonadotropins due to decreased expression of FSHR.18 This decrease 

in FSHR is noteworthy because even though preantral follicles are gonadotropin independent, they 

utilize FSH signaling to stimulate the proliferation of granulosa cells and therefore increase growth 

rate.19 FSH does not become a requirement until follicles approach the antral phase. At this point, 

they will be dependent on gonadotropins to survive and develop towards the pre-ovulatory 

stage.15,20 Follicles that do not receive FSH signaling arrest in the late secondary stage of the 

preantral phase and do not progress to the antral phase.15 

Antral follicles are characterized by mural granulosa cells, which line the inside of the 

follicular wall. The cumulus granulosa cells surround the oocyte and play a critical role in the 

oocyte's final development and ovulation.1,21 Lining the outside of the follicular wall are theca 

cells that synthesize steroid hormones together with the mural granulosa cells.21 As the antral 

cavity begins to develop, mural granulosa cells increase the production of hyaluronan and 

chondroitin sulfate proteoglycans.22,23 These molecules comprise the ECM and crosslink with each 
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other to ensure that they stay within the follicular fluid and generate an osmotic gradient that will 

pull fluid from the surrounding vasculature.22,24 The capillaries surrounding the thecal layer 

increase their permeability to allow fluid to be drawn into the thecal cells.25,26 The follicular wall 

is relatively permeable to allow vascular fluid to move across it. At the same time, the granulosa 

cell membrane contains aquaporins that allow the active transport of water into the follicle, causing 

the build-up of follicular fluid in the growing antrum. As the antrum grows, the stroma, granulosa, 

and thecal cells undergo remodeling of the cell-cell junctions and cell death to allow space for the 

continued fluid accumulation. The antrum continues to expand as the follicle grows in diameter 

and the oocyte undergoes its final stages of development in preparation for the LH surge and 

ovulation.  

An increase in frequency and amplitude of hypothalamic GnRH pulses during each estrus 

cycle stimulates FSH and LH synthesis and secretion from the anterior pituitary. Both 

gonadotropins support antral follicular development, and as these antral follicles grow, their 

estradiol and inhibin production increases with the proliferation and activity of granulosa and 

thecal cells. Granulosa cell-derived inhibin blocks FSH synthesis, effectively preventing the 

development of additional antral follicles.27 The decrease in levels of FSH is an essential part of 

the process of follicular selection, as only the follicle that has grown to a specific diameter is 

capable of continuing to grow in the absence of the hormone.21 The selection process also means 

that the follicle has acquired the ability to respond to LH by upregulation of LHR in the thecal cell 

membrane. Once sufficient estradiol is produced by the granulosa cells, it will elicit positive 

feedback on GnRH neurons within the preoptic area of the hypothalamus, leading to the pre-

ovulatory LH surge. As the LH signaling increases for this surge, granulosa and thecal cells begin 

the process of differentiation into large and small luteal cells of the corpus luteum, respectively. 
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These cells exhibit increased expression of cyclin-dependent kinases (CDK) and phosphatase and 

tensin homolog (PTEN) to support the increased proliferation of luteal cells.28 The expression of 

vascular endothelial growth factor (VEGF) is increased to stimulate the development of blood 

vessels to surround and intertwine with the luteinizing cells to provide substrates for progesterone 

synthesis and an output for its secretion.29 As granulosa and thecal cells undergo luteinization, they 

increase expression of the steroidogenic acute regulatory protein (StAR), cholesterol side-chain 

cleavage enzyme (CYP11A), and 3β-Hydroxysteroid dehydrogenase (3β-HSD), all of which are 

critical components of the steroidogenic pathway for synthesis of progesterone.30–32  

   

FSH Signaling within Granulosa Cells 

The pituitary hormones follicle-stimulating hormone (FSH) and luteinizing hormone (LH) 

are major antral folliculogenesis and ovulation regulatory factors. They consist of a glycoprotein 

heterodimer made up of a unique β-subunit and an α-subunit that is common between FSH, LH, 

thyroid-stimulating hormone (TSH), and in humans, human chorionic gonadotropin (hCG). The 

unique β-subunit of FSH has the affinity to bind to the follicle-stimulating hormone receptor 

(FSHR), a seven-transmembrane G protein-coupled receptor. In cattle, ovarian follicles are 

responsive to FSH as early as the primary stage of preantral development;33 however, follicle 

growth and survival become dependent on FSH as the antrum forms.34 When FSH binds to the 

FSHR, multiple signaling pathways are activated to stimulate downstream effects, including pro-

apoptotic, steroidogenic, mitogenic, and survival signals.35 The available amount of FSH controls 

the level of FSH signaling. Knockdown of the transcriptional repressor of FSH c-JUN-

dimerization protein 2 (JDP2) resulted in higher levels of circulating FSH and an increase in the 
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number of larger follicles.36 Moreover, FSH is the hormone of choice for ovarian stimulation 

protocols due to higher numbers of larger follicles.37–39 

The canonical pathway of FSH signaling (Figure 1) involves activating protein kinase A 

(PKA) by cyclic adenosine monophosphate (cAMP). PKA then mediates the activation of cAMP-

response element-binding protein (CREB) and the extracellular signal-regulated kinase 1 and 2 

(ERK1/2), leading to an increase in steroidogenic activity by activating aromatase and 

steroidogenic gene expression, leading to the FSH-dependent conversion of androgens to estradiol 

and estrone.35 When activated by PKA, ERK1/2 has also been shown to be involved in anti-

apoptotic signals that control granulosa cell proliferation and differentiation throughout 

folliculogenesis.40 This pathway is characterized by MEK1/2 phosphorylating ERK1/2 to cause a 

conformational change leading to the activation of the ERK1/2 pathway that stimulates mitogenic 

gene expression with the phosphorylation of histone H3. As previously mentioned, ERK1/2 aids 

in the differentiation of granulosa cells as the requirements for the follicle change, but it is not 

solely responsible and instead participates in cross-talk between epidermal growth factor receptors 

(EGFR) and p38 MAPK.41,42 These cross talk pathways allow granulosa cells to gain the 

steroidogenic capacity necessary during the antral phase of folliculogenesis by increasing the 

expression of aromatase to mediate the conversion of androgens synthesized by thecal cells to 

estradiol.43,44 Locally, estradiol then helps to support the dominant follicle by preventing apoptosis 

in granulosa cells allowing the follicle to maintain proper function.45,46  

Anti-apoptotic signals are not constrained to the production and signaling of estradiol but 

also facilitate the transcription of additional mitogenic and survival factors within granulosa cells 

through the PI3K/AKT pathway. When FSH binds to the FSHR, it leads to phosphoinositide 3-

kinases (PI3K) activated by the G-protein βγ dimers. Once PI3K is activated, it phosphorylates 



 

 7 

protein kinase B (AKT), leading to the transcription of downstream targets such as Forkhead Box 

O1 and O3 (FOXO1/3), involved in the control of granulosa cell death and growth.47 It has been 

postulated that the anti-apoptotic signals of the PI3K/AKT pathway balance the pro-apoptotic 

signals of the cAMP/PKA that can shift the balance one way or another depending on the level of 

cAMP/PKA activation.48 These pro-apoptotic signals are mediated by p38 MAPK and c-Jun N-

terminal kinase (JNK) to create stage-dependent cell death that aids in the selection and 

maintenance of healthy dominant follicles with viable oocytes and arrest follicles that do not make 

it to the pre-ovulatory stage.49,50 The antral follicles that developed within the same follicular wave 

but were not selected for dominance undergo atresia to allow the next group of follicles to be 

activated and progress through the antral stage. This delicate balance ensures that the oocytes that 

are ovulated with each estrous cycle are of high quality. When the AKT pathway is inhibited, it 

disrupts the granulosa cell apoptotic balance leading to reduced follicle growth that negatively 

affects the oocyte quality.51–53 

The complexity of the signaling cascade elicited by FSH in granulosa cells shows the 

importance these supporting cells have in developing viable follicles. When FSH is ablated, 

folliculogenesis is severely affected, and infertility ensues.15,20 The classic evidence for this claim 

comes from FSHR knockout female infertile female mice with underdeveloped reproductive tracts 

and follicles arrested in the late second stage of preantral development.15 Studies since have 

reported supporting information with the knockout or inhibition of FSH signaling at various points 

in follicle development that have led to decreased quality and development of follicles, 

highlighting the importance of FSH signaling in reproduction.20,50,51,53–55 
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Figure 1 FSH signaling pathways. Modified from Casarini and Crépieux (2019). Image created 
in BioRender.com. 
 

RNA interference (RNAi) 

RNA interference is a mechanism utilized by prokaryotic and eukaryotic cells to defend 

against viruses and as a final step of transcriptional regulation of endogenous mRNAs. Fire and 

Mello first described it in 199856 as a mechanism for post-transcriptional regulation of gene 

expression after conflicting reports of hybridizations of RNA introduced into cells could or could 

not "quell" homologous genes.56,57 In C. elegans, Fire and Mello transfected both single-stranded 

and double-stranded RNA to target the mRNA of the unc-22 gene5 and observed that the double-

stranded RNA knocked down the expression of unc-22 significantly more than the single-stranded 

RNAs.56 Following this work, more studies demonstrated that short synthetically synthesized 

RNAs could silence the expression of genes in other species, including Drosophila and 
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mammalian cells.57–59 These discoveries elucidated a post-transcriptional regulation of gene 

expression that has been utilized to create transient gene knockdown for the past 20 years.  

Regulation through this pathway happens when a short sequence of non-coding RNA is 

transcribed, starting at promoter regions on the antisense strand of DNA. These microRNAs 

(miRNAs) can form short hairpin loops that require modifications by the Dicer enzyme to cleave 

and remove the looped section leaving a double-stranded small interfering RNA (siRNA).57 

Members of the argonaute (Argo) protein family then work to cleave the sense strand of the 

siRNA, leaving its antisense strand in a single-stranded form and guiding it to the RNA-induced 

silencing complex (RISC).60 The RISC is a complex of nucleases and supporting proteins that 

use the sequence of the siRNA to identify homologous mRNA. Once the homologous mRNA 

has been identified and hybridized with the small RNA, RISC is activated by ATP to cleave the 

double-stranded region of the mRNA marking it for degradation.61,62 The resulting defective 

mRNA is no longer helpful as a template for translation and is completely degraded, effectively 

knocking down the expression of that gene.61,62  

RNA interference can be used to transiently regulate gene expression by transfecting 

synthetically synthesized siRNAs designed to target genes of known genomes. The length and 

sequence of the designed siRNA can affect its interaction with the proteins of the RNAi pathway 

and, therefore, the knockdown efficiency. The optimal sequence length is usually between 21 

and 29 nucleotides long and should avoid single-nucleotide polymorphism (SNP) locations.63 

Within the sequence, it is necessary to prevent any secondary structures that may block Dicer 

binding while maintaining a good balance of guanine-cytosine (GC). The content and position of 

specific nucleotides within the sequence can also determine the efficiency of siRNAs. Many 

studies have outlined specific guidelines for maintaining proper GC content specific to the 
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location of nucleotides in the siRNA sequence. The guanine-cytosine (GC) content is essential 

for proper interaction with the RISC complex that binds the siRNA to the mRNA.62 At the same 

time, argonaute proteins have a preferential binding to the nucleotides adenine and uracil located 

on the 5' due to the middle domain of the protein structure that interacts with the siRNA.64–66 

Finally, when designing siRNA sequences, it is crucial to avoid RNA secondary structures, such 

as internal hairpins, as they may block binding of the Dicer protein. Since the siRNA is degraded 

with its target mRNA, the concentration of siRNA transfected into the cell decides how long the 

gene knockdown lasts. Studies with fluorescently labeled siRNAs transfected into human 

embryonic kidney cells (HEK293) established that the peak of knockdown will be observed after 

approximately 24 hours of transfection and will start to decrease at 48 hours. 67 This is the 

commonly accepted timeline for siRNA knockdown, but variation can be seen in different cell 

types and siRNA concentrations.62,68 Once the supply of siRNA has been exhausted, the 

abundance of the target transcript will revert to its pre-silencing levels since the siRNA only 

affects the mRNA and not the transcription of DNA.  

The three delivery methods of siRNA into cells include viral vectors, electroporation, and 

non-viral transfection. Both electroporation and viral vectors have the potential for adverse 

effects, including increased cell death, mutations, or immune response. Currently, the most 

efficient mode of delivery without significant harmful effects is transfection.69 Non-viral 

transfection is a method of introducing DNA or RNA into the cell utilizing the electrical polarity 

of both the lipid membrane of the cell and the nucleic acids through the mediation of synthetic 

materials.57 The synthetic materials include polymer nanoparticles, liposomes, and lipid-like 

compounds.57,69 Various materials are being tested for the use of in vivo therapeutics including 

cationic lipids, a commonly used transfection reagent used for in vitro studies and an excellent 
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example of transfection (Fig. 2). Cationic lipids contain a positive charge that interacts with the 

negatively charged nucleic acids due to electrostatic forces forming lipoplexes.70 Then, the 

positive charge of the lipid in the lipoplexes interacts with the negatively charged cell membrane 

to fuse with the cell and release the siRNA into the cytoplasm. It is believed that this fusion and 

release occurs by way of endocytosis.71,72 When the lipoplexes interact with the cell membrane, 

the membrane forms a vesicle around the lipoplexes, which is drawn into the cell to be released 

into the cytoplasm, where it is recognized by the dicer enzyme activating the RNAi pathway.  

 
Figure 2. Transfection of siRNA with cationic lipids and subsequent cleavage of target mRNA. 
The siRNA complexes with the cationic lipids form the siRNA lipoplex. The siRNA lipoplex is 
then brought into the cell by way of endocytosis and released into the cytoplasm. The double-
stranded siRNA interacts with the dicer enzyme before the sense strand is removed, and the Argo 
protein family carries the antisense strand to RISC. RISC uses the single-stranded siRNA to 
recognize the target mRNA and then cleaves the mRNA. Image created in BioRender.com. 

.  
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Use of RNAi technology to study folliculogenesis and ovarian biology 

The transient nature of the RNA interference (RNAi) technology lends itself to pathway 

analysis, testing gene function and redundancy, and therapeutics. Multiple in vitro studies have 

been reported in each of these topics in a variety of model species, cell types, and cell lines, as 

well as testing in vivo delivery to develop therapeutics for a wide variety of cancers and other 

diseases and conditions.55,73–76 Within bovine granulosa cells, siRNAs have been utilized to 

investigate the immune response by knocking down the toll-like receptors TLR2 and TLR4 to show 

that granulosa cells recognize bacterial infections and initiate an immune response through the 

TLR2 and TLR4 pathways.77–79 Granulosa cells collected from bovine antral follicles were 

exposed to either Pam3CSK4 (PAM) or lipopolysaccharide (LPS), both lipoproteins that elicit an 

Interleukin 6 (IL-6) response. To knock down both TLRs, siRNAs were designed and validated by 

measuring the mRNA of each to confirm knockdown. The granulosa cells were transfected with 

the siRNAs targeting TLR2 to test its recognition of PAM or TLR4 for its recognition of LPS. Both 

conditions showed evidence of a decreased immune response due to the decreased amount of IL-

6 measured in the supernatant of the cells.77 These findings showed that granulosa cells play a role 

in the innate immune response within the follicle. Additional studies using this model showed that 

these bacterial infections disrupt endocrine function and meiotic progression, highlighting the 

granulosa cell's supportive roles for oocyte development.78,79  

siRNAs have also been used to show that bovine granulosa cells exhibit a defense against 

heat stress to help support the oocyte during suboptimal conditions. Results showed that heat 

stress-induced apoptosis in bovine granulosa cells is regulated by heme oxygenase 1 (HO-1) 

through the ERK1/2 pathway.80,81 siRNAs were designed to knock down HO-1 expression and 

then were validated with an RT-qPCR to show a significant decrease in HO-1. Granulosa cells 
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collected from bovine antral follicles were transfected with siRNAs targeting HO-1 and then 

incubated at increasing temperatures up to 42 ºC. These granulosa cells showed a significant 

increase in cell death compared to the cells that did not have a comprised supply of HO-1.80 Follow 

up studies confirmed that HO-1 inhibits heat stress-induced apoptosis when its metabolite, carbon 

dioxide, is released in high quantities inhibiting the phosphorylation of ERK1/2 and leading to a 

decrease in cell death in bovine granulosa cells.81  

Apart from the studies mentioned above, the use of siRNA in bovine granulosa cells is 

minimal. Most studies have been done on mice, rats, and humans. For example, siRNAs targeting 

ephrinA5 were transfected using cationic lipids into mouse primary granulosa cells to test 

ephrinA5's role in apoptosis and proliferation.82 Erythropoietin-producing hepatocellular (Eph) 

receptors with their ligands, ephrins, represent a large family of receptor tyrosine kinases expressed 

in several tissues and cell types, including ovarian cells part in tissue remodeling, vascularization, 

apoptosis, and organ development.82 When ephrinA5 was knocked down, an increase in granulosa 

cell proliferation and a decrease in the total apoptosis rate were observed.82 This proliferation was 

attributed to higher expression of p-AKT and p-ERK and other essential indicators that supported 

this conclusion.82 Along with additional testing, the authors concluded that ephrinA5 signaling 

helps mediate in mice folliculogenesis by playing a role in apoptosis and proliferation of granulosa 

cells.82 This exemplifies how siRNAs are a powerful tool to use when understanding complex 

signaling pathways providing a better understanding of the role granulosa cells play in maintaining 

fertility and reproductive success. 
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CHAPTER 2 – Knockdown of the follicle-stimulating hormone receptor in primary culture of 

bovine granulosa cells using siRNA 

 

Introduction 

 Granulosa cells play critical roles in supporting the oocyte as it develops during 

folliculogenesis, regulating much hormonal signaling that mediates and ensures the accurate 

timing of development and quality of ovarian follicles. This hormonal signaling includes follicle-

stimulating hormone (FSH) signaling that regulates an extensive network of mechanistic pathways 

that activate and maintain apoptotic, anti-apoptotic, cytoskeletal, mitogenic, and steroidogenic 

signals.1 Among other functions, these signals control the differentiation and proliferation of 

granulosa cells from the preantral through the pre-ovulatory follicle stage. The follicle-stimulating 

hormone receptor (FSHR) is a seven-transmembrane protein found in the cell surface of granulosa 

cells. The binding of FSH to its receptor elicits complex intracellular cascades that result in the 

proper regulation of folliculogenesis. When FSH signaling is disrupted in granulosa cells by 

inhibiting critical proteins within the cascade, the development of the follicle or the oocyte is 

compromised, resulting in follicular atresia or ovulation of an oocyte that is not developmentally 

competent.2–4 We have recently described that bovine preantral follicles express the FSHR and 

respond to FSH signaling,5 demonstrating that the role of this hormone to regulate folliculogenesis 

might be broader than previously believed.  

 The use of RNA interference (RNAi) technology enables the study of FSH signaling within 

granulosa cells by allowing an efficient and transient knockdown of the FSHR. Dicer substrate 

interfering RNA (dsiRNA) has significantly improved in knocking down target genes over other 

variations of siRNAs.6 The Dicer protein is a processing enzyme that removes any secondary 
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structures in double stranded RNA and aids in loading RNA into the RNA-induced silencing 

complex (RISC). This variant of siRNA contains a 2-base overhang on the 3′ end of the antisense 

strand and DNA bases added to the 3' of the sense strand to create a symmetric 2-base 3′ overhang 

on each strand.7 The overhang is recognized by both the RNA binding region in the Dicer enzyme 

and the argonaute protein that helps load the RNA into RISC,7 resulting in a more efficient 

recognition of the antisense strand by dicer and more efficient RISC loading. With the increased 

efficiency of dicer and RISC processing, there is a correlating increase in a knockdown.6,8,9 The 

objective of this study was to establish a protocol for efficient knockdown of the FSHR using 

dsiRNAs to study the role of FSH in bovine antral follicle granulosa cells. The overarching goal 

of this study is to improve our understanding of FSH signaling and provide the framework to 

expand the use of dsiRNAs in bovine preantral follicles, which ultimately can better support the 

efforts to improve and preserve fertility using both in vivo or in vitro techniques with a better 

understanding of folliculogenesis  

 

Methods 

All reagents were purchased from Thermo Fisher Scientific unless otherwise specified. 

 

Granulosa Cell Collection and culture 

Follicular fluid from 10 to 20 ovaries was aspirated from antral follicles between 1 and 5 

mm in size using a 24-gauge needle and a 3-cc syringe. The number of ovaries varied between 10 

to 20 based on the size of the ovaries to collect an adequate amount of granulosa cells. The 

follicular fluid was collected in a 15 ml tube and centrifuged for 5 min at 700 x g. Once the cells 

were pelleted, the follicular fluid was discarded. Red blood cell lysis was achieved by resuspending 
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the cell pellet in 900 µl of sterile MilliQ water for 30 sec, followed by the addition of sterile 10x 

PBS at a 1:10 ratio to prevent further cell lysis. The cell suspension was then centrifuged for 5 min 

at 700 x g to re-pellet the cells, and the supernatant was removed. The cells were finally 

resuspended in 1 ml of culture medium for counting and viability testing using 0.2% (v/v) trypan 

blue viability stain. Cells were then seeded in 24-well plates at a density of 4x105 cells in 500 µl 

of culture medium composed of MEM-α supplemented with 3mg/ml of bovine serum albumin 

(BSA), 1% Insulin, Transferrin, and Selenium (ITS), and 1% Penicillin/streptomycin. The 

granulosa cells were allowed to attach for 24 hours at 38.5° C and 5% CO2 in culture media before 

switching to antibiotic-free Opti-MEM medium for dsiRNA transfection. Cells were harvested at 

24-, 48-, and 72-h after transfection, pelleted, immediately flash-frozen in liquid nitrogen, and 

stored at -80° C until processed for RNA extraction.  

 

dsiRNA  

Three dsiRNA sequences were designed to bind to FSHR mRNA to test whether FSH 

signaling could be ablated in granulosa cells by receptor knockdown. dsiRNA sequences were 

designed using Integrative DNA Technologies' (IDT) Custom Dicer-Substrate siRNAs Design 

Tool and then checked using NCBI's BLASTn tool for off-target sequence matches and confirming 

that the sequences were found in at least 3 of the 4 isoforms for Bos taurus FSHR with the lowest 

E-value, a measure of the number of matches to that specific sequence that could be found by 

chance. The E-value can be used to measure the random background noise that may occur when 

comparing short sequences to a large genomic region. The scramble dsiRNA was predesigned by 

IDT, and BLASTn was used to confirm no sequence matches with the Bos taurus genome. Cells 

were transfected with either a mixture of the three dsiRNAs (FSHR-dsiRNA), scramble dsiRNA 



 

 22 

(sc-dsiRNA), or vehicle (transfection agent only). An additional well was transfected with the 

fluorescent-labeled dsiRNA TEX 615 (IDT) as a positive transfection efficiency control. 

Lipofectamine 3000 or Lipofectamine RNAiMAX were used as transfection reagents in different 

experiments.  

 

Quantitative real-time PCR (RT-qPCR) 

Total RNA was isolated using the RNeasy Plus Mini (Qiagen), including an in-column 

DNase step to remove genomic DNA. RNA was quantified using a NanoDrop 2000, and 0.5-1 µg 

of RNA was used for cDNA synthesis using the RevertAid First Strand cDNA Synthesis Kit with 

random hexamer primers. For RT-qPCR, 100 ng (2-4 µl) of cDNA, SsoAdvanced Universal SYBR 

Green Supermix (Bio-Rad, Hercules, CA), and 500 nM of forward and reverse primers against the 

FSHR (target gene) and β-ACTIN (endogenous control) for a total volume of 20 µl were mixed in 

a 96 well plate. The reaction was carried out in the CFX96 Touch Deep Well Real-Time PCR 

Detection System (Bio-Rad). Cycling conditions were an initial denaturation step at 95 ºC for 30 

sec followed by 35 cycles of denaturation at 95 ºC for 10 sec, annealing at 60 ºC for 30 sec, and 

extension at 60 ºC for 5 sec. Melt curve analyses were run at the end of each assay. Non-template 

controls were run on every plate. The primers were fully validated before use by performing serial 

dilutions to calculate amplification efficiency and sequencing the amplicons to confirm 

amplification specificity. The primer sequences are as follows: FSHR: Forward 5’-

CCCAACTCGATGAGCTGAATCT-3' and Reverse 5’-CATAGCTAGGCAGGGAACGG-3'; 

and β-ACTIN: Forward 5’-CTCTTCCAGCCTTCCTTCCT-3' and Reverse 5’-

GGGCAGTGATCTCTTTCTGC-3' Each reaction was run in duplicate, and the Ct value was 

determined by averaging the duplicates (Ct values were within 0.5 cycles of each other). Delta Ct 
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was calculated by subtracting the Ct value of the endogenous control from that of FSHR. Delta-

delta Ct was calculated by subtracting the Delta Ct of dsiRNA and sc-dsiRNA from the vehicle-

transfected samples. Fold change was calculated using the formula 2-(Delta-delta Ct).  

 

Statistical Analyses 

Statistical analyses were performed in two experiments that were replicated three or more 

times. The remaining preliminary experiments were replicated only once or twice and therefore 

were not statistically analyzed. We analyzed the expression of the FSHR using the Delta Ct values 

and expression of the endogenous control β-ACTIN using the average Ct values to ensure that the 

transcripts were stable across treatments. There was no difference in the expression of β-ACTIN. 

Analyses were performed using SAS version 9.4 (SAS Institute, Raleigh, NC). We used analysis 

of variance with the Tukey procedure as the posthoc test with treatment and replicated included as 

fixed effects in the models. Comparisons associated with a P-value < 0.05 were considered 

significant.  

 

Results 

Lipofectamine 3000 

 In the first experiment, 0.2 % (v/v) of Lipofectamine 3000 and 10 nM of scramble sequence 

dsiRNA or FSH-dsiRNA mixture were incubated together for 5 min at room temperature according 

to the manufacture's recommendation before the dsiRNAs were added to the wells of primary 

granulosa cells for transfection in two replicates. Cells were harvested 5h after transfection, and 

the mRNA levels of FSHR were tested. The results were inconclusive, with the first replicate 

showing no difference between treatments and the second showing a numerical increase and 
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decrease in FSHSR expression in the FSH-dsiRNA and sc-dsiRNA treatments, respectively 

(Figure 3A). Next, we adjusted the transfection duration to 24 h to allow more time for the 

dsiRNAs to target the FSHR mRNA. The results were again variable, but overall there was no 

difference in FSHR mRNA abundance between treatments (fold change in FSH-dsiRNA:1.4 ± 1.2 

and sc-dsiRNA:2.4 ± 1.2, Treatment: P = 0.7) (Figure 3B). Evaluation of the transfection 

efficiency via the TEX615-labeled control revealed a faint and heterogeneous fluorescence signal 

(Figure 5). These results suggested that the dsiRNA was not being transfected homogeneously and 

perhaps not sufficiently concentrated to cause effective FSHR knockdown.  

 Next, we increased the FSH-dsiRNA mixture's concentration from 10 nM to 50 nM and 

Lipofectamine 3000 from 0.2% to 0.3% (v/v), the maximum concentration recommended by the 

manufacturer. We switched the transfection medium from the regular culture medium to antibiotic-

free Opti-MEM. 10,11 Levels of FSHR mRNA were tested after 24 h of transfection. The results 

were again inconsistent with an overall tendency of increased FSHR expression in the sc-dsiRNA 

compared to the vehicle group (1.8 ± 0.3 fold change; P = 0.09). There was no difference between 

the FSHR-dsiRNA and vehicle (fold change 0.9 ± 0.3; P = 0.9; Figure 3D). Based on these results, 

transfection time was increased to 48 h. Two replicates of 48 h transfection showed an average 

13% decrease in the FSHR mRNA in the FSHR-dsiRNA group compared to the vehicle (Figure 

3E). The scramble sequence dsiRNA was highly variable in each of these tests, with an overall 

increase in FSHR mRNA of 40%. The transfection efficiency measured by the fluorescence 

positive control of the 0.3% Lipofectamine 3000 showed a stronger, less heterogenous signal when 

compared to 0.2% Lipofectamine 3000 (Figure 5 & 6). 

 

Lipofectamine RNAiMAX 
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Next, Lipofectamine 3000 was replaced by Lipofectamine RNAiMAX at the 

manufacturer's recommendation. Transfection was done following the manufacturer's protocol of 

1.5 μl (0.3% v/v) of Lipofectamine RNAiMAX and 10 nM of either sc-dsiRNA or the FSHR-

dsiRNA mixture with antibiotic-free Opti-MEM as the transfection medium. FSHR mRNA was 

measured at 24 and 48 h. The first replicate showed no knockdown with the fold changes of 1.4 

and 1.1 for the FSHR-dsiRNA for 24 and 48 h respectively and 1.1- and 0.8-fold change for sc-

dsiRNA at the same time points (Figure 4A & B). Next, both the Lipofectamine RNAiMAX and 

the concentration of the dsiRNA were doubled based on studies that showed significant 

knockdown in bovine granulosa cells.12,13 The new amount of 3 μl (0.6% v/v) of lipofectamine and 

20 nM of dsiRNA were tested at 24 and 48 h. Once again, two replicates of 24 h were inconsistent, 

with one showing a 75% decrease and the other showing a 5% decrease in the FSHR-dsiRNA 

group and a 1.4 average fold change in the sc-dsiRNA compared to the vehicle (Figure 4C). The 

48 h time point showed an increase with a 2.2-fold change in the FSHR-dsiRNA and a 3.3-fold 

change in the sc-dsiRNA (Figure 4D). The 48 h time point showed a 2.2-fold increase in the FSHR-

dsiRNA. 

In all the previous experiments, we used a mixture of three sets of dsiRNAs targeting the 

FSHR. To test whether there could be competition between the three sets causing this lack of 

consistency, we designed an experiment where the cells were transfected with the sequence 

predicted to have the greatest identity to the FSHR mRNA sequence's highest chance of success 

targeting. The same transfection conditions were maintained with 0.6% v/v of Lipofectamine 

RNAiMAX, 20 nM of the FSHR-dsiRNA, and sc-dsiRNA. Cells were harvested after 24 and 48 

h. The first replicate resulted in a 76% decrease after 24 h and an 88% decrease after 48 h of 

transfection with the FSHR-dsiRNA compared to vehicle (Figure 4E & F). The 24 h time point 
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was repeated, and this time it resulted in a 26% decrease. The sc-dsiRNA continued to show high 

variability.  

Throughout the experiments where transfection was performed with Lipofectamine 

RNAiMAX, the cells consistently showed strong fluorescence that was more uniformly distributed 

throughout the plate at both 24 and 48 h, indicating that the dsiRNA was being up taken more 

efficiently and homogeneously by the cells with this transfection reagent across experiments 

(Figures 6 & 7).  

 

Discussion  

 In this set of experiments, we extensively tested culture conditions for the knockdown of 

the FSHR in bovine granulosa cells using dsiRNAs. We started with commonly accepted culture 

conditions for granulosa cells collected from follicular fluid based on the literature 14–16 and 

adjusted these conditions based on the recommendations of the reagent manufacturers. The 

Lipofectamine transfection reagent line was chosen since it resulted in less cell damage and a better 

transfection rate than other reagents such as HiPerFect (Qiagen) and INTERFERin (VWR).17 

Lipofectamine is the most commonly used method for dsiRNA transfection into cells.18–20 Then, 

we tested several factors: transfection time, type and concentration of the transfection reagent, 

concentration for the dsiRNAs, and type of dsiRNA (mixture of three sets versus only one set). 

The initial testing for this study was to elucidate the correct time point at which the dsiRNAs had 

enough time to interact with the target mRNA leading to its degradation, but before the mRNA 

levels can be replenished by new DNA transcription.21,22 We initially established our time points 

on manufacturer recommendations and adjusted them based on the results observed.21,23 This was 

due to the effects the viability of the cells and conditions of the culture have on the half-life of 
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FSHR, especially given that one study found that the expression of FSHR in cultured primary 

granulosa cells decreases after being plated before being rescued.15 The timepoints tested 

throughout this study were 24 and 48 hours after transfection, with some testing at 5 hours and 72 

hours. These results concur with similar studies using siRNAs.10,19,20,24 

With no evident difference between these time points, the focus was shifted to the 

concentration of the transfection reagent and the dsiRNAs. The thought behind testing the 

concentrations was to find one that would allow most of the cells in culture to be transfected with 

sufficient dsiRNA to induce knockdown. We found examples of higher concentrations of dsiRNAs 

used and decided to increase the concentration of dsiRNA to 50 nM.10,11 With Lipofectamine 3000, 

the concentration of the dsiRNA was tested at 10 nM and 50 nM with 0.2% of 3000 per one well 

of a 24-well plate. Neither of these conditions resulted in a consistent or significant knockdown, 

suggesting that there were not enough cationic lipids present to carry the dsiRNA to the cells, given 

that the charge density of the lipoplexes (the ratio of the cationic lipids and the nucleic acids) can 

affect the transfection efficiency.25 The amount of the Lipofectamine 3000 was increased to 0.3%. 

Increasing Lipofectamine 3000 was only used with a dsiRNA concentration of 50 nM, but this did 

not result in a consistent knockdown.  

 Since neither the concentration of the transfection reagent nor the dsiRNA appeared to have 

any effect, it was assumed that the transfection reagent itself was not effectively transfecting the 

dsiRNA across the cell membrane, preventing any knockdown from occurring. The molecular 

structure of the cationic lipids plays a significant role in interacting with the lipid bilayer of cell 

membranes. It governs how the cationic lipids interact with the nucleic acids.26  The transfection 

reagent was then switched to Lipofectamine RNAiMAX, ThermoFisher's latest generation cationic 

lipid transfection reagent specifically designed to work with dsiRNAs. The use of Lipofectamine 
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RNAiMAX appeared to show more significant knockdown in bovine granulosa cells compared to 

Lipofectamine 2000, the generation prior to Lipofectamine 3000.10–13,19,20 Following the 

manufacturer's protocol for Lipofectamine RNAiMAX, 0.3% of the RNAiMAX and 10 nM of 

dsiRNA were added to each well of a 24-well plate. When this resulted in inconsistent results, we 

increased the amount of RNAiMAX based on two reports that successfully knocked down TLR4 

in bovine granulosa cells by doubling the manufacturer's recommended amount of both 

RNAiMAX and the dsiRNA, to 0.6% and 20 nM, respectively.12,13 The results for using these 

higher amounts again showed no significant knockdown.  

A fluorescent positive control was used throughout the experiments to assess the 

transfection efficacy across different conditions. The results observed with the TEX 615 positive 

control indicate that Lipofectamine RNAiMAX has a higher transfection rate than Lipofectamine 

3000. This high rate of transfection for RNAiMAX indicates that the dsiRNAs are being 

transfected into the granulosa cell. The continued inconsistent results are due to the dsiRNA itself 

or culture conditions. The sequences were again reviewed through BLAST. All three sequences 

showed 100% identity and 4e-11 E-values showing that based on the current information of the 

bovine genome, these sequences can knockdown FSHR gave the right conditions, which prompted 

a switch in the transfection media from our traditional cell culture medium supplemented with 

antibiotics to the Opti-MEM without antibiotics to remove the risk of cytotoxicity from antibiotics 

during transfection. Opti-MEM is widely used for transfection using cationic lipid reagents.27–29   

Since the knockdown was measured using RT-qPCR, the primers used were compared to 

the dsiRNA sequences based on a study by Holmes et al. that shows that the relative location of 

primer alignment to the dsiRNA sequence can affect the measurable levels of the target mRNA.30 

If the primer region is closer to the 3' end than the dsiRNA sequence, it is more likely that remnants 
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of the mRNA retain enough length for the primer to align, therefore creating conditions for 

amplification during the PCR reaction.30 This will create false results of no knockdown despite the 

dsiRNA having caused the mRNA to be cleaved, meaning that it will not be translated to a 

functional protein. All three of the dsiRNA sequences used in this study fit within the 

recommendation by the Holmes paper.30 The ideal parameters recommended require the dsiRNA 

sequence to fall within the forward and reverse primer region. This position allows a more accurate 

measurement of the interference from the dsiRNA. The dsiRNA sequence 13.1 fits these 

parameters, and the primers we used would be inhibited from transcribing this region in the cDNA 

reaction. The other two dsiRNA sequences, 13.6 and 13.10, fall outside the primer range but still 

meet the correct parameters by being closer to the 3' end of the mRNA than the complementary 

primer sequence. In their report, Holmes and colleagues state that this is an acceptable 

configuration that should yield similar results to the ideal parameters.30 Based on this, we feel 

confident that the FSHR primer set that was used can accurately measure the abundance of FSHR 

mRNA when this mRNA is targeted by the dsiRNAs designed.   

In conclusion, this study illustrates multiple circumstances that need to be taken into 

consideration when using dsiRNAs to knock down the expression of genes within bovine 

granulosa cells. The sequence of the dsiRNA is the first step to successful knockdown and should 

be analyzed against known genomic information. To ensure this dsiRNA is being introduced into 

the cell, a positive control similar to that used in this study is recommended to identify the most 

efficient transfection reagent. It is necessary to confirm a sufficient amount of dsiRNA is present 

and enough time is allowed for the dsiRNAs to be evenly distributed between the cells. Ideally, 

the concentration of the dsiRNAs should be comparative to the concentration of the target mRNA 

to interfere with as many of the mRNA molecules as possible. The amount of time it takes for the 
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dsiRNAs to be transfected into the cell, interact with RISC, and cause the mRNA to be cleaved 

must be determined to find the time point where the mRNA is knocked down, but before more 

mRNA is transcribed to replace the cleaved strands. We acknowledge that primary cell culture is 

a potentially significant source of variability, which likely contributed to the inconsistent results 

observed here. To our knowledge, there are no available bovine granulosa cell lines that would be 

ideal for this experiment. Our future experiments will focus on taking steps to minimize the 

variability between cell collections.  

This study shows the promise of ascertaining the proper protocol to knockdown FSHR 

within bovine granulosa cells. Once this is achieved, this protocol will be used to optimize FSHR 

knockdown in preantral follicles to further the understanding of FSH signaling during the early 

stages of folliculogenesis.  
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Figures 

 

 
 
Figure 3. Fold change of FSH in granulosa cells transfected with dsiRNA using different amounts 
of Lipofectamine 3000 and dsiRNA concentrations. The values were obtained from technical 
duplicates of Ct values and the ΔCt calculation method following RT-qPCR. Replicates are shown 
separately. Trt: treatment; Rep: replicate. A. 5 hours after transfection with 0.2% of Lipofectamine 
3000 and 10 nM of dsiRNA mixture B. 24 hours after transfection with 0.2% of Lipofectamine 
3000 and 10 nM of dsiRNA mixture C. 24 hours after transfection with 0.2% of Lipofectamine 
3000 and 50 nM of dsiRNA mixture D. 24 hours after transfection with 0.3% of Lipofectamine 
3000 and 50 nM of dsiRNA mixture E. 48 hours after transfection with 0.3% of Lipofectamine 
3000 and 50 nM of dsiRNA mixture. 
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Figure 4. Fold change of FSH in granulosa cells transfected with dsiRNA using 0.3% of 
Lipofectamine RNAiMAX per 10 nM of dsiRNA. The values were obtained from technical 
duplicates of Ct values and the ΔCt calculation method following RT-qPCR. Replicates are shown 
separately to illustrate the variation they displayed. A. 24 hours after transfection and 10 nM of 
dsiRNA mixture B. 48 hours after transfection and 10 nM of dsiRNA mixture C. 24 hours after 
transfection and 20 nM of dsiRNA mixture D. 48 hours after transfection E. 24 hours after 
transfection with 20 nM of 1 dsiRNA sequence F. 48 hours after transfection with 20 nM of 1 
dsiRNA sequence. 
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Figure 5. A-D Primary bovine granulosa cells in culture after transfection with 10 nM of dsiRNA 
using Lipofectamine 3000. Exposure under Texas Red was set at 1600 ms. A. Negative control 
without TEX 615. B. 24 hours after transfected with TEX 615-labeled dsiRNA. C. 48 hours after 
transfection with TEX 615 labeled dsiRNA. Scale bar: 130 µm. 
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Figure 6. Primary bovine granulosa cells in culture after transfection with 10 nM of dsiRNA 
using 0.3% Lipofectamine RNAiMAX. Exposure under Texas Red was set at 1600 ms. A. 
Negative control without TEX 615. B. Cells cultured with TEX 615-labeled dsiRNA 24 hours 
after transfection. C. Cells cultured with TEX 615-labeled dsiRNA 48 hours after transfection. 
Scale bar: 330 µm.               
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Figure 7. Primary bovine granulosa cells in culture after transfection with 20 nM of dsiRNA using 
0.3% Lipofectamine RNAiMAX. Exposure under Texas Red was set at 700 ms. A. Control 
treatment without TEX 615. B. 24 hours after transfected with TEX 615 labeled dsiRNA. C. Lower 
magnification of 24 hours after transfected with TEX 615 labeled dsiRNA. A-C scale bar: 330 µm  
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Table 1. dsiRNA sequences designed to target bovine FSHR using Integrated DNA Technologies' 
RNAi Design Tool 

dsiRNA 
number 

Position in bovine 
FSHR transcript 

dsiRNA sequence 

13.1 802-827 
Sense: 5' GAGCUGAAUCUAAGUGAUAACAGTA 3' 

Antisense: 5' UACUGUUAUCACUUAGAUUCAGCUCAU 3' 

13.8 2318-2343 
Sense: 5' GUUUCUGAGUGUUGAAUGACAGATA 3' 

Antisense: 5' UAUCUGUCAUUCAACACUCAGAAACAU 3' 

14.1 872-897 
Sense: 5' CGGUCAUUCUAGAUAUUUCAAGAAC 3' 

Antisense: 5' GUUCUUGAAAUAUCUAGAAUGACCGGU 3' 

Scramble N/A Sense: 5' CGTTAATCGCGTATAATACGCGTA 3' 

Antisense: 5' ATACGCGTATTATACGCGATTAACGAC 3' 
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CHAPTER 3 - Conclusions 

 

Folliculogenesis is a complex and lengthy process that integrates the actions of local and 

systemic inputs to ensure the proper development of the female gamete and maintenance of 

fertility. Among these inputs, FSH is known to be critical for development of antral follicles, and 

mounting evidence points to a role of the hormone on the development of preantral follicles. FSH 

binds to the FSHR to initiate a series of complex intracellular signaling cascades to affect growth, 

survival, and steroidogenic activity in granulosa cells. 

The RNA interfering pathway has been successfully used in primary culture of bovine 

granulosa cells to study the effects of inflammatory molecules and heat stress, among other factors 

known to negatively affect fertility. The transient nature of this RNA knockdown technology 

makes it a powerful tool to decipher the details of FSH action in granulosa cells by targeting the 

hormone’s specific receptor. The experiments described here were designed to optimize conditions 

for FSHR knock down in bovine granulosa cells, with the goal of extending it to preantral follicles 

in the near future.  

Preantral follicles represent the earlier stages of follicle and gamete development in the 

ovary. They express the FSHR and there is mounting evidence that these early follicles respond 

to FSH. By interfering with expression of the receptor, and in the future with downstream 

signaling molecules, we hope to shed more light into the roles and mechanisms of FSH action in 

preantral follicles. This knowledge will be valuable to enhance our understanding of the 

regulation of preantral folliculogenesis, an area of reproductive biology that is still largely 

understudied. Moreover, this knowledge will contribute to our efforts to address female 

infertility and fine tune protocols for assisted reproduction. 



 

 38 

References – Chapter 2 

1. Casarini, L. & Crépieux, P. Molecular mechanisms of action of FSH. Frontiers in 
Endocrinology vol. 10 (2019). 

2. Andrade, G. M. et al. The role of the PI3K-Akt signaling pathway in the developmental 
competence of bovine oocytes. PLoS ONE 12, (2017). 

3. Ashry, M. et al. Functional role of AKT signaling in bovine early embryonic 
development: Potential link to embryotrophic actions of follistatin. Reproductive Biology 
and Endocrinology 16, (2018). 

4. Schuermann, Y. et al. ERK1/2-dependent gene expression in the bovine ovulating 
follicle. Scientific Reports 8, (2018). 

5. Candelaria, J. I., Rabaglino, M. B. & Denicol, A. C. Ovarian preantral follicles are 
responsive to FSH as early as the primary stage of development. Journal of 
Endocrinology 247, (2020). 

6. Snead, N. M. et al. Molecular basis for improved gene silencing by Dicer substrate 
interfering RNA compared with other siRNA variants. Nucleic Acids Research 41, 6209–
6221 (2013). 

7. Zhou, J. et al. Deep sequencing analyses of DsiRNAs reveal the influence of 3’ terminal 
overhangs on dicing polarity, strand selectivity, and RNA editing of siRNAs. Molecular 
Therapy - Nucleic Acids 1, e17 (2012). 

8. Amarzguioui, M. et al. Rational design and in vitro and in vivo delivery of Dicer 
substrate siRNA. Nature Protocols 1, (2006). 

9. Kim, D.-H. et al. Synthetic dsRNA Dicer substrates enhance RNAi potency and efficacy. 
Nature Biotechnology 23, (2005). 

10. Andreas, E. et al. MicroRNA 17–92 cluster regulates proliferation and differentiation of 
bovine granulosa cells by targeting PTEN and BMPR2 genes. Cell and Tissue Research 
366, 219–230 (2016). 

11. Gebremedhn, S. et al. MicroRNA-183-96-182 cluster regulates bovine granulosa cell 
proliferation and cell cycle transition by Coordinately Targeting FOXO11. Biology of 
Reproduction 94, (2016). 

12. Price, J. C., Bromfield, J. J. & Sheldon, I. M. Pathogen-associated molecular patterns 
initiate inflammation and perturb the endocrine function of bovine granulosa cells from 
ovarian dominant follicles via TLR2 and TLR4 pathways. Endocrinology 154, 3377–
3386 (2013). 

13. Price, J. C. & Sheldon, I. M. Granulosa cells from emerged antral follicles of the bovine 
ovary initiate inflammation in response to bacterial pathogen-associated molecular 
patterns via toll-like receptor pathways. Biology of Reproduction 89, (2013). 

14. Mohammed, B. T. & Donadeu, F. X. Bovine Granulosa Cell Culture. in (2018). 
doi:10.1007/978-1-4939-8600-2_8. 

15. Yenuganti, V. R. & Vanselow, J. Cultured bovine granulosa cells rapidly lose important 
features of their identity and functionality but partially recover under long-term culture 
conditions. Cell and Tissue Research 368, (2017). 

16. Hung, W.-T. et al. Stage-specific follicular extracellular vesicle uptake and regulation of 
bovine granulosa cell proliferation†. Biology of Reproduction 97, (2017). 



 

 39 

17. Jensen, K., Anderson, J. A. & Glass, E. J. Comparison of small interfering RNA (siRNA) 
delivery into bovine monocyte-derived macrophages by transfection and electroporation. 
Veterinary Immunology and Immunopathology 158, 224–232 (2014). 

18. Hunt, M. A., Currie, M. J., Robinson, B. A. & Dachs, G. U. Optimizing Transfection of 
Primary Human Umbilical Vein Endothelial Cells Using Commercially Available 
Chemical Transfection Reagents. Journal of biomolecular techniques 21, 66–72 (2010). 

19. Bromfield, J. J. & Sheldon, I. M. Lipopolysaccharide initiates inflammation in bovine 
granulosa cells via the TLR4 pathway and perturbs oocyte meiotic progression in vitro. 
Endocrinology 152, 5029–5040 (2011). 

20. Wang, Y. R., Chen, K. L., Li, C. M., Li, L. & Wang, G. L. Heme oxygenase 1 regulates 
apoptosis induced by heat stress in bovine ovarian granulosa cells via the ERK1/2 
pathway. Journal of Cellular Physiology 234, 3961–3972 (2019). 

21. Chen, C. A., Ezzeddine, N. & Shyu, A. Chapter 17 Messenger RNA Half‐Life 
Measurements in Mammalian Cells. in (2008). doi:10.1016/S0076-6879(08)02617-7. 

22. Haimovich, G. et al. Gene Expression Is Circular: Factors for mRNA Degradation Also 
Foster mRNA Synthesis. Cell 153, (2013). 

23. Findlay, J. K. & Drummond, A. E. Regulation of the FSH Receptor in the Ovary. Trends 
in Endocrinology & Metabolism 10, (1999). 

24. Kim, D. & Johnson, A. L. Differentiation of the granulosa layer from hen prehierarchal 
follicles associated with follicle‐stimulating hormone receptor signaling. Molecular 
Reproduction and Development 85, (2018). 

25. Zhang, Y. & Anchordoquy, T. J. The role of lipid charge density in the serum stability of 
cationic lipid/DNA complexes. Biochimica et Biophysica Acta (BBA) - Biomembranes 
1663, (2004). 

26. Zhi, D. et al. Transfection Efficiency of Cationic Lipids with Different Hydrophobic 
Domains in Gene Delivery. Bioconjugate Chemistry 21, (2010). 

27. Felgner, P. L. et al. Lipofection: a highly efficient, lipid-mediated DNA-transfection 
procedure. Proceedings of the National Academy of Sciences 84, (1987). 

28. Li, S. et al. Dynamic changes in the characteristics of cationic lipidic vectors after 
exposure to mouse serum: implications for intravenous lipofection. Gene Therapy 6, 
(1999). 

29. Plank, C., Mechtler, K., Szoka, F. C. & Wagner, E. Activation of the Complement 
System by Synthetic DNA Complexes: A Potential Barrier for Intravenous Gene 
Delivery. Human Gene Therapy 7, (1996). 

30. Holmes, K., Williams, C. M., Chapman, E. A. & Cross, M. J. Detection of siRNA 
induced mRNA silencing by RT-qPCR: Considerations for experimental design. BMC 
Research Notes 3, (2010). 

  




