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Abstract 

The Ovary: Physical and Biochemical Properties Controlling Folliculogenesis 

Nathaniel Henning 

A prominent cause of premature ovarian insufficiency (POI) is gonadotoxic cancer therapies, 

which deplete the ovarian reserve of follicles, oocytes, and hormone-producing cells. Current 

fertility preservation methods include the removal and cryopreservation of ovarian tissue prior to 

gonadotoxic treatment. This cryopreserved tissue can be transplanted back and has been found to 

restore fertility in 20-40% of cases and restore ovarian hormone production for 2 months to 12 

years. Our goal is to understand the physical properties and biochemical components of the ovarian 

microenvironment and their role in maintaining the ovarian reserve to restore fertility and ovarian 

hormones for patients using a bioprosthetic ovary. The extracellular matrix (ECM) is a network of 

proteins providing physical and biochemical support to organs. This thesis characterizes spatial 

maps of the porcine matrisome (ECM and ECM-associated proteins) identifying undiscovered 

proteins and potential modulators of follicle activation, mapping of the physical properties of 

ovaries, and the development of tools to dissect the mechanistic relationship between the 

matrisome and follicle activation. 

First, we mapped the composition of the matrisome of porcine ovaries through the cortical 

compartment, where quiescent follicles reside and the medullary compartment, where the larger 

follicles grow and mature. To do this we sliced the ovaries, uniformly in two anatomical planes, 

enriched for matrisome proteins and performed bottom-up shotgun proteomic analyses. We 

identified 42 matrisome proteins that were significantly differentially expressed across depths, and 

11 matrisome proteins that have not been identified in previous ovarian protein analyses. We 

validated these data for nine proteins and confirmed compartmental differences with a second 
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processing method. Here we describe a processing and proteomic analysis pipeline that revealed 

spatial differences and matrisome protein candidates that may influence folliculogenesis. 

Second, using atomic force microscopy (AFM), we determined that the bovine ovarian cortex was 

significantly more rigid than the medulla, with a rigidity gradient showing a gradual decrease in 

rigidity across compartments. To determine if this difference in rigidity was maintained in isolated 

matrisome proteins from bovine ovarian compartments, we cast, and 3D printed hydrogels created 

from decellularized bovine ovarian cortex and medulla slices. The 3D printed scaffolds from the 

cortex were more rigid than those derived from the medulla. To expand our bioengineering toolbox 

that will aide in the investigation of how biochemical and physical cues may affect 

folliculogenesis, we sought to confirm the concentration of matrisome proteins in bovine ovarian 

compartments. The matrisome proteins, COL1, FN, EMILIN1 and AGRN were more abundant in 

the bovine ovarian cortex than the medulla. Whereas VTN was more abundant in the medulla than 

the cortex and COL4 was present in similar amounts within both compartments. Finally, we 

removed proteins of interest, EMILIN1 and AGRN, from decellularized bovine ovarian cortex 

materials and confirmed that this specifically depleted these proteins without affecting the rigidity 

of cast or 3D printed hydrogels. Culturing human mesenchymal stem cells (hMSCs) on EMILIN1 

depleted materials we saw no change in proliferation or cell survival. However, we saw a 

significant difference in gene expression of candidate genes downstream of TGFβ that was 

reversed upon supplementation with EMILIN1. Taken together our results indicate the existence 

of a rigidity gradient in the bovine ovary, that this rigidity gradient is maintained in resulting 

engineered materials strongly implicating a role for matrisome proteins in contributing to the 

physical properties of the bovine ovary. By establishing additional engineering tools, we will 

continue to explore mechanisms behind matrisome-follicle interactions. 
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This work defines the physical and biochemical properties of the ovarian microenvironment across 

compartments and develops tools to further investigate the role of specific proteins in modulating 

follicle quiescence, follicle activation, and the progression of folliculogenesis. Additionally, these 

results feed our underlying knowledge and provides new tools for investigating mechanistic 

relationships towards creating an effective next generation bioprosthetic ovary by controlling 

primordial follicle activation to improves bioprosthetic longevity. 
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Significance 

Ovarian follicles are the spherical cell aggregates that contain the immature oocyte/gamete and 

supportive hormone-producing cells. Quiescent primordial follicles make up the ovarian reserve, 

which marks out the overall fertility lifespan of an individual with ovaries. When the ovary is 

exposed to gonadotoxic treatments such as chemotherapy or radiation, the number of ovarian 

follicles that make up this reserve, or source of eggs and ovarian hormones, is depleted, and this 

depletion accelerates the onset of menopause. Premature ovarian insufficiency (POI), or early 

menopause, can occur as a result of numerous genetic, autoimmune, iatrogenic (such as 

chemotherapeutics), or idiopathic causes (1).  Fertility preservation is an option for those with a 

known treatment or progressive disorder that may disrupt normal ovarian function and is a key 

quality-of-life concern for many cancer patients and survivors (2). In addition, 55% of surveyed 

patients with differences in sexual development (DSD) or intersex, or those with dysgenetic 

gonads, who can acquire POI, reported their desire to have biological children and that they wished 

they had explored fertility options (3). One option for fertility preservation in adults, and the only 

option for prepubertal children with ovaries, is ovarian tissue cryopreservation (OTC). In addition 

to considerations for fertility loss, the loss of ovarian hormones has detrimental systemic effects, 

and multiple cohorts have identified a life expectancy two years shorter in women with POI from 

various comorbidities that effect their cardiovascular system, metabolism, bone turnover, ability 

to heal wounds, and cognitive function (4,5). 

There are more than 11,000 children between the ages of 0 to 14 who are diagnosed with cancer 

each year (1,2). Advances in treatments have dramatically increased five-year survival rates with 

seven patients out of eight surviving five or more years (1,2). However, current options to restore 

fertility and hormone function for these patients are limited to OTC followed by the auto-
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transplantation of preserved tissue into the patient after treatment. To date, over 140 livebirths 

have been reported from transplantation of OTC tissue following eradication and recovery from 

cancer (6, 7, 8). However, only 20-40% of patients with transplants have live offspring and 

hormone restoration is highly variable, ranging from 2 months to 12 years with an average of 2-5 

years of hormone restoration (9,10, 11). In addition, transplantation of this tissue is contraindicated 

in those with a moderate-to-high risk of metastatic or systemic disease within the ovaries due to 

the possibility of reintroducing disease via transplanted tissue (12). Addressing these concerns and 

improving upon current transplantation outcomes will require a structure that supports isolated 

ovarian follicles, free of cancer cells.  

Current follicle isolation methods leverage both enzymatic and mechanical isolation. Processing 

steps that include a series of washing have been shown to remove cancer cells from primordial 

follicle preparations in murine ovaries that were seeded with breast cancer cells and in human 

ovaries from leukemia patients (13,14). Because oocytes have not yet been made from human stem 

cells, the gametes will need to be isolated from the patient to produce biological offspring. This 

transplant would be integrated into a patient care plan to enable full restoration of hormones and 

fertility in patients for decades. This transplant would feature an architectural design that supports 

isolated follicles through growth and ovulation, which was established for a murine bioprosthetic 

ovary transplant (15).  

Further, recent research in tissue engineering and regenerative medicine has elucidated the 

importance of the matrisome. The matrisome, effectively the skeleton of an organ, provides 

physical and biochemical cues that drive important biological processes such as cellular 

differentiation, proliferation, migration, and cellular morphology. Leveraging the matrisome to 

control these and other tissue-specific processes will be key to developing transplantable 
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bioprosthetics. In the ovary, the physical and biological properties of the matrisome have been 

implicated in controlling the important processes of follicle quiescence and folliculogenesis. 

Improving upon the first iteration of a murine bioprosthetic ovary through investigations of how 

compartmentalization, biochemical and physical cues influence hormone production, follicle 

activation, and egg quality will inform an improved design and utilization for restorative therapies 

in the clinic. 

Overview of the Ovary: Structure and Function  

An Overview of Mammalian Folliculogenesis 

The ovarian follicle is the fundamental functional unit of the ovary. Each ovarian follicle consists 

of the oocyte and its supporting steroidogenic somatic cells (granulosa cells and theca cells). The 

population of interest for this thesis is the quiescent primordial follicles which make up the ovarian 

reserve which is effectively the potential of the ovary to provide systemic hormone support and 

fertilizable eggs in a monthly cycle (3). Primordial follicles contain an oocyte, arrested in the first 

prophase of meiosis, which is surrounded by a single layer of flattened squamous granulosa cells. 

These primordial follicles are recruited and activated in a cyclical fashion to undergo the 

maturation process of folliculogenesis, a complex process regulated by endocrine, paracrine, 

autocrine, and juxtacrine factors, as well as cell-matrix interactions (31). The final fate of this 

cohort of activated follicles is either atresia or ovulation (31). Though cohorts of primordial 

follicles are recruited in waves the mechanism behind follicle activation is poorly understood 

though many of the downstream pathways after activation have been elucidated and several of 

these will be discussed later in this chapter (16-22).  After activation, primordial follicles transition 

to the primary stage, which is characterized by granulosa cells undergoing a morphological change 

from squamous to cuboidal (23). As granulosa cells undergo proliferation and the oocyte grows 
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the primary follicle transitions to a secondary follicle, which is characterized by multiple layers of 

granulosa cells surrounding the oocyte. A basement membrane forms around the outermost layer 

of granulosa cells and an additional layer of support cells called theca cells surround the follicle 

outside of the basement membrane. These thecal cells will then differentiate further into two layers, 

the theca externa (connective and supportive tissue) and interna (androgen secreting). These layers 

have ultrastructural features, which allow them to function as the source of androgens that 

granulosa cells use to produce estrogens (24). The first three stages of folliculogenesis are 

considered gonadotropin independent and instead rely on complex networks of communication 

between the oocyte, its supporting cells, somatic cells, and the microenvironment (25,26). After 

the pubertal transition, and the onset of the production of follicle stimulating hormone (FSH) by 

the pituitary, gonadotropin dependent follicles beyond the first stages being to appear. As the 

follicle continues to develop, a fluid-cavity known as the antrum is formed and in addition to 

further oocyte growth and support cell proliferation the granulosa cells differentiate into two 

distinct populations, mural granulosa cells, responsible for steroidogenesis and cumulus cells, 

which maintain contact with the oocyte itself (26). At this stage antral follicles are dependent on 

FSH and luteinizing hormone (LH) for  
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Figure 1. Activation, maintenance cues and dysregulation of follicle activation.  A) PI3K/AKT 
and mTORC pathway activation, which promotes follicle activation and is regulated by PTEN, 
Hippo, and the Tsc1/2 pathways. Activated growing follicles also secrete AMH which acts to 
suppress follicle activation. A balance of activating and maintenance signals result in cyclic 
recruitment of primordial follicles throughout the reproductive lifespan until menopause B) 
Disruption of regulatory machinery leads to the unrestrained activation of the PI3K/AKT/mTORC 
pathways. The mass activation of primordial follicles results in the rapid depletion of the ovarian 
reserve and onset of premature ovarian insufficiency. C) Blocking activation signals through 
inhibitors, genetic models, or pathology results in no activation signal, which results in lack of 
follicle activation, growth, and development resulting in anovulation, infertility, and follicle atresia. 
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continued growth and maturation towards ovulation (25,26). The FSH receptor drives granulosa 

cell survival and proliferation, estradiol production, and LH receptor expression (26,27). Under 

the influence of LH the oocytes in antral follicles complete the first meiotic cell division and then 

arrest at the second meiotic phase.  Follicles at this stage are referred to as an antral or Graafian 

follicle, which if chosen as the dominant follicle and will be undergo ovulation after LH 

stimulation, releasing the oocyte into the pelvic cavity for collection by the fallopian tube. Most 

follicles do not reach this stage and instead undergo the process of atresia during which the follicle 

is degenerated (28,29, 30). 

Regulation of folliculogenesis is complex, and various factors will be detailed blow. In brief, 

follicle development is regulated by many extrinsic signals including endocrine and paracrine 

factors and there is a growing body of evidence that supports the involvement of the extracellular 

matrix both of the ovarian follicle itself and the ovarian microenvironment (31,32, 33, 34, 35). 

Signaling between the oocytes and its supporting cells (theca and granulosa cells) are essential for 

proper folliculogenesis to occur as gap junctions between granulosa cells and the oocyte allow for 

the transport of factors between these two cell types (36, 37, 38, 39, 40). Finally, the ECM 

composition surrounding these follicular compartments and also the microenvironment the follicle 

exists in has been implicated in regulating the function of these cells via cell-matrix interactions. 

Therefore, it is important to understand ovarian structure and the changes in the ovarian 

microenvironment and these cell-matrix interactions in order to understand the maintenance of the 

ovarian reserve, follicle activation, and the process of folliculogenesis. 

The Ovary is Functionally Compartmentalized 

Looking at the ovary as a whole, it is functionally compartmentalized into two major sub-

anatomical compartments. The outermost compartment with a greater fibrous matrisome density 
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is the cortical region, also referred to as the cortex (Figure 2) (41,42). This region houses quiescent 

primordial follicles which make up the bank of follicles that produce cyclical hormones and eggs 

known as the ovarian reserve mentioned above. Both hormone production and the number of 

follicles in the reserve are controlled via the regulated activation of primordial follicles that grow 

and mature through the various stages of folliculogenesis. Further, it is the cortex of the ovary that 

is cryopreserved for future use because it contains this bank of potential eggs, the ovarian reserve, 

and is more resistant to potential damage during cryopreservation/freezing. In a healthy ovary, 

primordial follicles are cyclically activated to undergo folliculogenesis until the onset of 

menopause, when folliculogenesis and the hormones and eggs that are released ceases. 

Folliculogenesis requires significant tissue remodeling, and the medullary region, also referred to 

simply as the medulla, (where growing follicles reside) is less dense than the cortex (31). Once 

activated, the primordial follicles grow to >600-fold their original size, recruiting additional 

somatic cell differentiation and vessels that support this growth and provide an outlet for systemic 

distribution of additional hormones (4). Ovulation occurs through a process of ECM degradation 

and pressurized expulsion of the egg, and the remaining follicular cells form a temporary 

progesterone-producing gland that dissolves into a fibrous scar tissue. Each of these crucial 

follicular events is supported by, or remodels, the surrounding microenvironment. 

Ovarian stromal cells, which have a similar morphology to fibroblasts, make up the connective 

tissue throughout the ovary and around follicles (298, 299). Stromal cells have been  
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Figure 2. Schematic of Ovarian Compartmentalization. Primordial follicles (left, 35 μm) 

remain quiescent within the ovarian cortex until they are recruited to grow. Follicles grow, 

accumulate antral fluid, and recruit vessels within the ovarian medulla until they ovulate through 

the surface. The ovary contains a gradient of denser to less-dense matrisome as represented by the 

blue gradient.  
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implicated in having a role in folliculogenesis, primordial follicle activation and the differentiation 

of theca cells (298,299). Stromal cell differentiation into theca cells appears to be driven by insulin-

like growth factor (IGF-1), kit ligand (KL) and basic fibroblastic growth factor (bFGF) activity 

(300, 301, 302). In primordial follicle activation, bone morphogenetic proteins 4 and 7 (BMP-4 

and -7), secreted by stromal and/or theca cells have been identified as positive regulators of this 

process and the primordial-to-primary transition (303,304). Compartmentalization of the ovary 

can also be seen in the morphology of stromal cells (298,299). Stromal cells located in the cortex 

are organized parallel to the surface and have a rounded morphology (298,299). Stromal cells in 

the medulla, often referred to as interstitial or luteinized cells are less organized, have an elongated 

structure and are believed to differentiate into theca cells (300,301, 302). Single-cell analysis of 

human ovarian ovaries shows differential expression of genes in stromal cells across compartments 

and has also identified other distinct populations across ovarian compartments, specifically 

immune cells, endothelial cells, perivascular cells (305). 

Like human ovaries, bovine and porcine ovaries have distinct cortical and medullary regions, as 

visualized by gross pathology or using scanning electron microscopy (SEM) (41,43). Organized 

collagen bundles make up the tightly packed, uniform pore walls of the cortex. The medulla has 

larger pores made by the larger ovarian follicles and vessels, as well as more-permeable walls that 

include fibronectin fibers among less-uniform collagen bundles (41). The density of collagen fibers 

is also greater around primordial follicles than around growing follicles in murine ovaries (42). 

This shows that beyond cellular populations there are compositional changes in the ECM across 

compartments, contributions to changes to physical properties or the changes to the physical 

properties across these compartments and the contribution of these differences to biological 
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processes of interest such as follicle activation and folliculogenesis have remained unknown and 

the investigation of these properties is a central theme of this thesis. 

The Matrisome 

The matrisome, ECM and ECM-associated proteins, is composed of >1000 proteins and includes 

core matrisome (e.g., collagen subunits, proteoglycans, and glycoproteins), ECM-modifying 

enzymes, ECM-binding proteins, ECM-associated proteins, and secreted factors (e.g., growth 

factors that are known to bind to the ECM, as well as receptors and modifying enzymes), as defined 

by The Matrisome Project (44) forms the ultrastructure of organs.  

The matrisome and its constituents make up a complex three-dimensional meshwork of proteins 

effectively forming the ‘skeleton’ of an organ.  These proteins are secreted by resident cells and 

although they were previously believed to largely provide structural support to the matrisome, they 

are now strongly implicated in tissue morphogenesis, development and homeostasis by modulating 

cell survival, proliferation, differentiation, and stem cell state (45,46). The matrisome itself is also 

tissue-specific with the composition of the matrisome undergoing extensive remodeling in cases 

of pathology and specific ECM phenotypes configured to healthy tissues to maintain homeostasis 

(47-65). Mutations to matrisome genes have been shown to cause musculoskeletal, cardio-

vascular, renal, ocular, and skin diseases (306). Dysregulation of matrisome genes resulting in 

excessive deposition or, in the case of increased expression of genes that remodel or degrade the 

matrisome, lead to pathologies such as fibrosis or osteoarthritis (306). Studies in cancer have 

shown that the matrisome plays a functional role in tumor progression and dissemination and that 

increased deposition, complexity, and composition are indicators used by pathologists have been 

used to indicate poor prognosis in patients (306). 
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SEM images of different organ systems show different ultrastructure in decellularized organs with 

pore size and ECM organization being tissue-specific (41). This same group showed that human 

mesenchymal stem cells (hMSCs) seeded onto “tissue papers” derived from the decellularized 

extracellular matrix (dECM) of different organ systems have differing mechanical properties, 

microstructure, and cellular responses to materials derived from different organ systems (66). 

Experiments examining gene expression used microarray analyses of human bone marrow 

mesenchymal stem cells (hBMMSCs) seeded onto dECM bioinks derived from porcine live, heart 

and skin (307). Whole transcriptome analysis revealed tissue-specific alterations in gene 

expression patterns for hBMMSCs (307). This is only two examples of work that has now been 

done across multiple tissues and organ systems all indicating that tissue-specificity of the 

matrisome is necessary to preserve cell specificity and function (67-69). The matrisome is in a 

state of dynamic reciprocity with cells by providing biochemical and physical cues that modify 

cell signaling and behavior as cells transform the matrisome by assembly and disassembly. Recent 

research has shown that replicating the microenvironment including its spatial distribution, via 3D 

scaffolds, results in better outcomes by providing tissue-specific signaling cues for cell attachment, 

differentiation, vascularization, and function across multiple tissues (70).  

Experiments on ECM composition in the ovary have been relatively limited with most research 

leveraging IHC analysis that focuses on the basement membrane (132-135, 189, 308). Heeren, et 

al 2015 examined the development of the basement membrane during human gametogenesis and 

folliculogenesis finding that ECM-molecular niche compartmentalizes the female gonads from the 

time of germ cell colonization until adulthood focusing on the distribution of collagen IV, laminin 

and fibronectin (308). They found that (cortical) mesenchymal compartment are encapsulated by 

a basement membrane of collagen IV and laminin, but not fibronectin at week 10 of gestation 
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while the follicular basement membrane in adults at primary and secondary follicles was composed 

of collagen IV, laminin and to a lesser extent fibronectin (308). Significant work in bovine ovaries 

has examined changes to the matrisome across folliculogenesis in a bovine model, focusing 

specifically on changes to the matrix that develops between granulosa cells (focimatrix, 

abbreviated from focal intraepithelial matrix) and of the follicular basal lamina in ovulating bovine 

ovarian follicles (132-135, 189). These studies found stage-specific differences in ECM 

composition, specifically nidogen-1 and perlecan which increased substantially as follicles 

enlarged to a size capable of ovulating (132-145, 189). These IHC studies indicate the possibility 

of follicle-specific matrisome signatures and when taken together with the body of research in 

other organ systems shows the importance of an organ’s specific microenvironment and matrisome 

composition to normal biological processes of interest an area which until recently had not been 

explored in great depth in the ovary and will be the focus of Chapters 2 and 3 of this dissertation. 

Biochemical Cues and Physical Cues 

Matrisome biochemical cues facilitate the translation of the extracellular environment into inner 

cellular signaling via cell surface receptors (115-119). Additionally, matrisome physical cues are 

converted into intracellular signals via mechanotransduction, in which stressors elicit a cellular 

response such as adhesion, proliferation, and differentiation in a tissue-specific fashion (120-122). 

Table 1 summarizes the physical properties (as measured by Young’s modulus) of multiple tissues 

and shows how these properties vary quite widely across the human body. External physical 

signals require mechanosensing units, such as the cytoplasmic complex integrin, extracellular 

components, and intracellular components (123). In addition, the interstitial cells, including 

stromal and endothelial cells, are important for the influential microenvironment, especially during 

the later stages of follicular growth and ovulation (298,299). The following sections focus on these 
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two significant microenvironment factors, biochemical and physical cues, that could influence the 

longevity of a bioprosthetic ovary (via the rate of primordial follicle activation). 

Biochemical cues include binding sites along fibrous proteins, or matrisome-associated proteins, 

that bind to transmembrane complexes and translate the extracellular environment into responses 

within the cell (124-128). Binding to ligands allows the ECM to function as a “reservoir” or “sink” 

creating concentration gradients of growth factors, or “morphogens,” that can determine cell fate 

based on availability (50). Research has shown that the ECM can specifically create concentration 

gradients of bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), hedgehogs 

(HHs), and Wnts (Hynes 2009; Rozario and DeSimone 2010). Further, research has shown that 

this same property ECM can affect hormone availability and responsiveness by sequestering, 

trafficking, or presenting factors including growth factors, androgens, and estrogens via 

sequestration of sex hormone-binding globulin in reproductive tissues (82). The ECM also plays 

a role in ligand maturation, specifically the conversion of pro-TGF-β to mature and biochemically 

active TGF-β (309). Maturation of TGF-β occurs after MMP-dependent proteolysis releases  

Tissue Physical 
Properties 

ECM 
Proteins Function Ovarian 

Mapping References 

Intestine 2.6-2.9kPa 

Collagens I, 
III, IV, V, 
VI, VII; 
Laminin 

Tensile Strength 
to tissues 

Collagen 1 
increased in 
cortex, Collagen 
4 uniform 
throughout 

87, 88, 89 Heparin, 
Heparan 
Sulfate, 
Chondroitin 
Sulfare, 
Hyaluronic 
Acid 

Modulation of 
enzyme activity, 
ECM 
organization, and 
assembly 

Hyaluronic Acid 
increased in 
cortex compared 
to medulla 
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Bone 

25-40kPa 
(Osteoid 
Matrix) 

Collagen I 

Primary 
structural ECM, 
overall bone 
strength, 
durability, 
regulation of 
fibrillogenesis 

Collagen 1 
increased in 
cortex, primary 
structural 
collagen of the 
ovary 

90-95 1.3-7.8GPa 
(cancellous) DCN 

Promotes 
collagen I 
fibrillogenesis, 
promotes bone 
formation 

Detected in 
proteomics 
screen, higher in 
cortex than 
medulla 

12-20GPa 
(cortical) Biglycan 

Promotes 
collagen I 
fibrillogenesis, 
promotes bone 
formation 

Detected in 
proteomics 
screen, no 
significant 
patterning 
between 
compartments 

Brain 

0.1-1kPa Laminins 

Basal lamina, 
expansion, 
proliferation, and 
differentiation of 
NSCs 

Multiple 
laminins 
mapped, Laminin 
A/C higher in 
cortex than 
medulla, major 
components of 
basal lamina 

91, 96 130Pa (white 
matter) AGRN Laminin network 

stabilization 

Increased in 
cortex, involved 
in Hippo kinase 
cascade 

70Pa (grey 
matter) COLIV 

Major 
component of 
basal lamina at 
NMJs 

COLIV 
expressed evenly 
throughout 
cortex and 
medulla, major 
component of 
basement 
membranes 

HMEC N/A Fibronectin Cell Adhesion FN1 increased in 
medulla 97 
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Liver 

100-200kPa 
(tensile) 

Collagen, 
Biglycan, 
laminin, 
Vitronectin 

Sequestration of 
cytokines, stress 
induced 
remodeling 

Collagen 1 high 
in cortex, laminin 
increased in 
cortex, VTN 
increased in 
medulla 

98, 99 

1-3.5MPa 
(compression) 

Pancreas 0.14MPa FGF-1, 
Heaprin 

Cell 
proliferation, 
maintenance, 
insulin 
production 

FGF-1, Heparin 
detected in 
ovarian 
proteomics but 
no discernible 
patterning 

98, 100 

Ovary 

N/A 
TGFβ ECM formation 

and remodeling 
TGFβ increased 
in Cortex 

 101, 102, 
103  

 
  

Collagen, 
Elastin, 
FBN1, 
Emilin1, 
GAGs 

ECM is age 
dependent: ex. 
Collagen levels 
increase with 
age, FBN1 
decreases after 
menopause but 
is constant prior 

Collagen 1, 
EMILIN 1 both 
identified as 
higher in the 
Cortex. 

  
TGFβ, 
STRAP 

Follicle 
Development 

TGFβ increased 
in Cortex   

  
TGFβ Follicle 

Quiescence  

TGFβ increased 
in cortex 

    

Heart 10-12MPa 

CCN2  

Infarction 
reduction, 
attenuates ECM 
remodeling 

Not detected in 
proteomics 
screen, important 
downstream 
effector of Hippo 
promotes 
primordial 
follicle activation 

104-107 

Tenascin-C Reduces 
inflammation 

Detected, no 
specific 
patterning 
between 
compartments 
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 Collagens 

Structural 
component, pro-
inflammatory in 
heart during 
infarction 

Collagen 1 
significantly 
higher in cortex, 
multiple other 
collagens 
detected 
including IV, VI, 
III 

Lung 1.9kPa 

Collagens I, 
III, V; 
Laminin 
A/C; ECM1 

Quantification of 
matrisome in the 
Lung 

Collagen 1, 
Laminin A/C, 
and ECM1 
increased in 
cortex 

108 

  

Kidney 4.1 Mpa 

EMILIN1, 
FBN1 

ECM Anchoring, 
HUVEC 
proliferation and 
migration 

EMILIN1, FBN1 
increased in 
cortex over 
medulla 

109, 110, 
111 Collagens, 

AGRN, 
Perlecan 

ECM increases 
during Fibrosis, 
structural 
proteins 

AGRN, Perlecan 
Collagen 1 
increased in 
cortex; other 
collagens vary 
(IV same in both 
compartments) 

Muscle 

8-17kPa 
Laminin, 
Collagen, 
Fibronectin 

ECM and 
Integrin 
clustering 

Laminin, some 
collagens, and 
FN1 increased in 
the cortex over 
medulla 112, 

113,114 

30-50kPa 
(skeletal) COL VI 

Functional 
integrity of 
Muscles 

COL VI 
detected, but no 
significant 
pattern across 
compartments 

 

Table 1. Biochemical and Physical Properties of Tissues, the Influence of Cellular Behavior, and 
Potential Locations of Matrisome Proteins in the Ovary. N/A, not available. 
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pro- TGF-β making it accessible or through alterations mechanical tension of tissues (309). ECM 

components enhance the binding affinity between receptors and their ligands. An example of this 

being the heparan sulfate proteoglycan, which binds to various growth factors and facilitates 

interactions between ligands and their receptors (310). Likewise, betaglycan (TGF-β type III 

receptor), an integral membrane proteoglycan, binds to TGF-β and presents it to the core type II 

receptor (311). In regenerative medicine applications, the inclusion of tissue- and compartment-

specific matrisome with the appropriate biochemical cues within an engineered microenvironment 

can also induce metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases, which 

regulate the activation and follicle growth and ovulation (130,131). Findings in cat ovaries have 

identified links between ECM enzymes and MMPs, specifically by stimulating the activity of 

MMP9 via high doses of retinoic acid, activity leads to increased rates of follicle activation (34). 

Additionally, significant immunohistochemical (IHC) staining work done in multiple species has 

found ECM signatures of follicles that are stage specific (132-135). As an example of this Irving-

Rodgers, et al showed in bovine ovaries that Perlecan is localized to the basal lamina, specialized 

sheets of ECM that influence cellular behavior and form a selectively permeable barrier to soluble 

molecules, of primordial, primary, preantral, antral, and atretic follicles (132-135). 

Physical cues are both intracellularly generated and externally applied forces, and, like 

biochemical cues, they have a broad impact on cell behavior (e.g., growth, differentiation, and 

function) (129, 137, 138). Physical properties of the matrisome include its rigidity, density, 

porosity, insolubility and topography (spatial arrangement and orientation) which are all properties 

essential for supporting tissue structure and integrity, and for its role in migration and cell 

anchorage. These signals require mechanosensing units, which include cytoplasmic complexes 

such as integrins, extracellular components such as ECM cell adhesion molecules, and intracellular 
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components including the cytoskeleton (139). Stiff matrices induce integrin clustering, robust focal 

adhesions, Rho and MAP kinase activation, leading to increased proliferation and contractility 

(312). Specifically, the ECM transduces information via cell surface processes, stress of cellular 

membranes, stretch-sensitive ion channels, surface receptors, changes in biopolymers, 

extracellular fluid pressure, and tissue-dependent enzymes or proteins at the cell surface (140-

145). Mechanosensitive proteins change conformation in response to these physical cues, leading 

to alterations in binding affinities and other downstream effects (such as phosphorylation) (141). 

It is important to understand this and then also the dynamic reciprocity relationship that cells (and 

follicles) have with their environment, which includes highly dynamic ECM remodeling and cell-

cell or cell-matrix interactions that alter physical properties of the microenvironment (147-149). 

While hormonal regulation of folliculogenesis (including endocrine, paracrine, and intraovarian) 

has been well investigated, the contribution of the microenvironment including physical cues has 

received less attention. Research in murine ovaries has shown changes in physical cues across the 

lifespan with older mice having more rigid ovaries compared to those of reproductive age with 

these changes being reversed when the ovaries are treated with collagenase indicating that the 

matrisome is providing the difference in rigidity of ovaries at different ages (156, 157). Significant 

in vitro work has examined the effects of rigidity using alginate encapsulation (which removes 

from biochemical cues) of isolated follicles (150, 151, 152, 153, 154). These experiments 

encapsulation of primordial follicles from rhesus macaque in 2% alginate, thus replicating a high-

rigidity environment, which maintained optimal primordial follicle survival and morphology, 

whereas a more pliable 0.25–1.25% alginate environment supported increased hormone 

production in activated or growing follicles (150, 151, 152, 153, 154). In one study, five different 

processing conditions were tested: 3% alginate, 1.5% alginate, 0.7% alginate, 1.5% oxidized 
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alginate, and 1.5% irradiated alginate with the 0.7% alginate alongside the oxidized/irradiated 

alginates having an overall lower storage modulus (as an indicator of stiffness) (313). The 

researchers found that follicle growth and oocyte quality were optimized in the soft hydrogels 

(0.7% alginate, 1.5% oxidized alginate, 1.5% irradiated alginate), but antrum formation and 

estradiol production were optimized when the alginate solids concentration was smallest (0.7% 

alginate) (313). Taking this a step further, researchers used Interpenetrating Fibrin-Alginate 

Matrices (FA-IPN), which recapitulates the dynamic mechanical properties observed ruing the 

natural developmental process for ovarian follicles as the fibrin degrades over time in culture (314-

316). Secondary follicles encapsulated in FA-IPN ad a survival rate of 80% and grew from 110μm 

diameter on day 0 to 320μm on day 12, which is significantly greater than in less permissive 

environment of 1% and 1.5% alginate, and the rate of meiotically competent oocytes produced 

was 75-82% an improvement over alginate alone improved upon alginate alone (67%) (135). 

Together this data indicates stage-specific and physical property specific effects on follicle 

activation, growth, and also functionality as measured by hormone production.  Significant work 

has been done in murine ovaries, and some in humans as well, to examine changes in rigidity in 

the ovary especially in cases of pathology. Dysregulated physical forces within the ovary are 

present in disease states, such as polycystic ovarian syndrome (PCOS) and Turner syndrome, 

where increased rigidity may contribute to anovulation in PCOS and loss of structural support may 

contribute to POI in Turner syndrome (159,160). In PCOS research by Woods et al used magnetic 

resonance elastography to show that the ovaries of patients with PCOS were significantly more 

rigid than those of healthy individuals (150).  Together, these studies show that rigidity can 

influence follicle quiescence and folliculogenesis. However, the native rigidity gradient has only 

been inferred and never quantified. Indeed, our lack of knowledge about the ovarian 
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microenvironment hampers our ability to mimic the main features of this organ, either in an in 

vitro model or functional transplantable engineered bioprosthetic. We predict that advanced 

engineering solutions that can induce the production of, or recapitulate, the tissue-specific 

structural and biochemical support of the matrisome will enable tissue-specific function. By 

engineering these features into a scaffold, researchers could potentially reduce the rapid primordial 

follicle activation and subsequent depletion that occurs in current clinical solutions (161). Given 

differential responses the hypothesis of my work, and experimentally examined in Chapter 2, is 

that the ovarian cortex is stiffer than the medullary compartment and that this property supports 

primordial follicle quiescence 

PI3K/Akt Signaling in the Ovary 

One of those most intensely investigated pathways in primordial follicle activation is 

phosphoinositide 3-kinase (PI3K) and Akt signaling pathway (PI3K/Akt) in the oocyte. This body 

of work has shown that PI3K-Akt signaling is associated with ovarian function, including the 

activation of primordial follicles, granulosa cell proliferation, corpus luteum survival, and 

folliculogenesis (8–10). The PI3K/Akt pathway is a kinase cascade that is activated by RTK. Akt 

is a serine/threonine kinase that is regulated by both PTEN and PI3K and is involved in primordial 

follicle activation. Akt translocates to the cell membrane and binds to phosphatidylinositol 3,4,5-

triphosphate (PIP3) by its pleckstrin homology domain where it can then be activated via 

phosphorylation. Phosphoinositide-dependent kinase-1 (PDK1) phosphorylates Akt on its 

Threonine 308 residue (317,318), while mTOR complex 2 (mTORC2) phosphorylates Akt on its 

Serine 473 residue (319). Phosphorylation at both Threonine 308 and Serine 473 is required for 

full Akt activity (319). Once activated, Akt can then phosphorylate its downstream targets. 

Through phosphorylation the PI3K/Akt pathway regulates multiple cellular processes including 
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metabolism, cell cycle, apoptosis, proliferation, angiogenesis, survival, and protein synthesis via 

the phosphorylation of numerous downstream targets including, but not limited to:  mTOR, BAD, 

p21Cip1, p27Kip1, TSC2, MDM2, PRAS40, eNOS, ER, AR, and FOXOs (318). An important 

and well-studied antagonist of the PI3K/Akt pathway is phosphatase and tensin homolog (PTEN) 

which dephosphorylates PIP3 to phosphatydylinositol 4,5-biphosphate (PIP2). More recent work 

has shown that microRNAs (miRNAs) are also important for regulating the PI3K-Akt signaling 

pathway, specifically miR-494 and miR-20a (319).  Using in silico target prediction and follow-

up luciferase assay to examine functionality showed these miRNAs specifically targeted and 

regulated the activity of both PTEN and BMPR2 in a bovine model (319). 

Downstream targets of the PI3K/Akt pathway in the ovary includes members of the Foxo forkhead 

transcription factor family which are involved in development, metabolism, gametogenesis, and 

stem cell functionality (320). The transcription factor family includes four family members in 

mammalian species, Foxo1, Foxo3, Foxo4, and Foxo6. The family member Foxo3, a 

transcriptional repressor, has been heavily researched in mammalian models with Foxo3−/− mice 

being born with a normal complement of follicles that is rapidly depleted via global premature 

follicle activation resulting in premature ovarian insufficiency within days (320,321). In contrast, 

overexpression of Foxo3 via constitutive activation in a transgenic mouse model caused infertility 

via reduced oocyte growth, follicle activation, and anovulation (320). In these transgenic mice 

constitutive activation of Foxo3 resulted in reduced expression of BMP15, connexin 37, and 

connexin 43 which are important to gap junction formation and proper oocyte:granulosa cell 

communication in the ovary (320). Additionally, the continued activation was shown to facilitate 

the nuclear localization of p27kip1 in oocytes, which is a known inhibitor of cyclin-dependent 

kinase 1 (Cdk1) resulting in inhibited oocyte growth (323). In wild type mice using 
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immunohistochemistry Foxo3 has been localized specifically to the oocyte of primordial and 

primary stage follicles before becoming undetectable at later stages of folliculogenesis starting at 

the secondary stage (324). Further genetics work has been done in mice using conditional Foxo3 

ablation in the oocyte, which leads to global follicle activation and depletion similar to the 

previously mentioned mouse line which confirms oocyte-centric function of transcriptional 

repressor. Follow-up investigations to examine gonadal expression patterns of Foxo1 and Foxo3 

in non-rodent species, including humans and non-human primates, using immunohistochemistry-

based methods validated using western blots found that while Foxo1 expression in granulosa cells 

was conserved in non-rodent species evaluated, Foxo3 expression in oocytes was not (322). 

However, large genetics studies in humans experiencing premature ovarian insufficiency have 

found sequence variations at the human Foxo3 locus including six novel single-nucleotide variants 

and multiple nonsynonymous single-nucleotide variants that were not detected in controls though 

functional impact of these single nucleotide polymorphisms (SNPs) when induced in a murine 

model showed no functional impact on Foxo3 activity (322,321). These results indicate that there 

still may be a role for Foxo3 in human fertility and follicle activation, however functional 

redundancy of Foxo family members in primordial follicles could explain lack of an effect in these 

studies. Work leveraging PI3K/Activators (via either PI3K stimulators or PTEN inhibitors) has 

shown that these pharmacological approaches can induce primordial follicle activation and 

survival though the downstream mechanism may not specifically be Foxo3-reliant in humans 

(321,322).  

Conditional knockouts in the oocyte of PTEN, the negative regulator of PI3K/Akt pathway 

activity, have been shown to induce follicle activation and the rapid depletion of the entire 

primordial follicle pools or ovarian reserve resulting in premature ovarian insufficiency (325). 
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Further experimentation in the ovary has shown that conditional knockouts of PTEN in the oocyte 

result in the hyper-activation of PI3K/Akt pathway and hyperphosphorylation of Foxo3. However, 

hyper-activation of AKT using oocyte specific constitutive activation of PI3K (PI3KCA) does not 

fully recapitulate the phenotype seen in knockout animals (326). Instead, by PND50, the 

primordial follicles show a reduction by about 50% compared to wild-type mice (326). The slower 

rate of global primordial follicle activation in oocyte specific Pi3kca mice compared to PTEN 

knockouts may be attributed to the increased survival rate of follicles at all stages of development 

suggesting a secondary role for the PI3K/Akt pathway in follicle growth and survival (326). Using 

an inhibitor of the PTEN (bpV(pic)) and a PI3K activating peptide (740Y-P) showed that after 

short-term treatment increased the nuclear exclusion of Foxo3 in the oocytes of primordial follicles 

in neonatal mouse ovaries as measured by immunohistochemistry (327, 328). Transplantation of 

these ovaries into ovariectomized mice revealed increased follicular growth and that using in vitro 

fertilization allowed for the generation of viable and fertile offspring (327,328). Further synergistic 

effects have been shown by combining mammalian target of rapamycin (mTOR) activator together 

with AKT activators (327). Incubation of ovaries for 2 days, followed by allografting into 

ovariectomized mice for 5 days, led to marked increases in graft weights and promotion of follicle 

development and mature oocytes derived from these ovarian grafts were successfully fertilized and 

resulted in healthy offspring (327). 

Attempts have been made to leverage these results in a clinical setting to assist with treating 

premature ovarian insufficiency or infertility. With cryopreservation, and later auto-

transplantation of tissue, being the only method of fertility preservation for a growing population 

of pediatric cancer survivors. A major obstacle to this type of transplant is the rapid activation of 

primordial follicles during the transplantation process (329-332).  Recent research using 
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LY294002, a PI3K inhibitor, and rapamycin, an mTOR inhibitor, on 4–8-weeks old or neonatal 

murine ovaries that were cryopreserved and then cultured on transwells revealed using Western 

blot and immunofluorescence analyses showed that in vitro incubation with these inhibitors 

significantly inhibited the activation of the PI3K/PTEN/Akt or mTOR pathways (333). Further, it 

was shown that Cryopreserved ovaries cultured for 24 h in the presence of inhibitors showed a 

higher percentage of primordial follicles relative to the total number of follicles and lower 

proportion of follicles that reached the secondary stage, which together indicate a lower amount 

of primordial follicle activation (333). 
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Figure 3. Follicle Activation via PI3K/Akt/mTORC and the Hippo pathway. (left) 
PI3K/Akt/mTOR pathway expression towards activation in oocytes with crosstalk between 
PI3K/Akt via regulation of TSC1/2 activity by active phosphorylated AKT. (right) Hippo pathway 
expression in the Granulosa cell showing G-actin suppression of Hippo pathway kinase cascade, 
preventing the downstream phosphorylation and degradation of YAP/TAZ allowing for nuclear 
inclusion and binding to TEAD transcription factors with downstream gene expression resulting 
in increased proliferation and primordial follicle activation. 
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Mammalian Target of Rapamycin (mTOR) Signaling in the Ovary  

Rapamycin is a macrocyclic lactone found to be produced by the bacterium Streptomyces 

hygroscopicus and was originally utilized as an anti-fungal agent in humans (334, 335). The 

protein target of rapamycin (TOR) was originally discovered in genetic mutation studies using 

Saccharomyces cerevisiae (336) and subsequently found to be the target of the rapamycin–

FKBP12 complex in mammalian cells that is now more commonly known as mTOR (337-339). 

mTOR is a complex of two different complexes mTOR complex 1 (mTORC1) composed of the 

sub-units mTOR, Raptor, mLST8/GβL, PRAS40, and DEPTOR and mTOR complex 2 

(mTORC2) which consists of the subunits mTOR, Rictor, mLST8/GβL, DEPTOR, mSin1, and 

protor1/2 (340,341). Both complexes influence different activity with mTORC1 positively 

regulating cell growth and proliferation while mTORC2 is primarily involved in the 

phosphorylation of Akt, whose downstream functions as previously mentioned promote cell 

growth and proliferation (340,341). mTORC is negatively regulated by the tumor suppressor 

sclerosis complex 1 (TSC1) or 2 (TSC2). In mouse ovaries, oocyte specific deletions of either 

TSC1 (OoTSC1-/-) or 2 (OoTSC2-/-) leads to the rapid activation of primordial follicles and onset 

of premature ovarian insufficiency due to depletion of the ovarian reserve in early adulthood (12-

13 weeks of age) (342,343).  Both of these conditional deletions showed hyperphosphorylation of 

6K1 and rpS6 in oocytes, which indicated increased activation of the mTOR pathway (342,343). 

The increased activation of mTOR in both conditional deletions was rescued by the application of 

rapamycin (342,343). In these experiments there is no corresponding increase in PI3K/Akt activity 

indicating that mTORC signaling occurs in parallel with this pathway instead of downstream 

which is supported by additional research showing that double deletion of TSC1 and PTEN 

synergistically enhanced the rate at which the ovarian reserve was depleted in a mouse model 
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(342,343). Combining this research with other work on PI3K/Akt it is clear that both 

Tsc/mTORC1–S6K1–rpS6 signaling and the PTEN/PI3K–PDK1–S6K1–rpS6 signaling in 

oocytes regulate the steady activation of ovarian follicles in a coordinated fashion with PTEN, 

TSC1/2 in oocytes as part of an inhibitory mechanism for both pathways which suggests that 

deregulation of signaling events may be a cause of defects in primordial follicle activation in 

humans which result in premature ovarian insufficiency (342,343). 

Transforming Growth Factor Beta Superfamily Signaling in the Ovary 

TGF-β superfamily proteins are extracellular, secreted growth factors that function via autocrine 

or paracrine signaling. Research on TGF-β signaling has shown that these proteins direct multiple 

cellular processes during both embryonic and postnatal development, including driving 

differentiation, apoptosis, proliferation, and cell specification (344). In mammals there are >40 

TGF-β family proteins belonging to one of two major sub-groups; growth differentiation factors 

and bone morphogenic proteins (GDF/BMP) or activins/TGF-ßs (344). TGF-β ligands are 

homodimeric or heterodimeric molecules bind to and signal through plasma membrane-spanning 

serine/threonine kinase receptors which are clustered into type I receptors and type II receptors. 

(345,346) Following ligand binding to the type I and type II receptors at the cell surface both 

receptor types dimerize forming a tetrameric signaling complex. The type II receptor is considered 

to be constitutively active, and it activates the type I receptor via phosphorylation. Furthermore, 

an additional type 3 receptor class is made up of betaglycan and endoglin that modulate TGF-β 

activity by functioning as accessory proteins (345-347).  

Phosphorylation of ALKs within a serine-rich juxtamembrane domain leads to the activation of 

receptor Smad proteins (348). Smads are diverse and classified by function. These classifications 

include receptor-activated (R-) Smads (Smad1, -2, -3, -5 and -8), common-partner (Co-) Smads 
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(Smad4) or inhibitory (I-) Smads (Smad6 and -7). Smads generally function as intracellular 

transcription factors that mediate the signaling of the TGF-β superfamily. Once activated Smads 

are phosphorylated and in turn form protein complexes with the co-Smad protein Smad4 (345). 

These Smad complexes translocate into the nucleus and promote TGF-β superfamily target gene 

transcription (345). Depending on the combination of type I and type II receptors, different R-

Smads are activated through phosphorylation by the type I receptor upon ligand binding. TGF-β 

signal transduction is also antagonized by inhibitory Smad proteins (I-Smads). I-Smads are 

believed to inhibit signaling by either preventing phosphorylation of type I receptors or by 

sequestering Smad4 (345). Although I-Smads inhibit the signaling of TGF-β superfamily proteins 

through intracellular means, signaling suppression also occurs extracellularly. Inhibition by 

extracellular binding proteins, including follistatin, noggin, EMILIN1, and chordin, prevent 

interaction between TGF-β superfamily ligands and their receptors by decreasing ligand 

availability or by blocking binding to the receptor (349). 

In the Ovary, during folliculogenesis, Smad2 and Smad3 are expressed in a stage specific fashion 

in rats, this research shows the possibility for differing, or stage-specific, effects of TGF-β 

superfamily ligands utilizing the same signaling pathways (354). Further work in a murine model 

examining Smad2/3 has shown that nuclear exclusion of these factors in murine granulosa cells 

drives follicle activation alongside an increase in Ki67 expression (66). Knockouts of Smads in 

murine models are generally embryonically lethal (Smads1, 2, 4, 5) however mutations to Smad3, 

via the disruption of exon 8, showed defective folliculogenesis with significant decreases in rates 

of follicle activation, increased atresia, and reduced litter sizes likely due to an inability to respond 

to TGFβ family signaling including factors such as BMP15, GDF9, and TGFβ (350-353). Serine 

threonine kinase receptor associated protein (STRAP) is another regulator of TGFβ signaling 
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acting by the TGFBR1 and SMAD7 complex, which prevents phosphorylation of SMAD2 and 

SMAD3 by blocking access to TGFBR1 (355). Follow-up experiments combined STRAP siRNA 

and immune-neutralization treatment in vitro of neonatal (d4) ovarian fragments, which contain a 

high-density of primordial follicles, showed a reduction in the number of primordial follicles and 

an increase in the number of activated follicles when compared to untreated controls (456). Perhaps 

counter-intuitively, STRAP showed stage-specific differences in function with exogenous STRAP 

treatment increasing oocyte size of activated follicles in neonatal ovaries with little to no effect on 

primordial follicle growth though a deeper examination of the literature finds this to be consistent 

with research in other tissues including the activation of PI3K/Akt signaling (456). The upstream 

mechanism of action that maintains follicle quiescence or precipitates follicle activation via TGFβ 

remains unclear however, co-expression of SMADs and regulatory pieces such as STRAP during 

the early stages imply that the TGFB pathway is important to the process, while the effect of 

STRAP on growing follicles shows that these signaling pathways are incredibly complex with 

subtle interactions between proteins across signaling pathways as seen via STRAP (456). 

Transforming Growth Factor Beta (TGFβ) 

TGF-ßs are homodimeric cytokines of which three isoforms are expressed in mammals (TGF-β1, 

TGF-β2, and TGF-β3) (357). These cytokines have diverse roles and are known to influence tissue 

development, cell migration, proliferation, and has been implicated in the molecular regulation of 

several reproductive processes including folliculogenesis via oocyte maturation, early 

embryogenesis, embryo implantation, and placental morphogenesis by binding to TGFβ receptors 

(357). There are significant challenges develop in vivo models of TGFβ action in the ovary due to 

TGFβ2 or TGFβ3 null mice being embryonically or perinatally lethal (344). Studies of TGFβ1 are 

also limited as mice lacking this gene develop inflammatory lesions eventually resulting in early 
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postnatal lethality at 3-4 weeks of age (358). However, work in 2006 by Ingman using a TGFβ1 

null mouse line found that that the onset of sexual maturity was delayed, ovarian function was 

disrupted with irregular progression through the estrous cycle, a 40% reduction in oocytes 

ovulated, and compromised preimplantation embryo development (359). More recent work by 

Hardy, et al in 2019 used in vitro culture methods to examine primordial follicle activation by 

exposing neonatal ovaries to TGFβ1 (66). Exposure to TGFβ1 ligand promoted a shift to a SMAD-

independent pathway in granulosa cells shown via uncoupling of SMAD3 from Ccnd2 and Myc 

and increased mTOR signaling which drove granulosa cell proliferation and eventual follicle 

activation (66). The receptor-mediated second messenger system SMAD2/3 downstream of TGFβ 

appears to be intact in humans based on experiments that have found SMAD2/3 mRNA and protein 

expressed in the granulosa cells of preovulatory follicles (85, 86,101). Further, TGF-β1 was 

observed in oocytes of primary follicles and in thecal and granulosa cells of antral follicles (85, 

86,101). Expression levels of TGF-β1 increased in the thecal and granulosa cell layers as the 

follicle matured as indicated by IHC (85, 86,101).  However, despite this growing evidence the 

activating signal (and corresponding maintenance signal) that drives these changes and follicle 

activation in native ovaries is  
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Figure 4. TGFβ signaling towards follicle activation. Canonical signaling of TGFβR via action 
of soluble TGFβ, activin or BMPS leading to the phosphorylation of SMAD2/3, recruitment of 
SMAD4 and nuclear inclusion of phosphorylated SMAD2/3 resulting in activation of TGFβ target 
genes, proliferation, and follicle interaction. Non-canonical signaling is represented on the right 
showing phosphorylation of PI3K and activation of the PI3K/Akt/mTOR pathway (detailed earlier 
in the chapter) that leads to follicle activation. 
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as of yet unknown though TGFβ superfamily members and the crosstalk involved in regulating 

SMAD signaling is likely downstream of these signals (85, 86,101).  

Bone Morphogenic Factors and Growth Differentiation Factor 9 

Bone Morphogenic Factors (BMPs) are the largest sub-group of the TGFβ family and have been 

shown to regulate cell death, differentiation, and proliferation in multiple different tissues (360). 

Several different BMPs have important functions in the ovary starting at organogenesis and the 

establishment ovarian reserve (BMP2, -4, -7) in association with the regulatory machinery gremlin 

1 (GREM1) (361,362). Specific to primordial follicle activation however significant work using 

in vitro culture methods has been done examining BMP function. BMP4 treatment of 4-day old 

rat ovaries showed increased follicle activation via increased proportion of primary activated 

follicles to quiescent primordial follicles (363). Subsequent antibody neutralization experiments 

of BMP4 showed smaller ovaries and progressive loss of oocytes implicating as being involved 

not only in activation but also as a follicle survival factor (363). Culturing murine ovaries with 

exogenous BMP7 resulted in additional follicle growth (363,364).  

The two most important oocyte-secreted factors in these two families to follicle growth and 

activation are likely BMP15 and GDF9, which are TGFβ family members that signal through 

ALK4/ALK5/ALK6/ALK7/BMPR2 receptor complex and activates the Smad pathway via 

phosphorylation of SMAD2/3 (365-368). Both GDF9 and BMP15 are shown to be produced 

starting at the primary stage of ovarian follicles (365-368). In humans, mutations in GDF9 at the 

transcriptional regulatory region and multiple mutations of BMP15 have been associated with 

premature ovarian insufficiency and dizygotic twinning (369-371). GDF9 mRNA is expressed 

exclusively in the oocytes of primary and growing follicles in humans, rats, and mice (372). GDF9 

null mice have been found to be infertile due to arrest at the primary follicle stage with follow-up 
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work showing that GDF9 specifically promotes the transition from the primary to secondary stage 

due to the inhibited proliferation of granulosa cells (373). Proliferation of granulosa cells being a 

requirement of transitioning from the primary to secondary stage (373). Further, the follicles of 

rodent models lacking GDF9 do not contain theca cells, the second type of supporting cell that is 

required for full production of steroid hormones (374). In support of this treatment of primary rat 

granulosa cells with exogenous GDF9 show increased granulosa cell proliferation and rescued 

theca cell numbers (374). 

BMP15 is the closest homologue to GDF9 within the TGFβ family and can form either a homo or 

heterodimer with GDF9 (360). Similar to GDF9 expression of BMP15 is limited to the oocyte and 

begins at the primary stage (360). However, unlike the severe phenotypes seen in the ovaries of 

GDF9 null mice BMP15 null mice are sub fertile with histologically similar ovaries to those of 

their wild-type littermates (375). Multiple experiments have shown that BMP15 and GDF9, using 

null mice, have shown that these two proteins work synergistically to promote ovarian function 

(375). Extensive murine breeding experiments specifically have shown that null females 

(Bmp15−/−) are sub fertile with minimal ovarian defects shown in IHC analysis but demonstrate 

decreased ovulation and fertilization rates (375). Double homozygote females 

(Bmp15−/−Gdf9−/−) display oocyte loss, infertility, and the formation of cysts with an overall 

phenotype similar to those of GDF9 null animals (375). Finally, Bmp15−/−Gdf9+/− female mice 

have more severe fertility defects than Bmp15−/− females with abnormalities observed in ovarian 

folliculogenesis, cumulus cell physiology, and fertilization rates (375). The biopotency of the 

heterodimer has been deciphered using in vtiro culture methods mouse granulosa cell and cumulus 

cell expansion assays with the GDF9:BMP15 heterodimer ∼10- to 30-fold more bio-potent than 

the mouse GDF9 homodimer, and human GDF9:BMP15 heterodimer ∼1,000- to 3,000-fold more 
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bioactive than human BMP15 homodimer (376). GDF9/BMP15 heterodimers have been found to 

induce Anti-Mullerian Hormone (AMH) expression in multiple studies (377). GDF9/BMP15 has 

been shown to increase AMH receptor expression in granulosa cells in mice and to regulate AMH 

expression in human primary cumulus cells (377). Further work examining the role of 

GDF9/BMP15 in AMH production has shown that this occurs through the PI3K/Akt and Smad2/3 

pathways synergistically recruiting the coactivator p300 on the AMH promoter region that 

promotes acetylation of histone 3 lysine 27 (H3K27ac), facilitating AMH/Amh expression which 

was inhibited by FSH (377). Taken together these results suggest synergistic effects of 

GDF9/BMP15 heterodimers, with equally synergistic effects of mutations to these genes, that act 

through the TGFβ signaling pathway and SMAD2/3 that affects the proper progression of 

folliculogenesis via granulosa cell proliferation and AMH production with dysregulation of this 

complex system causing premature ovarian insufficiency in both human and mouse models (377). 

Anti-Müllerian Hormone 

Anti-Müllerian hormone or müllerian-inhibiting substance controls the regression of müllerian 

ducts during testes development (378). Clinically AMH is used as a marker of the ovarian reserve 

as serum levels of AMH decline with age, and AMH levels are undetectable in individuals 

experiencing premature ovarian insufficiency (379,380). In the ovary, AMH is expressed in 

granulosa cells of activated follicles beginning at the primary follicle stage within humans and 

mice in a GDF9/BMP15 dependent fashion as detailed in the previous section (377). Two different 

AMH receptors are expressed by ovarian follicles in a stage and follicular compartment-specific 

fashion with AMH type 2 receptor being expressed in granulosa cells of pre-antral follicles and 

AMH type 1 receptor being expressed by oocytes and granulosa cells of developing follicles (381). 

In murine models the ablation of the AMH gene increases activation of primordial follicles 
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resulting in the rapid depletion of the ovarian reserve and premature ovarian insufficiency (382, 

383). These animals remain fertile until their reserve is depleted by 13-months of age though sharp 

declines in the reserve, as measured by number of primordial follicles, are seen within 4 months 

(382). However, Depletion of the AMH type 2 receptor in a murine model results in a similar 

phenotype to ablation of the AMH gene with increased follicle activation and resulting onset of 

premature ovarian insufficiency (384). Multiple ex-vivo studies have shown that AMH inhibiting 

primordial follicle activation with neonatal mouse ovaries cultured in AMH containing media 

developing 40% fewer growing follicles than controls and human ovarian cortical strips cultured 

with AMH at 100ng/mL showed similar results with decreased growth of primordial follicles 

(383,385). Some controversy however does exist here with extended exposure to AMH over 4 

weeks in culture promoting primordial follicle activation in vitro with 54% of primordial follicles 

cultured in media containing AMH advancing to the primary stage compared to 41% in control 

medium without AMH (383). Though of note in these experiments is that follicle recruitment 

increased in all medias irrespective of composition when compared to the uncultured control (383). 

The inhibitory effects of AMH are further supported in its target genes which have been primarily 

investigated in rats (386). Most of these target genes are members of the TGFβ including 

extracellular growth and regulatory factors (386). The inhibitory effects of AMH are reversed by 

treatment with the BMP inhibitors GREM1 and GREM2 using a whole-ovary culture system 

(386). GREM1 inhibited AMH activity that prevented the primordial to primary transition by 

binding to BMP4 (386). GREM2 also reversed the effects of AMH and promoted primordial 

follicle activation and was found to bind both BMP4 and to AMH using co-immunoprecipitation 

experiments (386). mRNA for both of these proteins was found to be localized to the granulosa 

cells of activated follicles, which was supported by IHC analysis that found both proteins localized 
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to granulosa cells in later stage follicles with multiple layers of granulosa cells (386). GREM2 

expression was also localized to primordial, and early-stage activated follicles suggesting it plays 

a role in activation by reversing the inhibitory effects of AMH though the upstream signal 

promoting its expression remains elusive (386). Despite the controversy detailed earlier, when the 

results of this research are combined with previous data from GDF9/BMP15 research it would 

indicate that activated growing follicles play a regulatory role in primordial follicle activation by 

secreting AMH which could serve as a maintenance signal preventing increased activation by 

physical stressors caused by large growing follicles (follicle activation in response to physical 

stressors will be discussed in the overview of HIPPO signaling and in Chapter 4). 

Inhibin and Activin 

Inhibins and activins are granulosa cell secreted peptide hormones that are made up of structurally 

related peptides which are disulfide-linked to form heterodimers of α and β subunits (387). There 

are two isomers of Inhibin, Inhibin A is comprised of α and βA subunits and Inhibin B is composed 

of α and βB subunits (387). Activins are dimers of the β subunits: activin A (βAβA), activin B 

(βBβB), and activin AB (βAβB) (387). All subunits are expressed in the granulosa cells of growing 

follicles (388). Activin activity is mediated by binding to one the two isoforms of its type-II 

receptor (ACTRIIA or ACTRIIB) followed by the downstream activation of SMAD2/3/4 (390). 

Inhibin regulates activin activity by competitively binding to the type-II receptor (390).  

Regulation of activin also occurs through competition for subunit assembly, its binding to 

follistatin (FST) which is produced by the ovary, and through inhibin activity in the pituitary 

suppressing follicle-stimulating hormone (FSH) production (391-394). 

In vitro studies performed in rats have shown that activin stimulates granulosa cell proliferation 

and promotes the growth of preantral follicles in both mice and rats (395). The effects of activin 
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are age-dependent with it stimulating the growth of preantral follicles isolated from immature mice 

and not from adult mice (395). Indeed, in preantral follicles isolated from adult mice, Activin A 

was found to block the effects of FSH which was reversed by treatment with exogenous FST (395). 

In contrast, FSH alone showed no effect in pre-antral follicles isolated from immature mice while 

Activin A alone or in combination with FSH showed increased follicle diameter (395). In the 

ovaries of mice that overexpress FST, which acts to suppress Activin activity, follicles arrest at 

the primary follicle stage (395). FST also antagonizes TGFβ ligands including BMP7 and other 

growth factors (395). Regardless of the age-specific effects complete loss of Activin A and B in 

mouse granulosa cells causes infertility, with implications that there’s some dose responsiveness 

with Activin A playing a dominant role in fertility based on single allele conditional inactivation 

studies in mice (396). Loss of either β subunit in granulosa cells showed decreased expression of 

factors that are associated with granulosa cell survival and proliferation such as Kitl, Taf4b, and 

c-Myc (396). Activin treatment is found to induce expression of Esr1 and Esr2 in a SMAD2/3-

dependent manner in proliferating granulosa cells indicating crosstalk between activin and known 

nuclear receptor signaling that induces granulosa cell proliferation (188). 

Hippo Signaling in the Ovary 

The Hippo signaling pathway is extremely well conserved across all metazoan animals and is 

essential for controlling organ size (397,398). The Hippo pathway is composed of a kinase cascade 

that consists of several negative growth regulators arranged in a serine kinase cascade that 

ultimately phosphorylates and deactivates downstream transcriptional coactivators, yes-activated 

protein (YAP) and the transcriptional coactivator with PDZ-binding motif (TAZ) via nuclear 

exclusion and promoting degradation of these effectors (399). The Hippo signaling kinases also 

includes mammalian sterile 20-like (MST) 1/2, Salvador homolog 1 (SAV1), and large tumor 
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suppressor (LATS) 1/2. When Hippo signaling is disrupted the now non-phosphorylated 

YAP/TAZ enters the nucleus where it activates transcriptional enhanced associate domain (TEAD) 

transcriptional factors leading to an increase in the expression of downstream cystein-rich 61, 

connective tissue growth factor, and nephroblastoma overexpressed (CCN) growth factors and 

baculoviral inhibitors of apoptosis repeat containing (BIRC) apoptosis inhibitors which in turn 

stimulate cell growth, survival, and proliferation (3). Disruption of the Hippo pathway can come 

from external mechanical forces such as changes to the cellular microenvironment or extracellular 

matrix, or changes to the polymerization of actin from globular actin (g-actin) to filamentous or 

(f-actin) (399).  

In both murine and human ovaries, key Hippo signaling genes (YAP, TAZ, MST1/2, SAV1, and 

LATS1/2) are expressed in a stage-specific fashion in ovarian follicles (103). YAP1 null animal 

models are embryonically lethal, so most research has leveraged small molecule inhibitors to 

decipher the function of Hippo signaling genes in the ovary (400). Microarray experiments have 

shown that components of the Hippo pathway Mammalian STE20-like protein kinase 1 (MST1) 

and large tumor suppressor kinase 2 (LATS2) are expressed in bovine granulosa and theca cells 

(399). IHC analysis in this study further revealed that YAP1 and TAZ were localized to the nucleus 

of activated follicles in stage and compartment-specific fashions (399). Treatment with verteporfin 

and siRNA targeting  
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Figure 5. Hippo signaling and primordial follicle activation. (Left) Hippo is turned off due to 
polymerization of G-Actin to F-Actin leading to YAP/TAZ entering the nucleus and co-activating 
TEAD transcription factors promoting downstream gene expression that results in granulosa cell 
proliferation and primordial follicle activation (Right) Homeostatic conditions in which Hippo 
signaling pathway is turned on, leading to the phosphorylation of YAP/TAZ and nuclear exclusion. 
Phosphorylation of YAP/TAZ also leads to degradation of the protein by 14-3-3. 
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YAP1 or TAZ revealed a critical role for these transcriptional co-activators in granulosa cell 

proliferation, significantly suppressing basal and TGFα-stimulated DNA synthesis and granulosa 

cell proliferation (399). Furthermore, knockdown of YAP1 in granulosa cells inhibited FSH-

induced estradiol biosynthesis (399). These data indicate that Hippo pathway transcription co-

activators YAP1/TAZ play an important role in granulosa cell proliferation and estradiol synthesis, 

two processes critical for maintaining the normal progression of folliculogenesis (399).  

Initial interest in Hippo and its role in primordial follicle activation comes from ovarian 

fragmentation studies (159, 160, 181). Using a murine model, ovaries from juvenile mice (day 10) 

were fragmented followed by allotransplantation under the kidney capsule of adult hosts (159). 

Histological analysis and follicle counting of grafts for these ovaries showed an overall loss of 

total follicles following fragmentation and grafting (159). However, these ovaries also showed 

significant increases in the number of late secondary and antral/preovulatory follicles (159). Real-

time RT-PCR and immunoblotting analyses showed alterations to the actin polymerization and 

decreases in phosphorylated YAP protein (pYAP) relative to unphosphorylated YAP indicating a 

disruption of the Hippo signaling pathway in these ovaries (159). Intact ovaries from this same 

series of experiments showed that YAP was localized predominantly to the cytoplasm of granulosa 

cells at the primary and secondary stages with this pattern changing 4 hours after fragmentation 

(150). Increased rates of activation in fragmented ovaries were abrogated using a combination of 

veterporfin (an inhibitor of YAP) and treatment with antibodies for CCN2 (a downstream effector 

of YAP) (159). Fragmentation studies were also done examining synergistic relationships between 

the Hippo signaling pathway and PI3K/Akt, a well-studied signaling pathway involved in follicle 

activation detailed earlier in this chapter (160). Using PI3K/Akt stimulating drugs, a PTEN 

inhibitor and PI3K Agonist, promoted secondary growth (160). When stimulators were combined 
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with fragmentation increased follicle growth and activation were found to be additive with 

significant increase in the number of activated follicles compared to controls and PI3K/Akt 

stimulators or fragmentation alone (160).  

The crosstalk between PI3K/Akt and the Hippo signaling pathway has been expanded to include 

interactions with mTOR signaling in multiple studies (401).  One study focused on characterizing 

the crosstalk between all three pathways in immature murine ovaries (d3) cultured for 4 or 48 

hours after sectioning or chemotherapy exposure (4-hydroperoxycyclophosphamide (4HC, 3 and 

20 μM) (402). Subsequent exposure to the mTORC1 inhibitor everolimus (EVE) by itself or in co-

culture with 4HC was assessed at the morphology, gene transcription, and protein levels (402). 

The study found that isolation alone was enough to trigger a significant increase in primordial 

follicle activation and cellular growth, which was also seen in sectioned ovaries (402). PI3K gene 

expression levels remained stable during the culture, but phosphorylated protein levels of AKT 

and RPS6 were decreased compared to fresh ovaries, despite massive follicular activation though 

the study notes that lack of increased expression was likely caused by the absence of growth factors 

in culture media (402). Significant increase of YAP was observed in 4HC-exposed ovaries 

alongside increases in Ccn2 expression when compared controls which was prevented by EVE co-

treatment (402). Together these data suggest significant cross talk especially given the context that 

EVE, which interacts only with mTORC1 a downstream component of PI3K/Akt activity, shows 

reductions in the downstream gene expression seen from dysregulation of the Hippo signaling 

pathway. Further it indicates that chemotherapy drugs, specifically 4HC, increase follicle 

activation via Hippo signaling pathway dysregulation and increased nuclear localization of YAP 

which is of significant clinical relevance (402). 
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Further clinical interest in the Hippo pathway has grown over time, specifically in cases of 

polycystic ovarian syndrome (PCOS), infertility, and premature ovarian insufficiency (403). 

Specific to patients with POI a small-scale study was done by Suzuki et al 2015 on 37 patients, 

54% of whom had residual follicles based on histological analysis (404). Patients underwent a 

laparoscopic ovariectomy (404). After removal ovarian cortices were dissected into strips for 

vitrification then thawed later for oocyte retrieval and in vitro fertilization (IVF) (404). After 

warming, two to three strips were fragmented into smaller cubes before culturing with Akt 

stimulators, a combination of PTEN inhibitor and PI3K stimulator, for 2 days (404). Following 

cutting ovarian strips into cubes (Hippos signaling disruption) and Akt stimulation using IVA 

drugs, multiple antral follicles were detected in 45% of POI patients containing residual follicles 

with twenty-four oocytes being retrieved from six patients and two successful pregnancies 

resulting from embryo transfer (404).  However, other studies using fragmentation alone have not 

successfully activated follicles in human cortex strips despite detection of Hippo components 

including YAP, CCN 2, -3, and -5 (404). Researchers were unable to verify changes to actin 

polymerization and dysregulation of the Hippo pathway remained inconclusive with the possibility 

that these changes are transient, requiring multiple time points to capture the point of activation 

(404). Efforts in patients with PCOS have shown higher expression of Hippo signaling pathway 

components in cumulus cells of patients with PCOS compared to controls (404). Li et al. 2012 

concluded that a key effector in the Hippo signaling pathway, YAP1, is differentially expressed in 

PCOS patients compared to controls using RT-PCR and SNP analysis for genome wide association 

significance (404). Other studies have shown aberrant expression of components of the Hippo 

signaling pathway including LATS1, LATS2, and MOB1B which were localized to germ and 

somatic cells of primordial to antral follicles with deletion of LATS1 in resulting in ovarian germ 
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cell apoptosis and the formation of follicular cysts (404). Multiple studies by the Kawamura group 

focusing on patients with POI and PCOS have shown a synergistic relationship between 

Akt/mTOR pathway and Hippo by using Akt stimulators in combination with inhibition of Hippo 

and leveraging physical disruption of ovaries via ovarian fragmentation and wedge resection, 

which appears to increase the number of mature follicles in patients by adjusting follicular growth 

and ovulation, thereby leading to successful fertilization and pregnancy (159, 160). Taken together 

it appears that there is an additive relationship between PI3K/Akt and the Hippo signaling pathway 

and that this is a potential modality of treatment for patients experiencing infertility due to POI or 

PCOS. However, much remains unknown and there have been significant challenges recapitulating 

results. The upstream mechanism of Hippo signaling in the ovary is unknow though current data 

from PCOS patients indicates that the structure of the microenvironment (including both physical 

and biochemical cues, which will be discussed later) influence signaling that may drive follicle 

quiescence. 

Ideal Properties of a Bioprosthetic Ovary 

It is increasingly clear that the biochemical and physical characteristics of the ovarian 

microenvironment are important to drive function within the ovary. It should be possible to apply 

this growing understanding to the engineering of organ matrisome products that can be applied to 

a variety of medical needs, including tissue modeling and tissue restoration and regeneration.  

The ideal engineered microenvironment should exhibit biomimicry and mechanical properties to 

the ovary. Meaning it would have similar compositional and microstructural characteristics to the 

natural target tissue and provide relevant physical and biochemical cues (such as those listed in 

Table 1) to the ovary. Beyond being present, however, these components must also be arranged to 

emulate the characteristics of the distinct compartments of the in vivo matrisome. For the ovary, 
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this requires that emulation of both the cortical and medullary regions, which are defined by micro-

layered ECM 'sheets' and nanoscale ECM 'webs', respectively (15). In addition, because the natural 

matrisome is non-static, the engineered matrisome should exhibit dynamic reciprocity through 

being able to change and remodel in response to the surrounding biological microenvironment. 

Finally, the engineered matrisome must be manufacturable – capable of being produced safely, 

consistently, and at rates and costs that do not inhibit their adoption. 

Current Tools and Engineered Biomaterials 

Alginate Encapsulation 

A follicle is a spherical aggregate of cells with an oocyte at the center surrounded by supporting 

cells, granulosa, and theca cells. These supporting cells, which surround the oocyte in three 

dimensions produce hormones and exchange necessary signals with the oocyte for the proper 

progression of folliculogenesis (190,191). Traditional two-dimensional (2-D) culture systems 

disrupt the interactions between the oocyte and its supporting cells which hinders the progression 

of folliculogenesis and reduces the survival rate of in vitro cultured follicles (192, 193). This is 

likely due to disruption of gap junctions which are essential to maintaining bidirectional 

communication between an oocyte and its supporting cells. These gap junctions allow for the 

delivery of nutrients, growth factors and hormones required for follicle and oocyte growth, indeed 

research has indicated that oocytes lack specific amino acids and are unable to perform either 

glycolysis or cholesterol biosynthesis without factors from supporting cells (196). Granulosa cells 

also require communication from the oocyte to drive proliferation and certain metabolic process 

(194, 195). Hydrogel encapsulation supports the maintenance of the three-dimensional (3D) 

architecture seen in the ovary and maintains the communication between the supporting cells and 

the oocyte (267). 
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Alginate is a naturally derived polymer that is produced by brown algae and is a common material 

used in in vitro follicle culture. Alginate is a copolymer of two types of uronic acid: α-L-guluronic 

acid (G) and β-D-mannuronic acid (M), that is cross-linked in the presence of calcium. The 

resulting gel shows a wide range of pore sizes (5-220mm) which can allow for the diffusion of 

large molecules through the alginate gel (197). Alginate culture of isolated follicles in vitro has 

shown to support the communication between follicular compartments, promoted oocyte growth, 

and granulosa cell proliferation using follicles isolated from mice (197). Significant work further 

supported the assumption that the physical and chemical properties of alginate encapsulation 

support follicle survival and growth (197-203).  

Alginate has been used in work to show how the physical environment regulates follicle function 

and growth (151-154). This is because alginate is a hydrogel whose physical properties can be 

tailored by altering concentration (higher alginate concentration equals higher rigidity) and 

through the choice of cross-linking agent for studying cell growth and differentiation both in vitro 

and in vivo (204-207). Recent work by Freeman and Kelly on tuning alginate stiffness showed that 

by using CaSO4 in place of the more common CaCl2 you can increase the rigidity of the resulting 

biomaterial though this choice comes with balancing the cross-linking time required due to 

insolubility of some cross-linking agents (204). Further, Alginate itself does not interact with 

integrins of mammalian cells, which allows for the controlled introduction of outside factors (such 

as matrisome components, growth factors, etc.) or for the study of physical property changes in 

isolation from external biochemical signals. The tunability of alginate and ability to mimic ovarian 

compartment specific rigidities is the topic of Chapter 3 of this dissertation. 

Decellularized Extracellular Matrix 
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As previously mentioned, the matrisome, made up of ECM and ECM-associated proteins, makes 

up the skeleton of an organ, so it would appear to be an ideal tool for studying tissue-specific 

biochemical cues and how they drive biological processes of interest. To do this we use 

decellularization to enrich for matrisome proteins. Decellularization is a common tool in 

regenerative medicine and tissue engineering and involves the use of a physical, chemical, or 

enzymatic process to remove cells and cellular components while preserving the biochemical and 

structural components of the matrisome (208-210). Multiple decellularization methods have been 

developed and tested in multiple species including mice, pig, cow, and humans. Methods include 

the use of sodium dodecyl sulfate (SDS), sodium deoxycholate, sodium lauryl ester sulfate (SLES), 

triton X100, and sodium chloride (211-215). Additionally, combination methods have been tested 

such as SDS and sodium deoxycholate (216). These methods have demonstrated minimal residual 

DNA and retained ECM composition though how well the composition is retained does vary across 

these methods and this retention is tissue specific (216). Decellularized ECMs have been heavily 

used in in regenerative medicine and tissue engineering research in reproductive tissues, and in the 

ovary specifically (41, 215-217). Engineering applications have used dECM-based scaffolds 

seeded with cells restore tissue function with a bovine dECM scaffold seeded with murine primary 

ovarian cells initiating puberty in ovariectomized mice and similarly a murine primary ovarian cell 

seeded into a human-derived dECM scaffold showing hormone production restoration in 

ovariectomized mice (41). Additional strategies for the application of dECM have been the recent 

focus of work including the derivation of ‘tissue papers’ made of dECM from various bovine organ 

systems, specifically the heart, kidney, liver, muscle, uterus, and ovary (66). Lyophilized dECM 

was milled and subsequently suspended in a biocompatible polymer matrix composed of 

poly(lactic-co-glycolic acid) (PLGA) resulting in a final material that was 65 vol% dECM (66). 
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Microstructures, topology, and physical properties of the ‘tissue paper’ varied by the organ they 

were derived from (66). The final materials showed desirable physical properties that were 

clinically relevant (being able to be cut, folded, and sutured) (66). hMSCs were seeded onto these 

papers and cultured for 28 days and were assessed using SEM and IHC-based methods which 

showed tissue paper-specific adherence, proliferation, and infiltration (66). More recently we have 

seen ovarian dECM hydrogels used in encapsulation and 3D printing applications.  In these 

applications we see decellularized tissue lyophilized and digested using an acidic pepsin solution 

prior to use in engineering applications for murine and porcine testicular organoids (218, 219). In 

both studies we see rheological and mass spectrometry analyses of testicular tissue derived 

hydrogels that show significant differences in terms of ECM stiffness and composition when 

compared to a collagen control (218, 219). Porcine-derived testicular organoids were cultured over 

45 days and secreted stem cell factor and testosterone demonstrating functionality of Sertoli cells 

and Leydig cells, respectively. In both testicular organoids germ cell numbers decreased and 

Sertoli cell numbers increased (219). Leydig cell numbers decreased significantly in the collagen 

hydrogel testicular organoid suggesting a better preservation and better potential to restore 

reproductive function in the dECM testicular organoid (219). These results support the idea that 

dECM is tissue-specific and drives differing cellular responses as seen with hMSCs and testicular 

organoids (66, 218, 219). The use and characterization of ovarian compartment-specific dECM 

hydrogels will be the focus of Chapter 3. 

3D Printing 

Three-dimensional printing (3DP) is a now common tissue engineering and regenerative medicine 

technique that has broad application with a wide variety of materials, techniques, and scaffold 

types. The most common of these is extrusion-based 3DP or fusion-deposition modeling (FDM) 
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in which a motion control platform or dispensing head is utilized to extrude material. In general, 

with this style of printing a solution of biomaterial (bio-ink), cell suspension, or hydrogel is loaded 

into a syringe or pressure-based system and deposited in a layer-by-layer fashion to build a 3D 

object. 3DP has been utilized to print many of the materials commonly used in reproductive tissue 

engineering including alginate, collagen, fibrin, gelatin, hyaluronic acid, PEG, and a variety of 

bioinks (including cells suspended in hydrogels, dECM, etc.). In the ovarian context 3DP has been 

used to fabricate a bioprosthetic ovary in which a gelatin scaffold with 60⁰ advancing angle struts 

spaced 600μm was printed (15). This resulted in scaffolds with struts ∼250μm and a pore size 

(edge of one strut to the other) of ∼350μm, which was shown to maintain the three-dimensional 

structure of ovarian follicles (15). This scaffold was seeded with murine follicles and transplanted 

and restored fertility and endocrine function to ovariectomized mice (15). Additionally, these 

scaffolds became highly vascularized, resulted in live births, supported natural mating and 

maternal lactation, which all together indicate a physiologically relevant restoration of fertility and 

endocrine function for these animals (15). However, room for improvement exists for the next 

generation of bioprosthetic ovaries to support a heterogeneous population of cycling follicles, 

including maintenance of a quiescent pool of primordial follicles, and promoting the healthy 

progression through folliculogenesis of activated growing follicles though we anticipate 

translation from mice to humans will be more complex. Towards this end we can examine ink 

composition/rigidity tailored towards replicating native ovarian physical and biochemical cues 

which will require leveraging new 3DP techniques. 

Freeform Reversible Embedding of Suspended Hydrogels (FRESH) printing is a printing 

technique that allows printing of soft materials that are otherwise unprintable using traditional 3DP 

techniques in air due to poor print fidelity of these materials. Previous work involved 
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compromising the biologically relevant properties of a material to enhance their printability (220-

223). Instead, using the FRESH printing method bioinks are extruded into a sacrificial yield-stress 

support bath, meaning that the material acts as a solid until a sufficient shear or yield stress is 

applied, that holds the bioink in place until it is cured or cross-linked. In FRESH printing the yield 

stress is caused by the syringe needle passing through the material. Printing into this support bath 

de-couples bioink cure time or cross-linking mechanisms from print fidelity with the support bath 

limiting the effects of gravity on the print. The support material is made up of hydrogel 

microparticles and a surrounding aqueous phase, which are stable at room temperature but can be 

melted at 37⁰ C and washed away. This method has been used to print a wide array of materials 

including dECM alongside more traditional materials such as alginate, collagen, fibrinogen, and 

hyaluronic acid (224). It has also been used to print complex structures including replicating a 

human femur from a CT scan and whole organs including an embryonic chick heart, though these 

were proof of concepts and not tested for functionality (224). Using this process, researchers 

printed fibers embedded in 3D printed hydrogel components to achieve significant structural 

reinforcement (e.g., tensile modulus improved from 56.78 ± 8.76 to 382.55 ± 25.29 kPa and tensile 

strength improved from 9.44 ± 2.28 to 45.05 ± 5.53 kPa) of their prints using a wide range of 

material types, sizes, and in both 2D and 3D embedding patterns displaying the incredible 

flexibility and tunability of materials printed using the FRESH method (405). FRESH printing has 

been used to print vascular achieve mechanically stable small-scale hydrogel construct 

incorporating vascular network with a structure area and length that were three times higher 

compared to other bioinks using a combined 1.0% fibrin-0.5% hyaluronic acid bioink, which was 

previously impossible with traditional extrusion methods (405). In addition to improved construct 

fidelity, increased biomimicry that FRESH printing methods allows, this technique is known to 
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have  a cell viability of 99.7% in cell laden inks thanks to low cellular toxicity of cross-linking and 

tunable ink viscosity (405).  Leveraging this technique, we can print otherwise unprintable 

materials including ovarian dECM which is the focus of Chapter 3 of this dissertation in which 

we characterize and implement compartment specific dECM hydrogel inks. 

Model Animal Choice 

Mammalian ovaries are incredibly diverse in both their structure and development across species 

from interstitial tissue organization, degree of compartmentalization, and organogenesis. A 

significant amount of research previously has been done in mice examining follicle activation, 

folliculogenesis, aging, and in vitro follicle culture. However, we have chosen to focus on the use 

of, initially, porcine, and later bovine models for our examinations of physical and biochemical 

cues in the mammalian ovary. Ovarian regionalization or compartmentalization differs 

significantly across species and these compartments are more similar in size and composition in 

the ovaries of pigs and cattle in comparison to the ovaries of rodents including both mouse and rat 

ovaries in comparison to human ovaries (225). Large animal models, particularly bovine and 

porcine models (though other large animal models have also seen use including ovine and equine) 

have been used to gain foundational understanding of ovarian function in humans (225). Both 

porcine and bovine models see use because their ovaries contain defined regions including, 

medulla, cortex, and tunica in proportions similar to a human ovary (226).  Further, humans are 

mono-ovulatory animals and both pigs and mice are poly-ovulatory, which informed our later 

transition to a bovine model which was undertaken primarily to focus on an animal model that was 

mono-ovulatory in place of poly-ovulatory (226). 

Goals of This Thesis 
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There are multiple objectives in this Dissertation. The first objective is to provide an introduction 

to ovarian biology, mammalian folliculogenesis with a focus on follicle activation, the matrisome, 

and the importance of physical and biochemical cues to biological processes in the ovary using 

existing literature. Additionally, this section will cover the ideal properties of a bioprosthetic ovary 

and current tools that are used in in vitro follicle culture alongside a discussion of why porcine and 

bovine models are ideal for the work detailed within. These are outlined in current chapter, 

Chapter 1. The next two chapters will seek to address the overall hypothesis of this dissertation: 

“Physical and biochemical properties of the ovary differ between compartments and that these 

properties affect the maintenance of the ovarian reserve and follicle activation.” Chapter 2 will 

address the research aim “Interrogating the composition of the matrisome across ovarian 

compartments and follicle stages” with the hypothesis of the section being that “The ovarian cortex 

and medulla have distinct matrisome compositions, which contributes to the process of 

folliculogenesis”. This chapter is adapted from a paper published in Scientific Reports (Henning, 

et al ‘Proteomic analyses of decellularized porcine ovaries identified new matrisome proteins and 

spatial differences across and within ovarian compartments’ Scientific Reports. 2019). Chapter 3 

will cover the mapping of ovarian rigidity across compartments, an examination of matrisome 

protein distribution in a bovine model, and the development of new in vitro tools to dissect the 

matrix-follicle interactions using two candidate proteins: EMILIN1 and AGRN. The overall aim 

of this section is twofold. The first aim being “Investigating the physical properties of the bovine 

ovary and contributions to follicle activation” with the hypothesis that “The ovarian cortex is stiffer 

than the medullary compartment and that this property is primarily derived from the Extracellular 

Matrix.” The second aim focuses on the candidate proteins EMILIN1 and AGRN with the aim of 

“Developing in vitro tools for the selective depletion of candidate proteins and those that duplicate 
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the native physical properties of the native tissue” This work is adapted from an article currently 

submitted to the preprint archive BIORXiV and currently in preparation for submission. Chapter 

4 summarizes the results presented in this dissertation, details future directions that can be taken 

to examine the mechanistic relationship between matrisome proteins and ovarian follicles 

alongside next-generation proteome and physical cue mapping.  

Overall, the results of these studies demonstrate that the physical and biochemical properties of 

the ovary are significantly different across compartments and depths. For biochemical cues, there 

were 42 matrisome proteins that were significantly differentially expressed across ovarian depths 

with 11 novel proteins that had not been previously discovered in the ovary (Chapter 2). For 

physical cues, there was a statistically significant difference in the rigidity of the cortex (8.87±0.80 

kPa) versus the medulla compartments (1.04±0.14 kPa) of bovine ovaries (Chapter 3). Using 

dECM derived from the cortex and the medulla in cast gels or 3D printed scaffolds we were able 

to examine whether or not the physical properties of the compartments was derived from their 

ECM composition finding a similar relationship between cortex and medulla for both cast and 3D 

printed materials (Chapter 3). For engineering platforms, we developed and implemented a 

magnetic assisted protein filtration (MAPF) method which we used to selectively deplete two 

candidate proteins from a cortex derived dECM homogenate prior to use in engineered applications 

without showing significant changes to off-target proteins (represented by COL1) and additionally 

measured no changes in rigidity of the depleted materials compared to whole dECM materials 

(Chapter 3). Human derived mesenchymal stem cells (hMSCs) plated on these depleted materials 

showed no acute toxicity and showed changes to gene expression that was rescued upon restoration 

of EMILIN1 (Chapter 3). 
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These studies describe the first spatial maps of the ovarian matrisome and the physical properties 

across ovarian compartments and depths. By examining these and developing novel engineering 

tools to further investigate the role of specific proteins on folliculogenesis this feeds our underlying 

knowledge towards creating an effective next generation bioprosthetic ovary.  
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Chapter 2 

Defining the Porcine Ovarian Matrisome 
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Introduction 

The ovary is divided into two visibly distinct compartments: the denser cortex, containing the pool 

of primordial follicles, or ovarian reserve, and the more permissive medulla containing the 

majority of activated and growing follicles (41, 42). After activation, follicles respond to soluble 

signals as well as physical stresses, created by mechanical forces and osmotic shifts, to grow, 

mature and ovulate (reviewed in 232). It is hypothesized that the two compartments have varying 

rigidities and that during folliculogenesis the activated follicles migrate into the less rigid 

medullary compartment of the ovary. It is believed that passage down this rigidity gradient alters 

cellular responses of the follicle to hormones, which changes gene expression of the cells making 

up the follicle (69, 159). This is supported by analyzing health, growth and gene expression of 

isolated murine and primate follicles cultured in different biomaterials (151, 153, 154, 233, 234). 

However, the relationship between the native extracellular environment or niche and ovarian 

follicle in the form of signal transduction cues to maintain quiescence or trigger activation 

continues to remain unclear. 

Previous work has shown that a bioprosthetic ovary made with a 3D printed gelatin scaffold 

restores hormone production and fertility in ovariectomized mice (15). To improve upon this work 

and move toward translation for human use, a clear understanding of the native environment and 

how scaffolding components can influence folliculogenesis is required. An appropriately 

functioning organ will require specific extracellular cues and understanding those cues will inform 

bioengineering for tissue regeneration. The matrisome provides the ultrastructure that supports the 

tissue-specific microenvironment in vivo (235). There are several examples of three-dimensional 

ECM materials providing the ideal transplantable scaffold 20,21 (41, 236-239). This is because 
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such a scaffold provides the necessary signaling cues that control tissue-specific cell attachment, 

differentiation, vascularization, and functionality (119, 240). 

Previous studies examined the ovarian matrisome of human cortical tissue or whole ovaries (163, 

241). However, none have examined the differences between the two main compartments or 

considered the three-dimensional composition of the ovarian matrisome. The goal of this study 

was to spatially map the matrisome composition of the ovary in order to determine the ovarian 

cortical and medullary matrisome signatures using a proteomic-based approach on decellularized 

tissue. We chose to use porcine ovaries, as they have similar compartmentalization and 

folliculogenesis waves to human ovaries and can be processed in the same way (242-245). This 

data and future functional assays will inform an improved bioprosthetic ovary with a better 

biomimetic scaffold. 

Materials and Methods 

Porcine ovary processing for protein analysis 

Porcine ovaries were purchased from Tissue Source, LLC. Pigs were peri-pubertal (4–6 months 

old) when sacrificed and ovaries retrieved. Ovaries were shipped overnight in PBS. Porcine ovaries 

were processed in two ways: (1) uniform slices: Upon arrival, ovaries were bisected sagittally 

through the hilum or axially into two equal halves (Fig. 6). Bisected pieces were further processed 

using a Stadie-Riggs slicer, which produces 0.5 mm slices (Fig. 6a). Slices were imaged using a 

pathology scope (Virtus Imaging, PX-XT-PC) and weighed. Sliced tissue was either flash frozen 

in liquid nitrogen for RNA extraction or proceeded through decellularization steps. (2) removal of 

cortex prior to slicing: Porcine ovaries were bisected sagitally as above. The first two slices 

(1 mm) of  
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Figure 6. Schematic of (a) processing the porcine ovary with a tissue slicer, prior to qPCR 
analysis, decellularization then proteomics analysis and iPCR validation. (b) Ovaries were sliced 
axially and sagittally. SDS, sodium dodecyl sulfate; decell’ed, decellularized; LC   
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the ovary were taken and decellularized together as the cortical region. The remaining tissue was 

pinned and trimmed using a razor blade 1 mm in from the ovarian surface, leaving only medullary 

tissue. The medulla was then processed into 0.5 mm slices. Trimmed pieces (cortex) were taken 

whole for further processing as well. All slices were decellularized. 

MS/MS, liquid chromatography tandem mass spectrometry; iPCR, immuno PCR. 

Porcine ovary decellularization 

Decellularization was carried out using 0.1% sodium dodecyl sulfate (SDS, Sigma, 75746) in 

phosphate buffered saline (PBS, Thermo, 10010023). Slices were placed on a nutator at 4 °C and 

SDS solution was changed every 24 hours for 48–72 hours prior to protein extraction. Several 

slices were set aside for DNA extraction (Zymo, D4075) and quantification. Extracted DNA was 

quantified using a spectrophotometer (MidSci NanoPhotometer, NP60). All slices contained less 

DNA than the recommended standard of 50 ng/mg of tissue (209) and contained an average of 

20.75 ng/mg. 

Sample preparation for liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis 

Two technical replicates of four porcine ovaries from four separate animals (two ovaries per 

direction) were used to generate seven slices each in the proteomics analysis. 50 µg of protein was 

precipitated with eight volumes of cold acetone (Fisher, A18–4) and one volume of trichloroacetic 

acid (Sigma, T9159-250G) overnight at −20 °C. After washing the pellet with ice-cold acetone, 

resulting protein pellet was resuspended in 50 µL 8 M urea (Invitrogen, 15505-035) in 400 mM 

ammonium bicarbonate (Fisher, A643-500), pH 7.8, reduced with 4 mM dithiothreitol (Sigma, 

10197777001) at 50 °C for 30 min., and cysteines were alkylated with 18 mM iodoacetamide 
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(Sigma, I1149) in the dark for 30 min. The solution was then diluted to <2 M urea and trypsin 

(Promega, V5280) was added at final trypsin:protein ratio of 1:50 prior to overnight incubation at 

37 °C with shaking. The resulting peptides were desalted using solid phase extraction on a Pierce 

C18 Spin column (Thermo, 89873) and eluted in 80 mL of 80% acetonitrile (ACN) (Thermo, 

51101) in 0.1% formic acid (FA) (Fisher, LS118). After lyophilization, peptides were reconstituted 

with 5% ACN in 0.1% FA. 

LC-MS/MS data acquisition and processing 

Peptides were analyzed by LC-MS/MS using a Dionex UltiMate 3000 Rapid Separation nanoLC 

and a Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Fisher 

Scientific). Approximately 1 μg of peptide samples was loaded onto the trap column, which was 

150 μm × 3 cm in-house packed with 3 μm C18 beads. The analytical column was a 75 

μm × 10.5 cm PicoChip column packed with 3 μm C18 beads (New Objective, Inc.). The flow rate 

was kept at 300 nL/min. Solvent A was 0.1% FA in water and Solvent B was 0.1% FA in ACN. 

The peptide was separated on a 120-min analytical gradient from 5% ACN/0.1% FA to 40% 

ACN/0.1% FA. The mass spectrometer was operated in data-dependent mode. The source voltage 

was 2.10 kV and the capillary temperature was 320 °C. MS1 scans were acquired from 300–

2000 m/z at 60,000 resolving power and automatic gain control (AGC) set to 3 × 106. The top 15 

most abundant precursor ions in each MS1 scan were selected for fragmentation. Precursors were 

selected with an isolation width of 2 Da and fragmented by higher-energy collisional dissociation 

(HCD) at 30% normalized collision energy in the HCD cell. Previously selected ions were 

dynamically excluded from re-selection for 20 seconds. The MS2 AGC was set to 1 × 105. All 

samples were run in duplicate. 
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Proteomics validation via immuno-PCR (iPCR) 

Protein was extracted from porcine ovary slices that were decellularized (as described above). 

Tissue was placed in a protein extraction buffer (1% SDS, 50 mM Ammonium Bicarbonate, 

50 mM NaCl, Halt Protease Inhibitors (100 µL per 10 mL of buffer). Tissue was placed in 

reinforced 2 mL tubes (Omni International, 19–648) with 2.8 mm polycarbonate beads (Omni 

International, 19–646). Tissue was homogenized with an Omni BeadRuptor12 in a cold room 

(Omni International, 19-050 A) using the following settings: six cycles at speed 6.0, 45 s 

homogenization, 75 s delay between cycles. Homogenate subsequently sonicated on ice 3 times at 

75% amplification for one minute. Samples were then centrifuged at 10k rpm for 15 minutes. A 

1 mL aliquot was taken from the samples and sample was treated with an SDS-Out kit (Thermo 

Scientific, 20308). Protein concentration was measured using a BCA method (Fisher Scientific, 

PI23227). Samples were normalized to a concentration of 1,000 ng/µL using protein lysate buffer 

from the Taqman Open Kit (Thermo Fisher, 4453745). 

Antibodies were biotinylated using EZ-Link Sulfo-NHS-LC-Biotin, No-Weight format kit 

(ThermoFisher,21327). Antibody information is listed in Appendix A Excess biotin was removed 

using two cycles of filtration utilizing Zeba Micro Spin Desalting columns, 40k (Fisher Scientific, 

PI87765). Probes were then tested for suitability using method described under Thermo Fisher’s 

Taqman Protein Assays Probe Development Protocol (Thermo Fisher, 4448549). To compare 

protein quantity between depths a standard method described in Thermo Fisher’s Taqman Protein 

Assays Sample Prep and Assay (Thermo Fisher,4453745) was used. A four-point dilution series 

was used with 2000 ng of total protein then serially diluted 1:10. A qPCR machine (Applied 

Biosystems, QuantStudio 3) was used for running the assay. Because some samples had 
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undetectable levels of protein, dose curve data are presented as change in CT over no template 

controls. Two-way ANOVA and multiple t-test based analyses were used. 

Gene expression analysis using real-time semi-quantitative PCR (qPCR) 

Tissue was flash frozen in liquid nitrogen and stored at −80 °C prior to homogenization. Tissue 

underwent Proteinase-K digestion (3–4 hours, 37 C, Zymo, D3001-2-5) prior to homogenization 

using Beadruptor12 in a cold room (6 cycles at Speed 6.0, 45 s shake, 75 S delay between cycles). 

RNA extraction was done using Zymo mini-prep kit (Zymo, R1054). RNA preps were cleaned 

and concentrated using RNA-Clean up kit (Denville Scientific, Z5214). Total RNA (0.5 µg) was 

reverse transcribed into cDNA using Superscript IV Vilo kit (Life Technologies, 11756050). qPCR 

was carried out using a QS3 using standard SYBR reagent templates from manufacturer. Primer 

information is listed in Appendix A 

Immunohistochemistry (IHC) analysis of matrisome protein candidates 

Bisected porcine ovaries were fixed in Modified Davidson’s Fixative (MDF) at 4 °C and processed 

using an automated tissue processor (Leica) and embedded in paraffin. Deparaffinization was 

carried out using a soap-based method, as described previously (246). Antigen retrieval was 

performed using citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) in a pressure 

cooker for 35 minutes. Tissue was blocked using 2% donkey serum (Sigma-Aldrich, D9663), 1% 

BSA (Fisher Scientific, BP671), 0.1% cold fish skin gelatin (Fisher Scientific, NC9369923), 0.1% 

TritonX-100 (Sigma-Aldrich, P1379), 0.05% Sodium Azide (Fisher Scientific, AAJ62036K2), in 

PBS (Fisher Scientific, AAK62036K2). Tissue sections were incubated with primary antibody in 

block solution (2% Donkey Serum, 1% BSA, 0.1% Cold Fish Skin Gelatin, 0.1% Triton X-100, 

0.05% Tween 20, 0.05% Sodium Azide, in 1X PBS; overnight, 1:200). Antibody information is 
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listed in Suppl. Table 1. Staining visualized using 488 secondary antibody (1 hour incubation, 

1:100, Novus Biological, NBP1-75292). Nuclear staining performed using propidium iodide 

(30 minutes, 1:1000, Sigma-Aldrich, P4864-10ML) or hoescht (30 minutes, 1:200, Sigma, 

B2261). Sudan Black incubation (15 minutes, 0.1%, Alfa Aesar, J62268-09) was used to reduce 

background. Stained sections were mounted using clear-mount with PIPES buffer (Electron 

Microscope, F6057-20ML). Stained sections were imaged (Keyence, BZ-X700), and analyzed 

using BZ-X Analyzer (Keyence). These analyses were performed across six experiments with at 

least two technical replicates each for three biological replicates (three ovaries from three different 

animals). At least two sections for each experiment were not incubated with the primary antibody 

and acted as our “no primary controls”. These sections were used to set the exposure settings for 

that fluorescent channel to reduce the background fluorescence and reveal secondary (fluorophore) 

binding to primary antibodies. Additional controls were used to confirm the specificity of each 

antibody to our protein of interest within the ovarian tissue section. Primary antibodies were 

incubated with 10 times more peptide (based on antibody molarity) and incubated at room 

temperature for 1 hour to block specific binding (Appendix A. Table 2). The IHC protocol above 

was followed with these blocked antibodies (Appendix A. Fig. 1). 

Proteomic data processing and statistical analysis 

A total of 64 LC-MS/MS raw files were analyzed. Protein Tandem MS data was queried for protein 

identification and label-free quantification against the SwissProt Sus scrofa database using 

MaxQuant (247, 248). The following modifications were set as search parameters: peptide mass 

tolerance at 6 ppm, trypsin digestion cleavage after K or R (except when followed by P), two 

allowed missed cleavage site, carbamidomethylated cysteine (static modification), and oxidized 

methionine, protein N-term acetylation (variable modification). Search results were validated with 

https://www.nature.com/articles/s41598-019-56454-3#MOESM1
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peptide and protein false discovery rate (FDR) both at 0.01. Proteomic stringency was increased 

by requiring: (1) all proteins to have more than one identified peptide, (2) proteins must have 

peptide reads in two planes to allow for intersections, (3) and peptides must have a read in each 

biological replicate to be considered for analysis. Proteins that passed these three rules were used 

for further analysis using a custom SAS script (see Supplemental Files). Peptide intensities were 

log transformed to control for multiplicative errors associated with FT-ICR MS. These intensities 

were then standardized to allow unbiased comparisons between peptides of the same protein. Least 

squares (LS) means were used to estimate differences in protein composition across depths, and 

differential expression in proteins. All annotation of data was performed utilizing Panther 

(http://www.pantherdb.org/, version 14.1, 2018) and MatrisomeDB 

(http://matrisomeproject.mit.edu/, version 2.0, 2016) databases, conversion of unknown IDs were 

performed using DAVID (https://david.ncifcrf.gov/, version 6.8, 2016). Statistical analyses for 

qPCR and iPCR data were performed using GraphPad Prism (version 8.1.2) software. qPCR 

results were subjected to unpaired, two-tailed t tests with α = 0.05 and iPCR data was subjected to 

a two-way ordinary ANOVA with α = 0.05 and multiple t tests where the statistical significance 

was determined by the Holm-Sidak method with α = 0.05; each group (cortex, medulla, etc.) was 

analyzed individually without assuming consistent standard deviations. All bar graphs display 

means with standard errors. Ranges of significance are described in each figure legend and P values 

for comparisons that are not significant are listed in the text. 

Literature search of matrisome proteins 

Literature searches were performed using the National Institutes of Health (NIH) PubMed database 

(ncbi.nlm.nih.gov/pubmed) with the following search terms “((protein name) OR protein ID) AND 

ovary” and “((protein name) OR protein ID) AND ovarian”. Articles were scanned to determine if 

http://www.pantherdb.org/
http://matrisomeproject.mit.edu/
https://david.ncifcrf.gov/
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and how the protein was identified in the ovary and articles that investigated only non-mammalian 

species were omitted from further analysis. The remaining articles were reviewed to identify the 

function of the protein Appendix A. Table 4. For those proteins that had no results that met the 

above criteria, the GeneCards human gene database (genecards.org) was searched for aliases to 

our protein names and IDs and additional searches were performed where necessary. Proteins 

without identified articles that include characterization or potential function of that protein within 

the mammalian ovary have “none” and “unknown” in the corresponding fields. Proteomic analysis 

data on ovarian tissue or cells that were provided as figures or supplemental spreadsheets were 

searched using protein names and protein IDs. 

Results 

Ovarian processing 

We sought to identify and spatially map the matrisome of porcine ovaries. Bisected porcine ovaries 

were processed sagittally and axially into uniform 0.5 mm slices (to 3.5 mm depth) to create 

intersecting planes that together created complete coverage of 1/8th of the organ (Fig. 6a,b). The 

cortical region that contains the primordial follicle pool is within the first 0.5 mm slice (Appendix 

A. Fig. 2). Samples were decellularized prior to LC-MS/MS and iPCR analyses and native samples 

were used for comparative mRNA expression (Fig. 3a). A total of 6,711 peptides were detected 

with an FDR < 0.01, these peptides were identified as belonging to 615 proteins. Following data 

filtration with our three stringency rules, the remaining 440 proteins were analyzed using our SAS-

based bioinformatics pipeline (see Suppl. SAS script). 134 proteins were significantly 

differentially expressed across depths with LS-means. 
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Classification of identified proteins 

Of the 440 proteins identified, 82 are core matrisome (collagens, proteoglycans, ECM 

glycoproteins) and ECM-associated (ECM regulators, secreted factors, and ECM-affiliated 

proteins) proteins (Fig. 7a). Secreted factors, including a calcium binding protein (S100A11) and 

the growth factor pleiotrophin (PTN), were identified in our analysis; however, they failed to pass 

the stringency filters. Of the 82 matrisome proteins 42 were shown to be significantly differentially 

expressed across depths. The core matrisome included 55 and 32 proteins for our total and 

significantly differentially expressed proteins respectively. Our data includes 11 collagens, 7 of 

which were differentially expressed; 36 ECM glycoproteins, 20 of which were differentially 

expressed, and 8 proteoglycans, 5 of which were differentially expressed. The matrisome-

associated proteins included 16 ECM regulators and 11 ECM-associated proteins of which 6 ECM 

regulators and 4 ECM-affiliated proteins were significantly differentially expressed. 

Gene ontology analysis subdivided the proteins into 11 biological process (Fig. 7b), 7 cellular 

component (Fig. 7c), 24 protein class (Fig. 7d) and 8 molecular function (Fig. 7e) categories. The 

proteins represented localization, response to stimulus and reproduction processes (Fig. 7b). 

Specifically, zona pellucida proteins were identified, which are specialized ECM glycoproteins 

that surround the oocyte. Proteins within both the intracellular and extracellular compartments 

were identified including nucleic acid binding proteins, organelle, extracellular matrix, 

extracellular region, and cell junction proteins (Fig. 7c,d). Most proteins that were identified as 

significantly differentially expressed were within the nucleic acid binding protein class (17.2%), 

followed by extracellular matrix proteins (3.4%), cytoskeletal proteins (9.3%), cell junction 

(0.3%), cell adhesion (4.0%),  
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Figure 7. Number of proteins identified within (a) matrisome (b) biological process, (c) cellular 
component, (d) protein class, and (e) molecular function categories. sig, significantly differentially 
expressed. 
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and structural proteins (0.8%, Fig. 7d). 80% of all gene ontology categories contained at least one 

protein that was significantly differentially expressed across depths (Fig. 7b–e). 

Validation of select proteins 

A selection of core ECM proteins were further evaluated and validated. We chose collagens I 

(COL1A2) and IV (COL4A2), Agrin (AGRN), Extracellular Matrix Protein 1 (ECM1), Elastin 

Microfibril Interfacer 1 (EMILIN1), Fibronectin (FN1), Transforming Growth Factor Beta 1 

(TGFB1), Vitronectin (VTN), and Zona Pellucida Glycoprotein 3 (ZP3). LS means data from both 

sagittal and axial slices were combined to determine standard deviations from LS means for each 

protein across depths (0.5 mm – 3.5 mm, Appendix A. Fig. 3). COL1 and EMILIN1 expression 

was consistently lower in 1.0–3.5 mm slices when compared to 0.5 mm expression. COL4A2 was 

consistent across depths. AGRN, FN1, TGFB and ZP3 had a peak in expression around 1.5 mm, 

while VTN had a peak at 2.0 mm. ECM1 had undetectable levels in the 0.5 mm slices and remained 

relatively consistent at 1.0–3.0 mm. 

The results of these selected proteins were validated by comparing the most superficial (0.5 mm, 

cortex) to the deepest slices (3.5 mm, containing deep medulla) using qPCR and iPCR and relating 

these to peptide reads from the proteomic analysis at the same depths (Fig. 8). While all proteins 

chosen for this analysis were significantly differentially expressed across depths (0.5 mm–

3.5 mm), except for COL4A2, a comparison of the 0.5 mm to 3.5 mm samples did not always 

produce significant differences. AGRN  
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Figure 8. Comparison of protein or gene expression between most superficial and deepest slice. 

A selection of matrisome proteins were evaluated within 0.5 mm and 3.5 mm slices using (a) qPCR 

(n = 4–6 per slice), (b) iPCR (n = 4), and (c) peptide reads (n = 8 per slice, 4 ovaries with 2 technical 

replicates each). Bars represented as mean, SEM; *P < 0.05; **P < 0.005; ***P < 0.0005; 

****P < 0.0001; ND, not detected. 

 

(p = 0.083), and ZP3 (p = 0.110) were trending towards greater peptide reads in 0.5 mm samples 

compared to 3.5 mm, while COL1A2 and EMILIN1 were significantly more highly expressed in 

the 0.5 mm samples (Fig. 8c). ECM1 (p = 0.005) and VTN (p = 0.140) were more highly expressed 

in 3.5 mm samples, and COL4A2 (p = 0.228), FN1 (p = 0.216) and TGFB1 (p = 0.368) were not 

significantly differentially expressed by our analysis (Fig. 68). Transcriptional and iPCR analyses 

that matched the statistical significance of the peptide reads were considered similar to the 

proteomics data. From the pool of selected proteins, 6/9 proteins, COL1A2, COL4A2, EMILIN1, 

AGRN, VTN, and ZP3, had similar gene expression (Fig. 6a) and iPCR profiles (Fig. 8b) to the 

proteomics results (Fig. 8c). One protein, FN1 was expressed significantly more in the 0.5 mm 

slices by qPCR and iPCR, but this difference did not reach significance when comparing the 

peptide reads from these slices. Additionally, 2/9 proteins, TGFB1 and ECM1, did not match with 

expected trends based on our peptide reads. ECM1 had significantly higher protein abundance and 

higher gene expression at 0.5 mm and 3.5 mm counter to the expected trend based on the peptide 

reads. 
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Figure 9. Relative protein reads of matrisome proteins. Proteins within matrisome categories, (a) 
collagens, (b) ECM glycoproteins, (c) ECM regulators, (d) ECM-affiliated proteins, (e) 
proteoglycans are represented as relative reads to the average reads at 0.5 mm. 

 

 

Spatial composition of ovarian matrisome 

Proteins were grouped into their matrisome protein categories and examined across depths in the 

two anatomical directions (Fig. 9). In our data, there was greater expression of ECM-affiliated 

proteins (Fig. 9d) and proteoglycans (Fig. 9e) in the cortex (0.5 mm) than the majority-medulla 

slices (1.0 mm–3.5 mm). Some proteins, such as COL1A2, EMILIN1 and SDC2 had consistently 

less protein reads across 1.0–3.5 mm depths in comparison to 0.5 mm (cortex slice) in both sagittal 

and axial processing methods. Other proteins, such as COL5A1, ECM1 and LAMC1 had 

consistently more protein reads in the majority medulla (1.0–3.5 mm) samples than the cortex 

(0.5 mm). Still other proteins were more heterogeneous or did not produce consistent trends in 

expression across ovarian depths or between sagittal and axial processing. 

Localization of Protein candidates 

We identified the protein distribution of nine proteins across ovarian compartments and within 

ovarian cells with IHC. Qualitative examination of these proteins as an overview across 

compartments (Fig. 10a) and within small (Fig. 10b) and growing follicles (Fig. 10c), revealed that 

COL1, AGRN, FN1, TGFB and VTN are abundantly expressed in the ovarian surface epithelium 

(OSE). Most proteins were localized to at least some stromal cells; ZP3 did not. ECM1 and FN1 

appeared more abundant in medullary over cortical  
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Figure 10. IHC analysis of selected proteins in (a) an overview across compartments, (b) small 
follicles, and (c) growing follicles. Scale bar, 100 µm. 

 

stromal cells. COL4A2 was localized to granulosa cells of small and growing follicles and antral 

follicle oocytes. EMILIN1, FN1, TGFB and VTN were also localized to granulosa cells of small 

and growing follicles. AGRN was expressed in all cell types including oocytes and granulosa cells, 

while ECM1 expression was localized to the outer perimeter of oocytes. FN1 was localized to the 

outer perimeter of small oocytes. ZP3 was expressed in the oocyte and was more highly localized 

to the transzonal projections in large growing follicles. 

Protein expression across compartments 

We used an additional processing technique, method 2, to examine protein expression differences 

across the defined ovarian compartments. We removed the first 1 mm of tissue using a Stadie-

Riggs slicer, and then trimmed 1 mm of tissue from the edge of the remaining tissue. From the 

remaining tissue, we obtained two slices in the sagittal orientation, which we refer to as 

intermediate (medulla 1) and deep medulla (medulla 2, Fig. 11a). This produces a lower resolution 

(1 mm and fewer slices) in comparison to processing method 1 but removes the cortical region 

from the medullary slices (represented as 1.0 mm–3.5 mm in method 1). 

We chose four proteins to investigate, COL1, AGRN, EMILIN1, and VTN (Fig. 11b) by iPCR. 

All proteins had similar expression patterns to the previous methods with COL1,  
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Figure 11. Schematic of (a) processing the porcine ovary by removing ~ 1 mm from the ovarian 

surface followed by a tissue slicer, prior to decellularization then iPCR analysis. (b) COL1, 

AGRN, EMILIN1 and VTN protein expression in cortex region and slices of medullary tissue 

(n = 4 per slice). Bars represented as mean, SEM; *P < 0.05; **P < 0.005; ***P < 0.0005; 

****P < 0.0001. iPCR, immuno PCR; ND, not detected. 
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AGRN and EMILIN1 having higher abundance in the cortex compared to the medulla and VTN 

had higher abundance at the medullary slices compared to the cortex. This indicates that the small 

amount of cortex present in medullary slices used in our proteomic analysis does not greatly alter 

the protein composition signature of the compartment. 

Visualization of COL1A2 and EMILIN1 expression across intersecting planes 

To visually represent the relative expression of COL1A2 and EMILIN1 spatially across the ovarian 

area analyzed, we normalized the peptide reads for each protein to its universal mean (Fig. 12a,c). 

This was then represented visually as axial slices superimposed over each sagittal slice from 0.5–

3.5 mm (Fig. 12b,d). Because the samples analyzed only represent half of the ovary in each 

direction, the axial slices covered half of each sagittal slice. There were patterns of increased 

expression in the cortical regions of both protein maps represented by the 0.5 mm sagittal column 

and 0.5 mm axial row. This was more confined to the 0.5 mm depth in both directions in COL1A2 

in comparison to EMILIN1, which had an increase in expression to the 1.5 mm depth in the sagittal 

direction. 

  



93 
 

 

Figure 12. Heatmaps of (a,b) COL1A2 and (c,d) EMILIN1 expression at sagittal and axial 

intersections (a,c) relative to universal mean of peptide reads. (b,d) Schematic representation of 

expression at axial depth slices (top to bottom) visualized on each sagittal slice (left to right). 
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Discussion 

This work describes a pipeline for mapping matrisome proteins across an ovary and could be 

utilized in other organs to identify spatial or compartmental differences in matrisome 

protein content. With this analysis, the quantity of proteins can be represented at a resolution of 

0.5 mm × 0.5 mm × ovary width with full coverage of 1/8th of the ovary. The processing techniques 

utilized previously described decellularization methods that had removed significant cellular 

contents while maintaining the integrity of the scaffold as detected by scanning electron 

microscopy (41). This method enriches matrisome proteins and reveals their relative spatial 

quantities (249). While the decellularization and stringent criteria used for our analyses are meant 

to reveal robust matrisome proteins within the ovary, these techniques may omit important 

proteins. Additionally, modifications that would reveal the activity status of a protein are also not 

revealed in bottom-up proteomics analyses. However, these data have provided novel insights into 

matrisome quantity and compartmentalization and experiments that reveal the roles of matrisome 

proteins in controlling folliculogenesis were selected from this analysis and are ongoing. 

While pigs are poly-ovulatory mammals, and humans are mono-ovulatory, there were several 

reasons for choosing porcine ovaries for this study. Unfortunately, there are no perfect models for 

human ovaries; some monkeys have premeiotic germ cells after birth and monkey ovaries are 

smaller than human ovaries and would not result in the same resolution that we achieve with our 

0.5 mm slicer of a larger ovary (250-252). The follicular waves are more similar in porcine ovaries 

to humans than other mono-ovulatory species like cows or sheep, which have short follicular, 

versus luteal phases and more intra-ovulatory waves than humans (250). These may be important 

distinctions as we interrogate the effects of these matrisome proteins on folliculogenesis. There 

may be universal and intra-compartmental differences in matrisome quantity and composition as 
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the ovary grows in size and develops from prepubertal ovaries that contain primordial follicles 

exclusively to post pubertal ovulating ovaries. The ovaries that were analyzed were from 

peripubertal animals, where they are not reproductively mature and are not cycling, but there were 

follicles present at each stage within the tissue (Appendix A. Fig. 2). The primordial follicle 

compartment was also within the first slice of 0.5 mm and was important for this analysis. Finally, 

there is significant precedent for using porcine materials in human regenerative medicine (182, 

253-255), which is an important consideration for our planned downstream applications of 

utilizing this information to create informed biomaterial inks for an engineered ovarian transplant. 

Ovary processing method 1, where the organ is sliced in a uniform manner, resulted in the 1.0–

3.5 mm slices containing some cortical tissue (at 0–0.5 mm from the edge). Because the differences 

in the cortical versus the medullary compartment may be essential in identifying proteins that 

influence quiescence versus activation and growth of ovarian follicles, we chose to test an 

additional processing method. This method would produce a map at a lower resolution but removes 

the cortical tissue from the analysis of medullary slices. We found that COL1, AGRN, EMILIN1 

and VTN protein expression was consistent with the comparison of the 0.5 mm to 3.5 mm slices 

from the previous method, indicating that the cortical tissue did not significantly contribute to the 

analysis of the mostly-medulla slices. Additionally, some differences were detected between the 

intermediate (medulla 1) and deep medulla (medulla 2), indicating that the heterogeneous 

expression of proteins within the medulla, demonstrated by the sagittal and axial heatmaps, is 

preserved during this processing method, and is not solely attributed to the addition of cortical 

tissue in these slices. 

There have been previous reports examining the ovarian proteome with one focusing on the 

ovarian matrisome (163, 241). However, this study focused solely on the human ovarian cortex 
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and did not examine the composition of the medulla. Our study and the previous study performed 

on cortical tissue from human ovaries, both found a similar number of matrisome proteins (82 

versus 85, respectively) and they were dispersed among the same matrisome sub-categories (163). 

The previous study found four secreted factors, including S100 proteins; however, these proteins 

were not detected or were removed here for failure to meet the stringent analytical criteria. This 

exclusion may be due to the reduction in peptide reads due to the decellularization treatment of 

our ovarian slices prior to proteomic analysis. The proteomic analysis described here identified 

matrisome proteins that were previously not identified in mammalian ovaries or have only been 

identified in transcript screens including collagen subunits (COL5A1, COL5A2, COL6A5), ECM 

glycoproteins (AEBP1, AGRN, DPT, EMILIN3), ECM-affiliated proteins (ANXA7, GPC1, 

SDC2) and a proteoglycan (BGN) (Appendix A. Table 4). Additionally, this study aimed to 

identify differences in matrisome protein abundance between ovarian compartments and was able 

to spatially map these across depths of the ovary. 

The spatial analysis performed here revealed proteins that may control folliculogenesis. The largest 

number of matrisome proteins that were identified and were significantly differentially expressed 

across depths were glycoproteins, a class of matrisome proteins that can facilitate the translation 

of the extracellular environment into signal transduction cues (119). Our dataset revealed two 

glycoproteins, AGRN and EMILIN1, which have not been functionally described in the normal 

ovary but have been shown to be involved in important pathways that translate extracellular or 

mechanical signals into cellular responses via Hippo and PI3K-AKT associated pathways in other 

organs (177, 256). Both of these proteins were significantly differentially expressed across depths 

and compartments in the ovary. However, EMILIN1 expression decreased deeper into the ovary, 

while AGRN (FN1 and TGFB) had peaks in protein reads at 1.5 mm depths (Appendix A. Fig. 
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3c,g). This peak may correspond to an area with more growing follicles, as each of the proteins 

were localized to follicles by IHC and this pattern matches with that of ZP3 (257) (Appendix A. 

Fig. 3i). Localization of the protein to follicular cells versus stromal cells will be important to 

identifying structural support proteins that may be used for creating biomaterial scaffolds for 

isolated follicles. FN1 expression appears greater in the cortical slices, by qPCR and iPCR of 0.5 

versus 3.5 mm slices (though not significantly different by peptide reads for these slices). 

However, FN1 may be more useful as a structural protein for creating the medulla, as it is localized 

by IHC to stroma around growing follicles (41, 258). 

In addition to biochemical signals and structural support, matrisome proteins also provide physical 

cues. Compression of primordial follicles is required for them to remain quiescent in murine 

ovaries (158). Digestion of the ovary with collagenase IV and trypsin released the primordial 

follicles from the ECM-associated stress as indicated by loosening of actin stress fibers and a 

progression in granulosa cell morphology from squamous to cuboidal. Growing these enzyme-

treated ovaries in a pressure chamber reversed this phenotype and the primordial follicles were 

maintained in the cortex of the ovary (158). Future studies linking how the matrisome composition 

directly relates to the physical forces on the follicles and the resulting follicle behavior will reveal 

essential protein composition, ratios, and localization in relation to quiescent versus growing 

follicles. The technique described here looks to provides a unique toolset to identify matrisome 

proteins that are differentially expressed depending on compartment and spatial location. This 

pipeline will play a key role in identifying essential proteins that influence folliculogenesis to 

better inform biomedical engineering approaches to tissue regeneration. 
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Chapter 3 

The matrisome contributes to the increased rigidity of the bovine ovarian cortex and 
provides a source of new bioengineering tools to investigate ovarian biology  
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Introduction  

The ovary is compartmentalized into two regions, the cortex, and the medulla. The outermost of 

these is the cortex containing the quiescent primordial follicles which make up the ovarian reserve 

while the innermost compartment, the medulla, contains most growing follicles. The ovarian 

extracellular matrix (ECM) can affect hormone availability and responsiveness by sequestering, 

trafficking, or presenting factors including androgens and estrogens via sequestration of sex 

hormone binding globulin (83, 130). Significant work has shown a role for the mechanical control 

of follicle activation and folliculogenesis using in situ primordial follicles or isolated growing 

follicles. These experiments revealed that primary follicles, found within the cortical region of the 

ovary, grow better when encapsulated in higher percentages of alginate while larger follicles, 

generally found in the medullary region, grow better in lower percentages (45, 151, 153, 154, 233, 

266). In fact, culturing a secondary follicle in a high percentage alginate results in transcriptional 

changes and increased androstenedione production (150). Additionally, exogenous physical 

pressure has been shown to maintain quiescence in primordial follicles that are released from their 

immediate environment, while disruption of the surrounding tissue induces increased primordial 

follicle activation via dysregulation of the HIPPO pathway (150, 158-160, 182).  The composition 

and distribution of matrisome proteins were recently mapped across the porcine ovary. Forty-two 

matrisome proteins were significantly differentially expressed across the cortical and medullary 

compartments, revealing some proteins that may play critical roles in regulating primordial follicle 

activation and growth (43). Here we sought to further understand the physical properties of a 

mammalian ovary that contains distinct ovarian compartments and identify how the matrisome 

may contribute to the properties within these compartments. Furthermore, we created matrisome-



100 
 

based biomaterials and developed additional tools for in vitro investigations to explore the 

contribution of matrisome proteins, EMILIN1 and AGRN, found to be differentially distributed 

across ovarian compartments. This data and future functional assays will inform an improved 

bioprosthetic ovary.  

 

Two candidate proteins: AGRN and EMILIN1 

The matrisome provides biochemical alongside structural support. Matrisome proteins can create 

concentration gradients of growth factors and hormones and provide biochemical cues that are 

interpreted by cell surface receptors (115-121). To find potential signaling cues we used unbiased 

proteomics screens to map the ovarian matrisome (See Chapter 2). By comparing both expression 

patterns, found using LS-means analysis with the expression of known proteins that were 

associated with the ovarian cortex (COL1) or follicle activation (ZP3), and immunofluorescence 

data to localize proteins around primordial or primary follicles we were able to identify candidate 

proteins for modulating primordial follicle activation. Two candidates were identified that fit these 

criteria: Elastin microfibrillar interface protein 1 (EMILIN1), a matrisome glycoprotein, and Agrin 

(AGRN), a matrisome proteoglycan (43). 

Elastin microfibril interface-located protein 1 (EMILIN1), is a glycoprotein which associates with 

elastic fibers at the interface between elastin and microfibrils and may play a role in the 

development of elastic tissues including large blood vessels, dermis, heart, and lung. Beyond 

providing elastogenesis and mechanical properties, these  
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Figure 13. EMILIN1 may inhibit follicle activation by disrupting TGFB signaling. (A) LS-

Means showing high concentration of EMILIN1 located with primordial follicles (green) 

decreasing towards depth with activated/growing follicles (blue) coinciding with an 

increase in TGFB and ZP3. (B) EMILIN1 inhibits proTGFB processing, inhibiting TGFB 

signaling through SMADs. This inhibition provides dose-dependent SMAD signaling that 

drives follicle activation/quiescence. 
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molecules are linked to a myriad of molecular signaling pathways (162). Previous proteomics data 

in humans and pigs have identified EMILIN1 in the ovary (43, 163). Using matrisome maps based 

on our proteomics work in pigs we found that EMILIN1 is most highly expressed in the cortex 

(Figure 13) (43). The level of EMILIN1 decreases through to the deep medulla, but ZP3 (a marker 

of activated follicles) is more abundant at 1.5mm which is the depth at which activated/growing 

follicles reside. A study by Ouni, et al done in human ovaries showed that EMILIN1 was localized 

to primordial follicles in both pre- and post-pubertal samples with higher EMILIN1 being found 

around primordial follicles as compared to either primary or secondary staged follicles (164). 

EMILIN1 has been shown to interact with TGFβ-mediate signaling, primarily in cardiac and other 

organ systems (165-167). The TGFβ pathway itself is ubiquitously expressed and the super family 

of TGFβ associated proteins includes multiple growth factors (168). in the ovarian context multiple 

studies have implicated TGFβ-mediated signaling as being involved in other ovarian processes 

including early ovarian development, homeostasis, and follicle development (168). Specifically, 

to primordial follicle activation TGFβ signaling, and factors have been shown to act via PI3K and 

BMP-associated pathways though the exact mechanism of follicle activation continues to be 

elusive even with significant active research and evidence pointing at an element that interacts 

with the PI3K/AKT/mTOR axis of pathways (169-171). However, a more recent study examining 

the activation of primordial follicles and induction of primordial granulosa cells from squamous 

to cuboidal proposed a TGFβ-mediated signal maintaining nuclear localization of SMAD2/3 

maintaining follicle quiescence in murine ovaries (101). In this study they found that an unknown 

maintenance signal maintains SMAD2/3 signaling in the granulose cell, which inhibits granulosa 

cell proliferation. An unknown activation signal would then drive nuclear export of SMAD2/3 

leading to increased granulosa cell proliferation and cuboidilization resulting in the activation of 
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primordial follicles (101). This was further supported in work where SMAD3 was found directly 

regulate cell cycle genes that maintain arrest of granulosa cells around primordial follicles. 

SMAD3 was found to drive the expression of the downstream genes Myc and CCND2. In this 

paper they proposed a TGFβR mediated model of follicle activation where increases in TGFβR 

drive repression of SMAD3 via SMAD7 activity and activation of mTOR signaling machinery 

that results in promoting growth and proliferation of granulosa cells (172).  EMILIN1 has been 

shown to negatively regulate TGFβ by blocking conversion of pro-TGFβ to TGFβ (Figure 13) 

inhibiting TGFβ signaling and resulting in altered SMAD2/3 localization in a dose, and stage-

dependent manner (173-176). However, despite these promising results the maintenance signal 

being proposed that would maintain this system remains elusive and evidence points towards 

EMILIN1 being an important component of this system. This hypothesis is also supported in 

proteomics which indicates TGFB is less abundant in the cortex and more abundant at 1.5mm in 

tandem with reduced EMILIN1 expression. Because of this we predict that EMILIN1 is an 

extracellular mediator that interacts with TGFβ to maintain primordial follicle quiescence.  

Agrin (AGRN) is a large extracellular heparan sulfate proteoglycan, which is known to interact 

with α -Dystroglycan (Dag1) which connects ECM components such as AGRN to the cytoskeleton 

and drives cellular responses via the dystrophin–glycoprotein complex (DGC) (81). Multiple 

researchers have found that AGRN interacts with YAP/TAZ, key effectors of the HIPPO pathway, 

activity in other tissues, with blocking antibodies showing reduced YAP/TAZ nuclear localization 

and decreased proliferation as a result (177). In the ovary, according to proteomics performed in a 

porcine model AGRN is present in the cortex but is more abundant at 1.5mm coinciding with 

increases in the population of activated follicles (Figure 14). It has also been shown that increased 
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nuclear localization of YAP occurs in granulosa cells coincides with increases in follicle activation 

(178-182).  

The Hippo signaling pathway is an important intracellular signaling known primarily for its role 

in conserving optimal organ size and modulating cell proliferation (182-184). The HIPPO 

signaling system itself is built around a complex kinase cascade that is mechanoresponsive with 

mediators of the pathway phosphorylating and inactivating the yes-associated protein (YAP) and 

transcriptional coactivator with PDZ-binding motif (TAZ) by nuclear export (182, 185). 

Additional coactivators have been described in a murine model with both Rho GTPase and Rho-

associated protein kinase (ROCK) having been shown to regulate YAP/TAZ. These two proteins 

respond to changes in the external environment, such as changes in contractility or rigidity with 

research showing that the Hippo signaling pathway is regulated mainly by a network of upstream 

components involved in regulating cell adhesion, shape, and polarity (186, 187).  When HIPPO 

signaling is disrupted you see a decrease in YAP phosphorylation followed by increases in nuclear 

levels of YAP. In conjunction with increased nuclear localization of YAP/TAZ we see interactions 

with Transcription factors containing the TEA/ATTS DNA binding domain (TEAD)) 

transcriptional factors, nuclear YAP thus induces several CCN growth factors and baculoviral 

inhibitors of apoptosis repeat containing (BIRC) apoptosis inhibitors. These proteins, in turn, 

stimulate cell growth, survival, and proliferation (182). The HIPPO pathway is also modified via 

changes in actin polymerization. Actin is a  
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Figure 14. AGRN drives primordial follicle activation. (A) LS-Means distribution of 

AGRN and ZP3 showing highest concentration at depth associated with 

activated/growing follicles. (B) AGRN signaling via DAG1 inhibits the phosphorylation of 

YAP by the HIPPO pathway, leading to nuclear import of YAP expression of genes. 
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multifunctional protein that forms microfilaments modulating multiple important cellular 

processes. Rapid changes in the polymerization of globular actin (G-actin) to the filamentous form 

(F-actin) help to mediate cell adhesion and shape. Polymerization changes and F-actin formation 

has been shown to disrupt Hippo signaling leading to nuclear YAP accumulation (186, 187).  When 

looking specifically at HIPPO in the ovaries research in both murine and human ovaries has shown 

that key genetic components of the HIPPO pathway are expressed in a follicle stage-dependent 

fashion (YAP, TAZ, MST1/2, SAV1, and LATS1/2) (180, 182). Additional studies have shown 

that the fragmentation of ovaries induces transient increases in the polymerization of G-act to F-

actin, decreasing phosphorylated YAP levels, increases in nuclear localization, and the 

upregulation of downstream CCN growth factors and BIRC proteins alongside increased rates of 

primordial follicle activation (180, 182). 

When examining folliculogenesis and HIPPO pathway signaling specifically research shows that 

the treatment of murine ovaries with Jasplakinolide, an actin polymerization-promoting cyclic 

peptide, or sphingosine-1-phosphate, a follicular fluid constituent known to promote actin 

polymerization, increased the ratio of F-actin to G-actin, this resulted in increased nuclear 

localization of YAP and expression of downstream CCN growth factor leading to follicle growth 

(186,187). The same research group also demonstrated the important role of YAP in ovarian 

fragmentation-induced follicle growth by using verteporfin (180), a small molecule inhibitor that 

reduces interactions between YAP and TEAD transcriptional factors (188). In human ovaries, the 

amount of CCN growth factors were also increased in ovarian cortex pieces that were processed 

into small cubes after being thawed (180), which indicates an essential role of CCN growth factors 

in ovarian follicle growth alongside the mechanoresponsive nature of the HIPPO pathway. 

Looking specifically at the candidate protein AGRN, which binds to DAG1 to mediate HIPPO 
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signaling via increased Yap localization to the nucleus in hepatocarcinoma cells (189-192). 

Therefore, we predicted that AGRN is a mediator of the HIPPO pathway signaling in the ovary 

which drives granulosa cell proliferation and follicle activation.  

We hypothesize that biochemical cues from matrisome proteins, EMILIN1 and AGRN, regulate 

primordial follicle activation and disruption of these pathways will result in increased activation 

or quiescence, respectively. 

 

Materials and Methods  

Obtaining and Processing Bovine Ovaries  

Bovine ovaries were purchased from Applied Reproductive Technology, LLC (ART, Wisconsin). 

Cows were post pubertal, but exact age ranges for the cattle at time of sacrifice and ovary retrieval 

was not available. After retrieval, ART washes the ovaries with 2% chlorohexidine gluconate 

diluted with distilled water followed by a series of washes with distilled water. Ovaries were then 

shipped chilled overnight in phosphate buffered saline (PBS) with penicillin, streptomycin and 

gentamicin. Bovine ovaries without clear hemorrhagic cysts or other abnormal distortions were 

used for our experiments. For production of hydrogels, any large corpus lutea were removed prior 

to decellularization.     

Bovine ovaries were placed in L-15 containing 1x antibiotic-antimycotic (Caisson, ABL02-

100ML) solution prior to processing. Initial processing of tissue involved removing excess 

mesovarium and bisecting through the hilum. Tissue was further processed using a custom-made 

tissue slicer that produces slices that are 1 mm thick (Northwestern Simulation Lab). Tissue was 

sliced on the cut side after bisecting to allow atomic force microscopy (AFM) sampling from both 
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cortex (first 0.5 mm) and medullary regions (>0.5 mm). Tissue slices were then placed in DMEM 

containing 1x antibiotic-antimycotic overnight at 4°C.  

 

Atomic Force Microscopy for Mapping Ovarian Rigidity  

AFM was carried out using a Bruker Hysitron BioSoft Indenter with a 100 µM radius probe. 

Bruker Bioscan (v1.0.0.1) software was used for data acquisition and Origin 2018 software was 

used for data analysis and force curve fitting to a Hertzian model as recommended by core facility. 

Prior to AFM testing, 1 mm thick slices of ovarian tissue were rinsed with PBS (Thermo, 

10010023), then adhered to 35 mm petri dishes using PELCO Pro CA44 Instant Tissue Adhesive 

(Pelco, 10033). Samples were then submerged in PBS to prevent drying. The AFM probe was 

calibrated in PBS to remove background noise from the liquid interface. This probe was manually 

brought to the surface of the bovine ovary slice. Once the surface was reached, the probe was 

manually retracted from the surface prior to data acquisition. Data acquisition was performed using 

a three-step protocol (approach, hold, retraction) with the following settings: approach/retraction 

rate of 5.00 µM/s with a target value of 150 µm, and a 5 second hold.  

 

Decellularization  

Decellularization was carried out using 0.1 % sodium dodecyl sulfate (SDS, Sigma, 75746) in PBS 

(Thermo, 10010023) as used previously (43). Slices of tissue and isolated medulla were placed on 

a nutator at 4 °C and SDS solution was changed every 24 hours for 48 - 72 hours for slices or 2 - 

3 weeks for larger medulla pieces prior to use in ink manufacturing.   

 

Ovarian Hydrogel Manufacturing  
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Decellularized ovarian tissues were lyophilized using a Freezone 6 Plus System. After 

lyophilization, tissue was milled until it fit through a 60-mesh screen. Residual SDS and lipids, 

which would interfere with gelation, were subsequently removed using three 100% ethanol washes 

and the washed milled tissue was subsequently lyophilized again using the Freezone 6 Plus 

System. Pepsin digestion is then performed on the tissue, 20 mL of a 1 mg/ml pepsin (Sigma 

P7012) digest solution in 0.1 M HCl. The pH of the solution was verified to be ~1-2 (the ideal 

range for pepsin activity) and then 25 mg/mL of tissue was added and placed on a magnetic stir 

plate for 72 - 96 hours at room temperature. After digestion, the solution was neutralized using 

NaOH. The gel was then placed at 37°C for 1 hour prior to use to promote gelation in either 3D 

printing or as a cast gel.  

 

3D Printing  

The 3D printed scaffold design was used previously by Laronda, et al (9). The design is a 15 mm 

x 15 mm square that includes a solid bottom, with each subsequent layer printed at a 60⁰ advancing 

angle and struts were spaced 1 mm apart. Five layers were printed using this design for use with 

AFM-based analysis. FRESH printing was performed as described previously.36 Cortex and 

medulla-derived dECM inks were mixed 1:1 with 35 mg/mL COL1 Lifeink 200 (Advanced 

Biomatrix, 5278) to assist with printability (COL1 control data included in appendices). Hydrogel 

was loaded into low temperature cartridges for use with an Envisiontec 3D-Bioblotter 

manufacturing model. After mixing and loading into cartridges they were incubated in the print 

head to obtain a uniform temperature of 8 ⁰C, then printed using 32-gauge needles (Nordson, 

7018462).  
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Atomic Force Microscopy for Engineered Materials  

AFM was carried out on engineered materials using a Piuma Nanoindenter with accompanying 

software (V3.2.0).  Prior to AFM runs, printed scaffolds were rinsed with PBS then adhered to 35 

mm petri dishes using PELCO Pro CA44 Instant Tissue Adhesive (Pelco, 10033). Subsequently, 

samples were submerged in PBS to prevent scaffolds from drying out. For cast gels, a small volume 

of gel was added to a transwell insert (Millipore, PICM01250). Cast gels were then spun in a 

centrifuge for 5 minutes at 2,000 g to remove bubbles. After centrifugation a small volume of PBS 

was added to the top of the gels to assist with AFM measurements. Analyses for all materials was 

carried out using a probe manufactured by Optics 11 with the following properties: a rigidity of 

0.033 N/m rigidity, and a tip radius of 29 µM. The AFM probe was calibrated in PBS to remove 

background noise from the liquid interface and was calibrated against a plastic dish as per Piuma 

calibration requirements. Piuma software was used to find the surface of materials and then to 

acquire data. Data acquisition was carried out using a three-step protocol (approach, hold, 

retraction) with the following settings: An approach/retraction rate of 5.00 µM/s with a target value 

of 150 µm, and a hold time of 5 seconds.  

  

Quantitative iPCR  

Protein was extracted from bovine ovary slices that were decellularized (as described above). 

Tissue was placed in a protein extraction buffer made of 1% SDS, 50 mM ammonium bicarbonate, 

50 mM NaCl, and 10 µL/mL Halt Protease Inhibitors (Cell Signaling Technology, 5872S). Tissue 

was placed in reinforced 2 mL tubes (Omni International, 19–648) with 2.8 mm polycarbonate 

beads (Omni International, 19–646). Tissue was homogenized with an Omni BeadRuptor12 at 4 

°C (Omni International, 19-050 A) using the following settings: 6 cycles at speed 6.0, 45 second 
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homogenization and a 75 second delay between cycles. Homogenates were subsequently sonicated 

on ice 3 times at 75% amplification for 1 minute. Samples were then centrifuged at 10,000 rpm 

for 15 minutes. A 1 mL aliquot was taken from the samples and samples were treated with an SDS-

Out kit (Thermo Scientific, 20308). Protein concentration was measured using a BCA assay 

(Fisher Scientific, PI23227). Samples were normalized to a concentration of 1,000 ng/µL using 

protein lysate buffer from the Taqman Open Kit (Thermo Fisher, 4453745).  

Antibodies were biotinylated using EZ-Link Sulfo-NHS-LC-Biotin, No-Weight format kit 

(ThermoFisher, 21327). Antibody information is listed in Appendix Table 1. Excess biotin was 

removed using two cycles of filtration with Zeba Micro Spin Desalting columns, 40k (Fisher 

Scientific, PI87765). Probes were then tested for suitability using the method described in the 

Taqman Protein Assays Probe Development Protocol (Thermo Fisher, 4448549). To compare 

protein quantity between the medulla and cortex a standard method described in the Taqman 

Protein Assays Sample Prep and Assay (Thermo Fisher, 4453745) was used. A four-point dilution 

series was created with 2000 ng of total protein then serially diluted 1:10. A qPCR machine 

(Applied Biosystems, QuantStudio 3) was used for running the assay. To quantify the amount of 

protein of interest present a standard curve was created with proteins of known concentrations in 

a dilution series (see Appendix Table 1). Because some samples had undetectable levels of protein, 

dose curve data are presented as change in CT over no template controls (see Appendix Figure 1). 

Two-way ANOVA and multiple t-test analyses were used to determine significance, GraphPad 

PRISM version 9 was used to interpolate concentrations based on the standard curves.  

 

Targeted Depletion of Matrisome Proteins  
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Targeted depletion of gels was carried out using antibodies for the protein of interest and a seven-

step magnetic assisted depletion process. Antibodies used for targeted depletion were prepared 

using goat anti-rabbit magnetic beads (NEB, S1432S) following the manufacturer’s protocol. 

Tagged antibody was added to decellularized extracellular matrix (dECM) homogenate following 

manufacturers recommended concentration in a 1.5 mL Eppendorf tube. After incubation with the 

antibody a strong magnet was applied and the dECM was transferred to the next tube for further 

depletion. This process was repeated 7 times to maximize reduction. 

  

Human Mesenchymal Stem Cell (hMSC) Culture 

hMSC was carried out using StemPro BM Mesenchymal Stem Cells (Thermo, A15652). Cells 

were seeded at a density of 5,000-6,000 per cm2 on 6-well plates coated with CTS CELLstar 

substrate (Thermo, A1014201) for expansion prior to culture on engineered materials per 

manufacturer’s instructions. Cells were cultured using Cts StemPro MSC SFM (Thermo, 

A1033201) and were fed every 3 days. Once cells had reached 50-60% confluency cells were 

collected using Trypsin 0.25% in HBSS (Caisson, TRL01-100ML) following manufacturer’s 

instructions prior to plating in 48 well plates that had been coated with engineered materials. The 

48 well plates were coated using a thin layer of one of three different materials: LifeINK200 a high 

concentration (35mg/mL) COL1 material (Adv. Biomatrix, 5278-5ML), cortex derived dECM (25 

mg/mL), EMILIN-1 depleted cortex derived ECM. The substrate was sterilized using UV radiation 

for 1 hour prior to plating with hMSCs. The hMSCs were seeded at 15,000 cells per well and 

cultured using CTS StemPro MSC. Additional wells were done containing cells on EMILIN-1 

depleted Cortex dECM and COL1 were given media supplemented with Recombinant Human 

EMILIN1 Protein (Abnova, H00011117P01) at a concentration of 0.01ug/mL. Cells were cultured 
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for 7 days on these substrates and fed every 3 days, cells were collected for either RNA Analysis 

using RNA Lysis buffer or were taken for Live/Dead staining on days 1, 2 and 7. 

 

Live/Dead staining and Analysis 

Live/Dead staining was carried out using an Ethidium homodimer and calcein method established 

in the lab.  A staining buffer was made with a concentration 1% BSA (Sigma, A941850G), 1X 

sodium bicarbonate (Sigma, S8761-100ML), and 1XHBSS (Fisher, MT21023CM). This was 

refrigerated until ice cold then the following was added per 1 ml of staining buffer used 5μl of 1 

mg/ml Hoechst (Sigma B2261), 0.5μl of 2 mM EthD-1 (Sigma E1903), and 1.25μl calcein AM 

(Sigma C1359). Cells being stained had 200μl of staining buffer added and were placed on an 

orbital shaker in 4 °C for 20 min. Tissues were then rinsed twice using ice cold HBSS and washed 

on orbital shaker in  4 °C for 10 minutes per wash. Cells were imaged while in cold HBSS 

(Keyence, BZ-X700), and analyzed using BZ-X Analyzer (Keyence). Imaging was carried out 

across 16 wells per experiment. Live/Dead analysis for these images was carried out in Fiji using 

the following method: 1) images had channels split and converted to 8bit for analysis, 2) images 

were segmented by first establishing a threshold to eliminate background and then processed using 

the watershed function in Fiji, 3) positive signal was counted using Analyze Particles function in 

Fiji giving a raw count of positive signal in that channel. Hoechst, Calcein, and Ethidium stains 

were then compared to get proliferation and live/dead data over time in culture. Statistical analysis 

of live/dead and proliferation was carried out in Prism. 

 

Gene expression analysis using real-time semi-quantitative PCR (qPCR) 
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hMSCs were batch collected using 150 µl of RNA Lysis buffer that was used to collect from all 

wells seeded for that day’s collection. Collected cells were subsequently flash frozen in liquid 

nitrogen and stored at −80 °C prior to RNA Extraction. RNA extraction was done using Zymo 

micro-prep kit (Zymo, D7005). RNA preps were cleaned and concentrated using RNA-Clean up 

kit (Denville Scientific, Z5214). Total RNA (0.5 µg) was reverse transcribed into cDNA using 

Superscript IV VILO kit (Life Technologies, 11756050). qPCR was carried out using a QS3 using 

standard SYBR reagent templates from manufacturer using 25ng of cDNA material per well. 

Primer information is listed in Appendix A. Table 2. 

 

Results 

AFM measurements revealed a rigidity gradient in the bovine ovary that can be 

recapitulated in engineered materials.  

 

There is a rigidity gradient across in bovine ovarian compartments.  

The rigidity of the bovine ovary was measured using AFM nanoindentation. Young’s moduli of 

bovine ovary slices were measured at points spaced in 1.0 mm increments from the ovarian surface 

epithelium inward, where 0.5 mm from the ovarian surface epithelium edge at the mesosalpinx 

plane was considered the cortical region and 1.5 – 3.5 mm points inward along the central pole 

were considered the medullary region (Figure 15A). A tissue thickness of 1 mm was chosen to 

eliminate possible contributions from the 35 mm dish to rigidity measurements being taken by the 

AFM. Further, a probe size of 100 µm was used to better detect the overall rigidity of a region, 

and to avoid the over-representation of small ovarian structures in rigidity measurements. Two 

technical replicates were taken per ovary slice, with 4 - 5 biological replicates taken for each 
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distance. There was a statistically significant difference between the rigidity of the cortex and the 

medulla (Figure 15A). The rigidity of the ovary was significantly reduced from the cortex (8.87 

kPa) to 3.5 mm (1.05 kPa). The rigidity values ranged in the ovary from 0.71 to 11.59 kPa. Overall, 

the cortex was 8.5 times more rigid than the deep medulla (3.5 mm) and the deep medulla was 

approximately two-fold (average 2.05) less rigid per 1 mm step as measured by AFM.   

 

  

 Figure 15. (A) AFM was used to measure the rigidity of bovine ovary tissue (left) at 0.5 

mm to 3.5 mm from ovarian surface epithelium inward (right). p-value = <0.0001 (B) AFM 

was also used to measure the rigidity of cast alginate gels cross-linked with either CaCl2 

or CaSO4. 
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CaCl2 crosslinked alginate does not recapitulate bovine cortex rigidity.  

Several seminal studies on follicular growth, maturation, and transcriptional changes were 

performed with different percentages of alginate with most papers focusing on alginate gels 

between 0.5%-3% with 0.5-1.5% alginate being used as permissive environments for culturing 

growing follicles and 2-3% being used to represent rigid environments for culturing primary 

follicles (45, 151, 153, 154, 233, 266, 267). However, previous investigations of the rigidity of this 

material at different percentages were performed using different techniques, specifically rheometry 

(267). Therefore, we sought to define the rigidity of alginate using AFM in order to compare it to 

the native environment described above. We first examined the rigidities of alginate gels using 

varying percentages of alginate cross-linked with either CaCl2, the most common cross-linking 

substrate used in follicle culture (Figure 15B) (45, 151, 153, 154, 233, 266, 267). CaSO4 was 

chosen as a second cross-linker as previous research has shown that alginate gels cross-linked with 

CaSO4 achieved higher rigidities than those cross-linked with CaCl2 yet was still able to support 

murine follicle survival in culture (268). The rigidity of alginate crosslinked with CaCl2 ranged 

from 0.39 ± 0.13 kPa to 1.42 ± 0.77 kPa, which was significantly less than alginate crosslinked 

with CaSO4 which ranged from 0.50 ± 0.15 kPa to 8.33 ± 0.67kPa. Measurements for CaCl2 

crosslinked gels failed to reach higher rigidities found in bovine ovaries even at the maximum 

alginate percentage tested (5%, 1.42 kPa). However, CaSO4 crosslinked gels showed similar 

rigidities to bovine ovaries at 5% (8.33 kPa) and 2% (1.80 kPa) being equivalent to rigidities at 

the cortex (8.87 kPa) and the deep medulla (1.05 kPa) respectively. In comparison 5% CaCl2 

crosslinked gels, the maximum percentage tested, only showed similar rigidity to the deep 

medulla.   
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Engineered materials using decellularized bovine ovaries recapitulate compartmental rigidity 

differences.  

In order to examine compartment-specific contributions to rigidity from the matrisome, we 

performed AFM analysis on both cast hydrogels and 3D printed scaffolds created from 

decellularized bovine ovary material. Slices from the cortex and medulla were decellularized and 

lyophilized. The enriched matrisome material was then milled, washed, re-lyophilized and 

digested with pepsin to create compartment specific hydrogels (Figure 16A). First, the rigidity of 

cast gels was analyzed using AFM (Figure 16B). Cortex gels had a rigidity of 3.11 kPa ± 0.41, 

which was significantly higher than gels derived from the medulla material, which were 0.02 kPa 

± 0.001. The gel made from the cortex maintains the higher rigidity over the medulla and is 155.5 

times more rigid. The cortical matrisome  
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Figure 16. Mechanical analysis of Engineered Materials Using AFM (A) Ovary slices from 

cortex or medulla (shown) were decellularized (decell’ed) and lyophilized; then milled, washed 

and re-lyophilized before being digested using pepsin to make gels. (B) The rigidity of cast gels 

from cortex or medulla material was measured with AFM. The cortex made stronger gel than the 

medulla (right). p = 0.0003 (C) The rigidity of scaffolds printed from cortex and medulla hydrogels 

mixed with collagen in 1:1 volume was measured using AFM. p = 0.017, scale = 200 μm.  
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gel is 2.85 times less rigid than the native cortical region (0.5 mm depth); whereas the medulla 

matrisome gel is 112 times less rigid than the native medullary compartment (1.5 – 3.5 mm). Then, 

to determine if these hydrogels maintained their rigidity differences within printed scaffolds, we 

3D printed scaffolds in a similar architectural design as previously demonstrated to support murine 

ovarian follicle growth and maturation.11 To increase printability, the hydrogels derived from 

cortex and medulla were mixed 1:1 with collagen 1 (COL1) ink then printed using FRESH 

methods prior to examining rigidity through AFM (Figure 16C) (268). FRESH printed scaffolds 

containing cortical matrisome were significantly more rigid than those printed with medullary 

matrisome materials with average rigidities of 4.99 kPa ± 1.52 and 0.06 kPa ± 0.002, respectively. 

This pattern of cortical materials measuring significantly higher rigidities than medulla materials 

was maintained even in printed scaffolds. The cortex scaffolds were 83 times more rigid than those 

derived from the medulla. AFM analysis of scaffolds using only COL1 ink had an average rigidity 

of 0.17 kPa ± 0.05, which was significantly less than the cortex-derived scaffolds and trending 

toward statistically significantly higher than medulla-derived scaffolds (p = 0.078, Appendix 

Figure 2).   

 

Quantitative iPCR revealed differential distribution of matrisome proteins across ovarian 

compartments in bovine ovaries.  

To examine the distribution of matrisome proteins across ovarian compartments we performed 

iPCR on slices of bovine ovaries that were decellularized to enrich for matrisome proteins. 

Consistent with the above methods, we considered the first 0.5 mm slice cortex, while the rest of 

the ovary was considered medulla. Candidate proteins for  
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Figure 17. Quantitative iPCR analysis of matrisome proteins in bovine ovaries. Total COL1, 

COL4, AGRN, EMILIN1, FN1 and VTN protein within decellularized bovine ovary cortex 

(0.5mm depth) and medulla (3.5mm depth). Bars represent mean with standard error. ns, not 

significant, ** = 0.001, *** < 0.001, **** < 0.0001  
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this analysis were chosen based on previous experiments in porcine ovaries (153).  We chose the 

following candidates: COL1 and collagen IV (COL4), agrin (AGRN), elastin microfibril interfacer 

1 (EMILIN1), fibronectin (FN1), and vitronectin (VTN). To quantify these proteins a standard 

curve was created with purified protein (see Appendix Table 1). There were significant 

differences in the distribution of candidate proteins across ovarian compartments that matched the 

previously published mass spectrometry and iPCR analyses from the porcine ovarian matrisome 

map (Figure 17). COL1, AGRN, EMILIN1, and FN1 are significantly more abundant in the cortex 

matrisome than the medulla. Whereas VTN is significantly more abundant in the medulla and the 

amount of COL4 is not different among the two compartments. This was the first time iPCR has 

been used to quantify matrisome proteins in tissues. Two proteins of interest, EMILIN1, a 

matrisome glycoprotein, and AGRN, a matrisome proteoglycan, have been shown to act upstream 

of proliferation and mechanotransduction pathways in other tissues (101, 172, 174, 178-180, 189-

192, 269, 270). 

 

Targeted depletion of matrisome proteins from engineered materials  

Magnet assisted protein filtration specifically depletes proteins of interest in tissue matrisome 

samples.  

In order to explore the effects or matrisome proteins on follicle activation and folliculogenesis we 

developed a novel toolkit to study these mechanistic relationships by selectively depleting proteins 

of interest using magnet assisted protein filtration (MAPF) from ovarian tissue derived matrisome 

samples. For the purposes of this study, we  

  



122 
 

   

Figure 18. Targeted depletion of proteins of interest and mechanical analysis of 

resulting hydrogels. (A) iPCR analysis of relative content of COL1 and EMILIN1 or 

AGRN following targeted depletion of EMILIN1 or AGRN by passing cortical matrisome 

samples through magnetic activated protein filtration (MAPF). Dotted line = 100 % (B) 

Rigidity of cast or (C) printed gels with EMILIN1 or AGRN depleted from cortical 

matrisome materials by seven MAPF passes. Dotted lines = rigidity of control cortex gels 

(B) or cortex printed scaffolds (C). (D) Light microscopy image of scaffold printed with 

cortex matrisome (top) and depleted cortex matrisome (bottom). Bars, squares, or dots 

represent mean with standard error. ns, not significant, * = 0.01, **** < 0.0001, scale = 

200 μm.
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selectively depleted and removed EMILIN1 and AGRN. Cortex matrisome materials were used 

because of the significant abundance of these proteins in this compartment and  

 

iPCR was used to measure the remaining proteins of interest against the percentage of an abundant 

off-target protein, COL1. We determined that a seven-step filtration process significantly reduced 

the amount of both EMILIN1 and AGRN from cortical matrisome materials to satisfy future 

knockdown experiments (Figure 18A, 18B). Indeed, the seven-step filtration method reduced 

EMILIN1 by 97.714% ± 7.89 and AGRN by 96.80% ± 19.11 while not affecting the amount COL1 

(102% ± 22.76 for EMILIN1 targeted filtration, and 95.36% ± 4.89 for AGRN) that was present 

in the same samples.   

 

Physical properties of selectively depleted materials are unaffected.  

In order to assess the physical properties of matrisome materials that underwent the MAPF process 

we tested the rigidity of cast gels and printed scaffolds. There were no significant differences in 

the rigidity as measured by AFM of depleted gels (Figure 18C) or scaffolds (Figure 18D) in 

comparison to the base hydrogels from cortical matrisome materials. This indicates that the MAPF 

process and the individual removal of these matrisome proteins does not affect the rigidity of 

engineered materials, which is a positive indicator for its use as an in vitro platform to explore the 

influence of matrisome proteins on folliculogenesis.   

 

human Mesenchymal Stem Cells (hMSCs) cultured on depleted substrates show altered gene 

expression 
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Figure 19. Culture of hMSCs on depleted engineered materials and rescue 

experiments. (top left) tracking of hMSC survival across culture on engineered materials 

and cortex dECM (top right) cell count across culture for hMSCs (bottom left) gene 

expression of candidate genes downstream of TGFβ that have EMILIN1 implicated as a 

potential regulator. 
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To assess our engineered materials for cell toxicity and to determine if depleted materials drove 

differential gene expression of candidates downstream of TGFβ that have EMILIN1 implicated as 

a potential regulator we cultured hMSCs on our depleted materials for 7  days. Alongside this we 

performed rescue experiments in which EMILIN1 was provided in the media to our depleted 

materials to determine if gene expression returned to normal upon supplementation. Across seven 

days in culture, we see no significant difference in cell survival or cell number for any of the 

engineered materials or rescue experiments (Figure 19). However, we do see significant 

differences in gene expression between EMILIN1 depleted materials (COL1 and EMILIN1 

depleted dECM) and our cortex control. Further, we see a restoration of gene expression for MYC, 

SMAD7, and CCND2 where EMILIN1 supplemented cultures show no significant difference 

between whole cortex for MYC or CCND2, but we do see a significant difference for SMAD7 

which may indicate that the concentration of EMILIN1 likely overshot levels found normally in 

our cortex derived dECM (Figure 19). 

Discussion  

In this study we examined the rigidity of bovine ovaries, assessed ovarian compartment specific 

matrisome hydrogels, and expanded our toolkit to examine the mechanistic connection between 

the matrisome and folliculogenesis. We found that the bovine ovary contains a rigidity gradient 

with a cortex that is significantly more rigid than that of the medulla, that this difference in rigidity 

is maintained in engineered materials (cast gels and printed scaffolds) derived from these 

compartments, and that we can use MAPF-based methods to deplete proteins of interest. We used 

the same AFM technique to measure the rigidity of encapsulation materials commonly used for in 

vitro folliculogenesis experiments to compare these measurements with native and decellularized 

bovine ovary materials. Additionally, we confirmed that the bovine ovary contains the same profile 
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for COL1, COL4, AGRN, EMILIN1, FN1 and VTN as previously demonstrated in porcine 

ovaries. For the first time, we quantified the amount of protein in each sample using iPCR. This 

technique may be useful in building an engineered environment that matches the protein 

abundance of native tissue. Finally, the new hydrogel materials, cortical and medullary hydrogels, 

and hydrogels with depleted proteins of interest expand our toolkit to facilitate future 

investigations, including into molecular mechanisms that begin with external matrisome proteins.   

Using AFM, we showed that the bovine ovary has a rigidity that ranges from 0.71 to 11.59 kPa. 

To place this within context of other organ systems, the rigidity of the ovary contains rigidities 

seen within many other soft tissue organs (muscle, lung, liver, and kidney, and brain) (271-276). 

Our findings demonstrated that a rigidity gradient exists between ovarian compartments, not just 

in native tissue but also within hydrogels formed from matrisome proteins isolated from different 

compartments. These findings support the hypothesis that primordial follicles, located within the 

cortex, reside within a more rigid environment than activated or growing follicles within the 

medulla (41, 69). The significant rigidity differences between compartments also support the 

growing body of research that implicates multiple mechanotransduction pathways as playing a role 

in natural and induced folliculogenesis (181, 272-276). Kawamura, et al in particular showed 

increases in follicle activation after cutting the ovary with a subsequent disruption of Hippo 

signaling stimulating follicle growth (181).  

The data here, however, conflicts with two recent studies, one examining ultrasound shear wave 

velocities in bovine ovaries and another which examined the micromechanical properties of the 

murine ovary (155, 277). Both studies indicated that the medullary region was more rigid than the 

cortex with the study by Hopkins, et al concluding that the major driver of rigidity changes in the 

murine ovary is most closely associated with mature follicles. However, these differences in 
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bovine versus murine ovary rigidity measurements using the same nanoindentation methods could 

indicate that significant species differences exist in the physical properties and organization of the 

ovary. These differences may be a result of differences in structure between bovine (similar to the 

human ovary) and murine ovaries that can be specifically identified during organogenesis where 

less regionalization develops in the murine ovary compared to the human ovary (225). The 

research by Gargus, et al examined whole bovine ovaries through shear wave velocity (155). We 

chose to use nanoindentation methods over other methods that measure viscoelastic properties 

because nanoindentation can work on the micron scale. However, alterations in shear wave 

velocity could indicate other changes across compartments associated with differences in ECM 

architecture and composition, density, size, and shape of follicles and other structures (41, 278). 

One limitation of the study here is that we processed the ovary into 1 mm slices and disrupted 

existing structures within the ovary that would have surface tension in vivo.   

In order to expand our toolbox to include biomaterials that could be used to better understand the 

role of the microenvironment on folliculogenesis, we examined gels and inks made from 

decellularized cortical and medullary slices from bovine ovaries. Using a consistent method to 

define rigidity of these materials and to examine the contribution of matrisome proteins to the 

rigidity of ovary was key. Our data complemented recent work by Amargant, et al, that 

demonstrated, using AFM, that the increase in rigidity of aged murine ovaries could be contributed 

to the increased COL1 content indicative of fibrosis (157). The data presented here may offer some 

explanation as to why primordial follicles from multiple species (primate, mouse, and human) 

survive and grow better in a higher percent alginate than in the more permissive alginate that is 

preferred by growing follicles (45, 151, 153, 154, 200, 233, 266). To compare the rigidity of these 

commonly used materials with the native tissue and newly created biomaterials, we performed 
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AFM on alginate gels. Notably, we found that the highest rigidity gels used in previous 

experiments (3% alginate cross-linked with CaCl2) wouldn’t recapitulate the rigidities seen in the 

cortex of native bovine ovaries (267). However, culturing a growing secondary follicle in a high 

percentage alginate results in transcriptional changes and increased the ratio of androstenedione to 

estradiol produced which can may be representative of a diseased state (150, 200, 279, 280). While 

our goal is to create a scaffold or hydrogel microenvironment that mimics the physical and 

biochemical cues of the native ovary, we cannot overlook the contribution of the interstitial and 

neighboring follicles to the rigidity in the native ovary. Indeed, the matrisome gels were less rigid 

than native tissues (1.78 times less for 3D printed scaffolds, 2.85 for cast gels). These differences 

between native bovine ovary rigidity and the rigidity of biomaterials may also be attributed to the 

organization of matrisome proteins and fibers. These are properties that may be lost during the 

decellularization, and homogenization methods required to produce matrisome hydrogels. Support 

of this comes from current efforts for scaffold design examining fiber morphology, ECM network 

architecture, and topography in addition to viscoelastic properties such as those defined by AFM 

analysis (281-284). 

Finally, we developed a novel toolkit for examining the contribution of matrisome proteins to 

follicle activation and folliculogenesis by using MAPF to deplete proteins of interest from 

engineered materials without disrupting the physical properties of resulting scaffolds or cast gels. 

The reduction seen using MAPF is comparable to other methods for selective depletion of proteins 

that are currently in use (285-287). These EMILIN1 and AGRN depleted hydrogels are additional 

tools that will assist in isolating the role of biochemical cues from physical cues.  One possible 

conclusion that could be drawn from these results is that neither AGRN nor EMILIN1 are directly 

associated with the physical properties of the ovary. Intriguingly, previous work done in EMILIN1 
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-/- mice has indicated that these mice show increased rigidity of the aorta in both nano and macro 

scale experiments (288). The lack of change in the engineered materials utilized here may indicate 

that EMILIN1 is primarily a driver of a cellular response leading to increased fibrosis, secretion 

of ECM components, etc. instead of organizing the ECM. Further work will need to be done to 

explore if the reduction is physiologically relevant to pathways of interest or if the remaining 

protein is capable of reaching a critical threshold needed for signaling in biological systems.  We 

see in our culture an increase in CCND2 and SMAD7 with a decrease in gene expression of MYC 

in our whole cortex dECM cultured hMSCs compared to those plated on depleted materials that is 

restored upon supplementation with EMILIN1 protein. This is consistent with data in multiple 

model systems including cancer cell lines where TGFβ is shown to promote gene expression of 

MYC while CCND2 and SMAD7 are shown to be increased when TGFβ expression is low or 

being blocked (289-293). 

 

Conclusion  

We have for the first time examined, quantified, and mapped the rigidity of the bovine ovaries 

across the anatomical compartments using AFM. Our data reveals that the bovine ovary has a 

range of rigidity of 1.4 – 8.86 kPa. This data supports the previous observation that the cortex is 

more rigid than the medulla with a statistically significant decline in rigidity from the outer edge 

of the ovary toward the center. Then we found that compartmental rigidity of hydrogels and 3D 

printed scaffolds made from the cortical or medullary compartments of decellularized ovaries 

retain the physical properties of their originating compartment with cortex derived materials being 

more rigid than medulla derived materials. Additionally, for the first time, we quantified the 

content of matrisome proteins in a biological material using iPCR. This revealed that COL1, 
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COL4, AGRN, EMILIN1, FN1 and VTN matched the pattern previously identified in an unbiased 

matrisome analysis across compartments of the porcine ovary35. Finally, we developed a toolkit 

for examining the contribution of matrisome proteins to follicle activation and folliculogenesis by 

selectively depleting the candidate proteins EMILIN1 and AGRN using MAPF. We demonstrated 

that selective depletion of EMILIN1 and AGRN did not alter the rigidity of gels or printed 

scaffolds in comparison to native hydrogels and inks. This may not be true for all proteins, and it 

is likely that some selective depletion of fibrous proteins would affect the rigidity of the resultant 

biomaterial products. We predict that this foundational work will support future work that will 

inform the development of bioinks for 3D printed scaffolds by allowing for the incorporation of 

important physical and biochemical cues that yield the desired follicular behavior. This research 

enables future implementation of an effective scaffold for a bioprosthetic ovary transplant.  
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Chapter 4 

Summary and Future Directions 
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Introduction 

As outlined in Chapter 1, great strides have been made in understanding follicle activation and 

folliculogenesis. Recent interest in the matrisome (extracellular matrix and matrix associated 

proteins) and both physical and biochemical cues as major contributors to follicle dynamics has 

been driven by the fields of tissue engineering and regenerative medicine towards developing the 

next generation of bioprosthetic ovary. This fertility restoration approach will provide both 

endocrine and reproductive options to individuals who experience premature ovarian insufficiency 

(POI), or early menopause that occurs as a result of numerous genetic, autoimmune, iatrogenic, or 

idiopathic causes. In particular, this will benefit pediatric patients who have few fertility 

preservation options outside of ovarian tissue cryopreservation (OTC) and especially those 

individuals whose disease may preclude the auto-transplantation of ovarian cortex tissue due to 

the risk of re-introducing cancer cells into an individual. The experimentation described here 

sought to examine the physical and biochemical cues from the matrisome in the ovary and how 

those cues are differentially expressed across depths. Towards this end we spatially mapped the 

distribution of the porcine ovary matrisome across ovarian compartments, established a toolkit for 

selectively depleting matrisome proteins, and for the first time mapped the rigidity gradient in the 

bovine ovary while also validating matrisome maps established in a porcine model. 

Summary and Discussion of Critical Findings 

Matrisome proteins are differentially expressed across ovarian compartments in a porcine model 
and proteins of interest are matched in a bovine model 

In Chapter 2 we showed the first-time maps of the porcine ovarian matrisome ovaries across both 

the cortical compartment, where quiescent follicles reside, and the medullary compartment, where 

the larger activated follicles grow and mature. We were able to successfully map 1/8th of the 

porcine ovary and the distribution of matrisome components in three-dimensions. To do this we 
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sliced the ovaries, uniformly into 0.5mm slices across two intersecting anatomical planes, enriched 

for matrisome proteins and performed bottom-up shotgun proteomic analyses. A total of 6,711 

peptides were detected with an FDR < 0.01, these peptides were identified as belonging to 615 

proteins. Following data filtration with our three stringency rules, the remaining 440 proteins were 

analyzed using a novel LS-Means SAS-based bioinformatics pipeline. Using our LS-Means based 

analytics approach we found 134 proteins were significantly differentially expressed across depth. 

Of these we identified 42 matrisome proteins that were significantly differentially expressed across 

depths, and 11 matrisome proteins that have not been previously identified in ovarian proteomics 

experiments. These proteins belonged to all matrisome categories (as identified by matrisomeDB) 

except secreted factors. However, the secreted factors were identified in the overall dataset but 

didn’t pass our data stringency requirements for our bioinformatics pipeline.  We validated these 

data for nine candidate proteins (COL1A2, COL4A2, AGRN, ECM1, EMILIN1, FN1, TGFB1, 

VTN, ZP3) and confirmed compartmental differences with a second processing method in which 

we removed the cortex. These data demonstrate that the matrisome varies significantly across 

ovarian compartments. Additionally, from this data we identified proteins that are potentially 

involved in follicle dynamics that were used in subsequent analysis in Chapter 3: EMILIN1 and 

AGRN. Using our LS-Means based analysis we were able to use markers of activation (ZP3) and 

correlated that to changes in patterns of expression of other significantly differentially expressed 

proteins. Additionally, in bovine ovaries as detailed in Chapter 3 we examined the distribution of 

the following matrisome proteins that had been identified in porcine ovaries: COL1, FN1, 

EMILIN1, VTN, and AGRN. COL1, FN1, EMILIN1 and AGRN were more abundant in the 

bovine ovarian cortex than the medulla. Whereas VTN was more abundant in the medulla. All of 
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these patterns matched with our porcine matrisome proteomics data indicating some amount of 

cross-species similarity in the distribution of matrisome components across ovarian compartments. 

 

Using spatial mapping of the matrisome to find potential mediators of follicle activation and 

folliculogenesis 

Research over the last decade has implicated multiple signaling networks as having a functional 

role in controlling follicle activation including (but not limited to) Transforming growth factor β 

(TGF β) family members, PI3K-Akt, KITL/KIT signaling, Leukemia inhibitory factor (>LIF), 

Notch signaling, mTORC, p27-CDK, Nobox, and Sohlh1 (16-21). More recently research has also 

added on new pathways including PKB/Akt, HIPPO, and Notch which regulate this highly intricate 

process (71,72,73). Cellular, paracrine, endocrine, factors regulate these pathways and a great deal 

of work has been done discovering the roles of factors with more recent work being done on factors 

such as: Ube2i, Phoenixin/GPR73, C1QTNF, and α-SNAP (71, 74-80).  However, many 

unknowns still exist including what the upstream regulatory mechanisms of follicle activation are. 

Research has shown that the ovarian extracellular matrix (ECM) can affect hormone availability 

and responsiveness by sequestering, trafficking, or presenting factors including androgens and 

estrogens via sequestration of sex hormone binding globulin (82, 83). Further, it has been shown 

that there are tissue-specific functions to the matrisome that drive biological functions of interest. 

This would indicate that synergistically with other factors, the matrisome which as detailed 

previously provides biochemical and physical support to tissues could act as a regulator of follicle 

activation. Matrisome biochemical cues facilitate the translation of the extracellular environment 

into signal transduction cues (115-119).  
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The proteomics work in Chapter 2 examined the distribution of these factors and found significant 

differences in the composition of the extracellular matrix across compartments by leveraging 

known markers of follicle activation, specifically ZP3, we have been able to find proteins 

potentially involved in follicle activation and quiescence: AGRN and EMILIN1 that we believe 

are involved in maintaining follicle quiescence and folliculogenesis, respectively. Indeed, one of 

the major utilities and significance of the proteomics experiment is that it allows us to have an 

unbiased platform for matrisome protein candidate discovery. 

Using LS-Means based analysis from our proteomics work we know that EMILIN1 decreases 

through to the deep medulla and ZP3 (a marker of activated follicles) is more abundant at 1.5mm 

which is the depth at which activated/growing follicles reside, which also coincides with a decalin 

in TGFβ. Proteomics work performed by Ouni, et al 2018 also detected EMILIN1 in the cortex of 

human ovaries but as they focused only on cortex pieces were not able to examine the differences 

across compartments. However, a later study in the same group done in human ovaries examined 

the distribution of mechanical matrisome components of the human ovary from prepuberty to 

menopause (164). Using IHC the group found lower amounts of EMILIN-1 detected in the 

perifollicular ECM of prepubertal ovarian tissue and significantly higher around primordial 

follicles (164). In both prepubertal and reproductive-age patients they observed a significant 

decline in EMILIN-1 levels following follicle activation in reproductive-age ovaries (164). 

EMILIN1 has been shown to serve as a negative regulator of TGFβ-mediated signaling, primarily 

in cardiac, marfan syndrome, and other organ systems in tandem with Fibrillin-1 (165-167). The 

TGFβ pathway itself is ubiquitously expressed and the super family of TGFβ associated proteins 

includes multiple growth factors as detailed in Chapter 1 (168). In the ovary, multiple studies 

have implicated TGFβ-mediated signaling as being involved in other ovarian processes including 
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early ovarian development, homeostasis, and follicle development (168). Specifically, to 

primordial follicle activation TGFβ signaling, and factors have been shown to act via PI3K and 

BMP-associated pathways (169-171). Additionally, EMILIN-1 has been shown to be a negative 

regulator of cell proliferation. A more recent study examining the activation of primordial follicles 

via the induction of primordial granulosa cells from squamous to cuboidal proposed a TGFβ-

mediated signal modulating the nuclear localization of SMAD2/3 towards maintaining follicle 

quiescence in murine ovaries (101).  The changes to granulosa cell morphology and granulosa cell 

proliferation were shown to precede oocyte growth and nuclear translocation of FOXO3a, a 

transcription factor important in follicle activation that is specific to murine models (101). By 

immunolabelling of the TGFβ signaling mediators and transcription factors SMAD2/3 the authors 

of the study revealed a striking expression pattern specific to granulosa cells of small follicles, that 

SMAD2/3 were expressed in the nuclei of primordial granulosa cells but were excluded in 

activated/growing follicles instead having higher expression of Ki67, a well-known marker of cell 

proliferation (101). These findings suggest that the first phenotypic changes during follicle 

activation are observed in GCs, and that TGFβ signaling is fundamental for regulating GC arrest 

and the onset of proliferation which would indicate that a mediator of TGFβ could be a major 

contributor to follicle activation or quiescence depending on if it suppressed or promoted TGFβ 

signaling. The researchers propose an unknown activating signal would drive nuclear export of 

SMAD2/3 leading to increased granulosa cell proliferation and cuboidilization resulting in the 

activation of primordial follicles (101). This was further supported in work where SMAD3 was 

found directly regulate cell cycle genes that maintain arrest of granulosa cells around primordial 

follicles (172). This study exposed ovaries isolated from neonatal mice for 2 hours to 10ng/mL of 

TGFβ1 in vitro, which led to immediate dissociation of SMAD3 from the Ccnd2 and Myc 
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promoters (172). This coincided with elevated Myc and phospho-S6, an indicator of mTOR 

signaling, followed by a small increase in mean primordial granulosa cell number after 48 hours 

(172). The findings from this study showed a concentration-dependent role for TGFβ signaling in 

the maintenance and activation of primordial follicles in murine ovaries, through both SMAD-

dependent and independent signaling pathways and they proposed a multi-step mechanism of 

follicle activation that initially involves a basal level of SMAD3 expression to prime granulosa 

cells for activation (172). Increased TGFβ1 ligand exposure then promotes a shift to a SMAD-

independent pathway driving granulosa cell proliferation and primordial follicle activation (172).  

To contextualize this EMILIN1 has been shown to negatively regulate TGFβ by blocking 

conversion of pro-TGFβ to biologically active mature TGFβ (173-176). Blocking this conversion 

acts to inhibit TGFβ signaling and results in altered SMAD2/3 localization in a dose, and stage-

dependent manner (173-176). Maturation of TGF-β occurs after MMP-dependent proteolysis 

releases pro- TGF-β making it accessible or through alterations mechanical tension of tissues 

which also indicates that as follicles activate and remodel their microenvironment, they release 

more TGF-β stimulating folliculogenesis (309). Indeed, it is also good to note that there is 

significant crosstalk between TGFβ superfamily members and multiple other pathways including 

PI3K/Akt/mTOR and that this context will also be important to establish. Despite these promising 

results from spatial mapping and SMAD-mediate signaling the identity of the maintenance signal 

being proposed that would maintain this system remains elusive, however the evidence points 

towards EMILIN1 being an important component of this system showing the utility of matrisome 

mapping towards unbiased discovery of potential mediators of follicle activation and 

folliculogenesis. Ongoing work moving forward selectively mediated materials should allow the 
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dissection of the role of EMILIN1, and other candidate proteins, in primordial follicle activation 

(See Future directions). 

There is a rigidity gradient across ovarian compartments in a bovine model and this is 
recapitulated in engineered materials derived from these compartments 

In Chapter 3 we sought to understand the contribution of the ovarian microenvironment to its 

physical and biochemical properties to potentially inform the design of next generation 

bioprosthetic ovary scaffolds that would support isolated follicles. Using atomic force microscopy 

(AFM), in this chapter we show that the bovine ovary has a range of rigidity of 1.4 – 8.86 kPa. 

This data supports the previous observation that the cortex is more rigid than the medulla with a 

statistically significant decline in rigidity from the outer edge of the ovary (0.5mm) toward the 

center (3.5mm). Further, the data shows that the ovarian cortex is cortex tissue is 7.6 x more rigid 

(kPa) than medulla tissue. In order to determine if this difference in rigidity was maintained in 

isolated matrisome proteins from bovine ovarian compartments, we cast, and 3D printed hydrogels 

created from decellularized extracellular matrix derived from either bovine ovarian cortex or 

medulla slices. This material was then cast as a gel or 3D printed using a previously established 

bioprosthetic ovary scaffold of 60 degree advancing angle design using the FRESH printing 

method (Described in Chapters 1 and 3). The cast gels and 3D printed bioprosthetic ovary 

scaffolds from the cortex were both significantly more rigid than those derived from the medulla. 

Specifically, in cast gels the cortex derived ECM gel is 155 x more rigid (kPa) than medulla 

derived. This data together shows that there is a rigidity gradient in the bovine ovary with cortex 

being more rigid with rigidity declining and that the matrisome is a major contributor to this 

rigidity gradient as is seen with the rigidity of engineered materials maintaining this difference. 

This provides a new toolkit and reference point for future in vitro culture experiments to use the 

rigidities found in the bovine ovary when looking at follicle dynamics. 
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Investigating the rigidity gradient of the ovary, primordial follicle activation, and controversy 

within the field 

Physical cues are both intracellularly generated and externally applied forces, and, like 

biochemical cues, they have a broad impact on cell behavior (e.g., growth, differentiation, and 

function) (129, 137, 138). These signals require mechanosensing units, which include cytoplasmic 

complexes such as integrins, extracellular components such as ECM cell adhesion molecules, and 

intracellular components including the cytoskeleton (139). Specifically, the ECM transduces 

information via cell surface processes, stress of cellular membranes, stretch-sensitive ion channels, 

surface receptors, changes in biopolymers, extracellular fluid pressure, and tissue-dependent 

enzymes or proteins at the cell surface (140-145). Significant in vitro work has examined the 

effects of rigidity on isolated follicles based on observational data about a rigidity gradient existing 

from a more rigid cortex to a more pliable medulla (150, 151,152,153,154). Most in vitro work 

has leveraged alginate encapsulation of primordial and later stage follicles to examine the 

contribution of rigidity to follicle activation and folliculogenesis (150, 151, 152,153,154). In vitro 

culture of primordial follicles from rhesus macaque in 2% alginate, thus replicating a high-rigidity 

environment, maintained optimal primordial follicle survival and morphology, whereas a more 

pliable 0.25–1.25% alginate environment supported increased hormone production in activated or 

growing follicles (150, 151, 152, 153, 154). Beyond alginate encapsulation work by Nagamatsu et 

al 2019 leveraged a light enzymatic treatment (CTK: collagenase type IV, trypsin, and knockout 

serum replacement) on murine ovaries which resulted in export of FOXO3 to the cytoplasm of 

small oocytes (<20 μm in diameter). The percentage of oocytes with cytoplasmic FOXO3, an 

indicator of follicle activation, was significantly higher in CTK-treated ovaries than in OBS treated 

controls as well (158). The rate of activation over 14 days in culture showed the number of large 
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oocytes (>50 μm in diameter) was significantly increased in the CTK-treated ovaries compared to 

the control ovaries (158). This activation in CTK-treated ovaries was counteracted by the 

application of hydrostatic pressure, which strongly indicates a role for physical forces in follicle 

activation divorced of disruption of the microenvironment (158).  While this body of works 

strongly implicates physical forces, including increased, in follicle activation it was done without 

a quantified rigidity gradient in native ovaries. To decipher the rigidity of the ovary there have 

been multiple recent investigations utilizing different methods. One using shear-wave velocities 

across ex vivo bovine ovaries indicated differences in the viscoelastic properties of the ovary across 

compartments (155). Shear wave (SW) measurements showed significant variations between the 

cortex and medulla, as measured along the length (cortex: 2.57 ± 0.53 m/s, medulla: 

2.87 ± 0.77 m/s) and width (cortex: 2.99 ± 0.81 m/s, medulla: 3.24 ± 0.97 m/s) and the spatial 

distribution and magnitude of SW velocity vary between these two anatomical planes overall 

showing SW velocity being 11.4% and 8.4% higher in the medulla than the cortex, indicating 

higher rigidity of the medulla, at a resolution of ~1mm with this result running contrary to popular 

observational data that the ovarian cortex is more rigid than the medulla (155). Additional research 

in murine models showed two rigidity peaks in murine models with low stiffness at the edge and 

center of the ovary with an overall rigidity range spanning 0.5–10 kPa, with substantial spatial 

variation on a microstructural level, in addition to larger-scale differences between the different 

regions of the ovary. The range of values detected in this murine experiment is consistent with our 

own gross AFM mapping in higher mammalian ovaries though the distribution of high versus low 

rigidity is different. This study concluded that higher stiffness regions were dominated by large 

developmentally advanced follicles, suggesting that these structures should be considered 

mechanically dominant in the ovary. However, using engineered materials we have been able to 
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determine that dECM hydrogels retain the significant differences in rigidity between 

compartments indicating that the composition of the ECM also plays a role in determining the 

physical properties in higher mammalian species. This conclusion is supported by a higher-

resolution rigidity mapping experiment carried out in murine ovaries that showed significant 

changes in the rigidity of the ovary across the lifespan with older mice having more rigid ovaries 

compared to those of reproductive in tandem with changes to the amount of COL1 detected (156, 

157). In support of our own data showing that ovarian rigidity is in part supported by the ECM 

these changes in rigidity were reversed when the ovaries were treated with collagenase which 

strongly indicates that the matrisome is providing the difference in rigidity of ovaries at different 

ages which is consistent with the AFM carried out in engineered materials derived from bovine 

dECM as detailed in Chapter 3 (156, 157).  There has been limited research done on the rigidity 

of human ovaries and the work done thus far has focused on the cortex across reproductive ages 

finding that the rigidity of this compartment was 3178 Pa (±245) for reproductive-age ovaries and 

significantly more rigid for prepubertal (6538 Pa ± 351) and menopausal (7117 Pa ± 714) ovaries. 

The next steps forward will be higher-resolution mapping in higher-mammalian species across 

compartments and using in vitro  culture to examine if the rigidities observed in the ovary lead to 

differential effects in follicle activation and folliculogenesis (see future directions below). 

 

We have established a platform for selectively depleting matrisome proteins for future mechanistic 
studies 

In the second half of Chapter 3, we described a toolkit for examining the contribution of 

matrisome proteins to follicle activation and folliculogenesis by selectively depleting the candidate 

proteins EMILIN1 and AGRN using magnetic assisted protein filtration (MAPF). We 

demonstrated that selective depletion of EMILIN1 and AGRN did not alter the rigidity of gels or 
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printed scaffolds in comparison to whole untreated hydrogels and inks. However, while this is true 

for these two proteins this may not be true for all proteins, and it is likely that some selective 

depletion of fibrous proteins or structural proteins such as collagens, would affect the rigidity of 

the resultant biomaterial products. Using human mesenchymal stem cells (hMSCs) cultured on 

these depleted materials we showed no significant differences in proliferation or cell survival for 

depleted materials compared to whole materials and that the depleted materials drive gene 

expression that is reversed with addition of the depleted protein. Together this data paints a picture 

that we have a novel toolkit for use in deciphering matrisome:follicle interactions in vitro by 

combining our MAPF system with our engineered materials. 

 

Future Directions 

The experiments described in Chapter 2-3 identified significant differences in the distribution of 

matrisome proteins and rigidity across ovarian compartments. Further, in Chapter 3 we 

characterize engineered materials derived from both ovarian compartments using atomic force 

microscopy (AFM) and compare those rigidities to established in vitro culture methods finding 

significant differences between those methods and rigidities in the ovary. Further, in Chapter 3 

we characterize a novel method for selectively depleting matrisome proteins using magnetic 

assisted protein filtration (MAPF) and how gene expression, survival, and proliferation human 

mesenchymal stem cells change when cultured on these materials. However, significant questions 

remain about the distribution of matrisome proteins, physical cues, and the mechanistic 

relationship between follicle activation, folliculogenesis, and the matrisome. The following 

experiments have been designed to further our understanding of how matrisome protein candidates 

EMILIN1 and AGRN drive follicle dynamics, how physical cues map to ovarian structures, how 

rigidities found using our AFM experiments drive follicle dynamics in higher mammals, and 
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finally outline experiments for creating an unbiased high-resolution map of the matrisome in the 

ovary. 

Using compartmental rigidity to explore the contribution of compartment-specific physical cues 
to follicle dynamics  

Previously alginate experiments have shown that changes to rigidity create follicle stage-specific 

effects on follicle growth and survival (151-154). However, now having quantified the rigidity of 

the bovine ovarian cortex and medulla we can use these measurements in conjunction with alginate 

encapsulation to determine if compartment specific rigidities support follicle activation or 

quiescence. Utilizing alginate, an inert material that has been previously shown to support 

folliculogenesis we can create gels that have physical properties tuned to their specific 

compartment as is detailed in Chapter 3 (151-154, 204). Based on this data we will use alginate 

gels of 8kPa and 2-4kPa that will represent cortical and medullary rigidity, respectively. Primordial 

follicles will be cultured in clusters of 10 as previously performed with non-human primate and 

murine follicles to increase follicle survival and secondary follicles will be cultured individually 

(41,152). The follicles will be cultured in growth media for 18 days (up until the point where they 

would normally be removed for in vitro ovulation cultures) and analyzed using standard processes 

with collection points every other day for assessing follicle survival and growth by using light 

microscopy to measure follicle and oocyte diameter and formation of an antrum and ELISAs for 

estradiol secretion into the media (60). These results will indicate if matched micromechanical 

properties better support follicle quiescence and growth independent of any biochemical support 

provided by the substrate 

High-resolution mapping of the physical properties of the ovary 

In Chapter 3 we quantified the rigidity gradient in low resolution. However, using high-resolution 

AFM mapping we can identify if these compartmental differences in the micromechanical 
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properties of the bovine ovary are associated with specific follicle stages or ovarian structures. 

One half of the ovary will be fixed while the other will be submitted for AFM analysis. AFM 

analyses will be carried out by adhering the ovarian tissue to a 35mm dishes using AFM safecoat, 

to minimize artifacts. AFM will be performed using a Piuma nano-indenter equipped with a 25µm 

probe to allow for greater special resolution. This will provide rigidity as a Young’s modulus 

reading as previously performed to identify tissue rigidity (294-297). We will map the rigidity 

gradient in 50µm increments in both anterior and axial directions to form a 25X10 grid located at 

the cortex, mid-medulla, and deep medulla. To correlate the probe reading with ovarian 

topography, the data from the AFM analysis will be overlaid with H&E staining of the adjacent 

slice that was fixed after bisecting the ovary. Clear inclusion/exclusion criteria will be established 

prior to analysis of assay results and will include consideration of the proximity of large antral 

follicles and vessels to the probe tip. These results will define the physical rigidity across the 

bovine ovarian compartments and follicle stages allowing us to examine the contribution of 

follicular compartments and structures to the microenvironment of the ovary. 

Exploring the relationship between EMILIN1 and AGRN to follicle activation and folliculogenesis 

In Chapter 3 we established and characterized a toolkit for selectively depleting matrisome 

proteins from whole dECM prior to 3D-printing or gel casting. We seeded hMSCs onto plates 

coated with these materials and found that they drove differential gene expression consistent with 

the literature. We can now leverage this system to look at matrisome:follicle mechanisms. In order 

to examine the contribution of EMILIN1 we will use the magnet assisted protein filtration (MAPF) 

method to selectively deplete the candidate from dECM prior to printing scaffolds using the 

FRESH 3D printing technique. Primordial follicles will be cultured in clusters of 10, as this was 

found to be beneficial in cultures using alginate beads,  in growth media for 18 days (up until the 
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point where they would normally be removed for in vitro ovulation cultures) (232). Rescue 

experiments will be performed similarly to those in Chapter 3 with adding a physiological 

concentration of EMILIN1 or AGRN back into the culture system via growth media 

supplementation. Assessment of follicle activation will be carried out using antibodies examining 

DDX4/Laminin (quiescent) and DDX4/ZP3 (activated/growing), granulosa cell proliferation will 

be determined using an antibody for Ki67 and compared to follicles seeded in un-filtered dECM 

scaffolds. Specific to EMILIN1 IHC will examine nuclear localization of downstream effector 

protein SMAD2/3 and ratios of TGFβ/proTGFβ (85,86). This experiment will tell us if EMILIN1 

contributes to primordial follicle activation in bovine ovaries and if this contribution is through a 

TGFβ and SMAD2/3 mediated pathway 

For AGRN the above experiment will be modified to examine DAG1 and HIPPO and their 

contributions to follicle activation and folliculogenesis. To quantify changes to follicle activation 

we will use IHC-based methods to count the ratio of primordial follicles (DDX4/LMNA) to 

activated/growing follicles (ZP3/DDX4) over eighteen days in culture and then compared to those 

grown on scaffolds with and without AGRN (174, 270). We investigate HIPPO pathway dynamics 

through nuclear localization and phosphorylation of the YAP protein (178, 180-182). We will use 

qPCR to quantify the expression of pathway-specific genes that are turned on during Yap nuclear 

localization: CCN2, BIRC6/7 which are only expressed when YAP1 is localized to the nucleus 

and compare expression with that of follicles cultured in unfiltered gels (178, 180-182). This 

experiment will tell us is if the HIPPO pathway, mediated by AGRN, contributes to primordial 

follicle activation and progression of folliculogenesis. 

Alternatively, in place of 3D printed scaffolds an encapsulation method could be used such as 

alginate where the bead is supplemented with either AGRN or EMILIN1 to examine any changes 
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to follicle activation and folliculogenesis occur independent of any other matrisome-based 

biochemical cues. 
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Heatmaps of (a,b) COL1A2 and (c,d) EMILIN1 expression at sagittal and axial intersections (a,c) relative to univeral m  
of peptide reads. (b,d) Schematic representation of expression at axial depth slices (top to bottom) visualized on each 
sagittal slice (left to right).
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Supplemental Table 1: Antibodies used for iPCR and IHC  
  
Target  Manufacturer  SKU  Use  
AGRN  Abcam  ab85174  iPCR  
AGRN  Lifespan Biosciences  LS-G81348-20  IHC  
COL1  Abcam  ab90395  iPCR  
COL1  EMD Millipore  234138-1MG  IHC  
COL4  EMD MIllipore  CC083  IHC  
COL4A2  Abclonal  A7657  iPCR  
ECM1  Abcam  ab234976  iPCR & IHC  
EMILIN1  Fisher Scientific  PA551745  iPCR  
EMILIN1  ABNova  H00011117P01  IHC  
FN1  Abcam  ab23750  iPCR & IHC  
LMNA  Proteintech  10298-1-AP  iPCR & IHC  
TGFB  Abcam  ab92486  iPCR & IHC  
VTN  Abcam  ab140016  iPCR & IHC  
ZP3  Fisher Scientific  50-561-353  iPCR & IHC  
  
  
Supplemental Table 2: Primers used for qPCR  
  
Target  Manufacturer   SKU  
AGRN  Bio-Rad  qBtaCID0012730  
COL1A1  Bio-Rad  qSscCED10042976  
COL1A2  Bio-Rad  qSscCED0020342  
EMILIN1  Bio-Rad  qSscCED0008548  
COL4  Bio-Rad  qSscCID0013145  
FN1  Bio-Rad  qSscCID0003939  
ECM1  Bio-Rad  qSscCID0013839  
VTN  Bio-Rad  qSscCED0021774  
ZP3  Bio-Rad  qSscCID0013229  
TGFB  Bio-Rad  qSscCID0018090  
LMNA  Bio-Rad  qSscCID0012088  
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Supplemental Table 3: Matrisome proteins identified in the ovary 
 
Prot
ein 
ID 

Previously 
identified in 
ovary 

Characterized in ovary Role in ovary 

CO
L1A
2 

1 (h) 2–4 (m), 5 (h), 6 (b) major structural component of organ 

CO
L2A
1 

* 7(r) in theca and GC  

CO
L3A
1 

8 (b) 5 (h) inner layers of capsular stroma 

CO
L4A
1 

1 (h), 9,10 (b) 5 (h), 3,4 (m), 6 (b) basal lamina component 

CO
L4A
2 

1 (h), 9,10 (b) 5 (h), 3,4 (m), 6 (b) basal lamina component 

CO
L5A
1 

11 (h culture, 
mRNA) 

none unknown 

CO
L5A
2 

12 (b GC and 
theca, 
mRNA) 

none unknown 

CO
L6A
2 

1,13 (h), 14 
(mo), 15 (m) 

16 (h, undefined subunit of 
α6),  

localized to theca 

CO
L6A
5 

* 16 (h, undefined subunit of 
α6) 

localized to theca 

CO
L14
A1 

1 (h), 14 (mo) none unknown 

    

AE
BP1 

none none unknown 

AG
RN 

none none unknown 

DPT 17(h, “faint” 
mRNA) 

none unknown 

EC
M1 

18 (p), 19 (h) 19 (h) downregulated in insulin resistant PCOS, 
potential antral arrest 
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Prot
ein 
ID 

Previously 
identified in 
ovary 

Characterized in ovary Role in ovary 

EFE
MP
1 

18 (p) 20 (h) increased tumor angiogenesis, tumor progression 

EMI
LIN
1 

1,13 (h) none unknown 

EMI
LIN
3 

none none unknown 

FBN
1 

1 (h), 8 (b) 21 (fetal b, h), 22 (p), 23,24 (b), 
24 (h) 

TGFB regulation, structural component of 
elastin fibers and microfibrils, CC apoptosis 

FN1 1 (h), 18 (p) 3,4,25 (m), 6 (b) luteinization and CC expansion 
IGF
BP7 

* 26,27 (r) steroidogenesis 

LA
MB
1 

1 (h) 28 (p), 19 (h), 3,4 (m) cell proliferation, migration, downregulated in 
PCOS, 

LA
MC
1 

1 (h) 28 (p), 19 (h), 3,4 (m) associated with premature ovarian failure, cell 
proliferation, migration 

LTB
P1 

* 29,30 (m), 23 (b) modulation of TGFB1 

MF
AP2 

1 (h) none unknown 

MF
GE8 

* 31–33 (m) phagocytosis of apoptotic GC, gonadogenesis 

SRP
X2 

18 (p) none unknown 

TG
FB1 

1 (h), 18 (p), 8 
(b) 

34 (r), 35 (m), 36 (p) cell growth, proliferation, inflammation, 
differentiation, apoptosis 

VT
N 

1 (h), 18 (p) 37,38(h), 39,40 (h cells), 41 (p), IGF binding, integrin binding and adhesion, 
cancer progression and metastasis 

VW
A1 

* 42 (m), 43–47(h) interacts with ERK5-PI3K/Akt axis, increased 
expression in PCOS, cancer, and during 
pregnancy, stimulates platelet aggregation 

ZP2 * 48 (h, CHO), 49–52 (h), 53 (c), 
54 (mo), 55 (m, mo,h), 56,57 
(m) 

oocyte maturation, fertilization 

ZP3 * 48 (h, CHO), 49–52 (h), 53 (c), 
54 (mo), 55 (m, mo,h), 56,57 
(m) 

oocyte maturation, fertilization 
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Prot
ein 
ID 

Previously 
identified in 
ovary 

Characterized in ovary Role in ovary 

ZP4 14 (mo) 48 (h, CHO), 49–52 (h), 53 (c), 
54 (mo), 55 (m, mo,h), 56,57 
(m) 

oocyte maturation, fertilization 

    

A2
M 

1 (h), 18 (p) 58–60 (h serum), 61 (r) expressed in GC, increased in women with 
inflammatory conditions including neoplastic 
lesions, reduced expression in ovarian cancer  

AM
BP 

18 (p) 62 (h) interacts with ITIH family genes in solid tumor 
cancers 

CTS
D 

* 63,64 (h) lysosome activation in late corpus luteum, 
oxidative stress in ovarian cancer 

HR
G 

14 (mo) 65 (h), 66 (p), 67 (h follicle, 
embryo) 68 (h cells) 

in vitro maturation, cancer cell invasion 

ITI
H1 

1 (h), 18 (p), 
69 (b FF) 

62 (h) solid tumor cancer progression, covalent linkage 
to hyaluronan for ECM stability 

ITI
H2 

1 (h), 18 (p), 
69 (b FF) 

62 (h) solid tumor cancer progression, covalent linkage 
to hyaluronan for ECM stability 

KN
G1 

* 70 (b), 71 (h serum, cells) ovulation, stimulated by progesterone 

LO
X 

* 72 (p GC), 73 (h FF, h GC, 
r), 74 (h FF), 75 (h GC), 76–78 
(m), 77 (b), 79 (r) 

follicle development, angiogenesis in GC, 
TGFB, estrogenesis 

SER
PIN
A1 

1 (h), 18 (p) 80 (m), 81 (h FF), 82 (h GC) plasminogen activator inhibitor, upregulated in 
PCOS reducing plasmin levels 

SER
PIN
A3 

1 (h) 80 (m) plasminogen activator inhibitor 

SER
PIN
C1 

1 (h), 18 (p) 80 (m), 83 (r serum) plasminogen activator inhibitor 

SER
PIN
D1 

1 (h), 18 (p) 80 (m) plasminogen activator inhibitor 

TG
M2 

14 (mo), 84 (b, 
mRNA) 

none unknown 

Prot
ein 
ID 

Previously 
identified in 
ovary 

Characterized in ovary Role in ovary 

AN
XA1 

1,13 (h), 14 
(mo), 18 (p) 

none implicated in both cancer and PCOS, target of 
GNRH in gonadotrope cells, CL regression 

AN
XA2 

1,13 (h), 14 
(mo) 

none unknown 
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Prot
ein 
ID 

Previously 
identified in 
ovary 

Characterized in ovary Role in ovary 

AN
XA4 

1,13 (h), 14 
(mo) 

none unknown 

AN
XA5 

1,13 (h), 14 
(mo), 85 (h 
blood) 

86 (r) in GC after hCG 

AN
XA7 

none none unknown 

AN
XA1
1 

13 (h) none unknown 

GP
C1 

none none unknown 

LG
ALS
1 

14 (m) 87 (b),88,89 (m), 90 (h cells), 
91 (b), 92 (p gc) 

lutealization, regression of CL 

SDC
2 

93 (o CC, 
mRNA) 

94 (h) confined to stroma of normal and benign tissue 
    

BG
N 

15 (m, 
mRNA) 

none unknown 

DC
N 

1 (h); 14 
(mo), 18 (p), 8 
(b) 

95 (m), 72 (p GC) signaling molecule in ovarian ECM 

FM
OD 

1 (h); 14 (mo) none unknown 

LU
M 

1 (h); 14 
(mo), 18 (p), 
96 (b) 

97 (fetal b), 98 (CHO) stromal expansion, cell migration, expression in 
CC 

PRE
LP 

1 (h), 14 (mo), none unknown 

VC
AN 

18 (p) 99(h serum), 100–102 (h CC), 
103 (m, r) 

binds hyaluronan, decreased in PCOS, CC, 
oocyte competency, development quality of 
oocytes 

Abbreviations: b, bovine; c, canine; CC, cumulus cells; CHO, Chinese hamster ovarian cells; CL, 
corpus luteum; GC, granulosa cell; FF, follicular fluid; h, human; m, mouse; mo, monkey; o, ovine; 
p, porcine; PCOS, polycystic ovarian syndrome; r, rat; *, see characterization;   
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Chapter 3 

Supplemental Figure 1 

 

Standard curves used for interpolation of concentrations of protein. Bars represented as mean, 

SEM; N = 3 biological replicates, 2 technical replicates. 
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Supplemental Figure 2 

 

Combined AFM data for FRESH printed scaffolds including collagen 1 only scaffold control. Bars 

equal to mean and standard error, P-values for relationships: a=0.0196, b=0.0782, c=0.9825, 

d=0.96933. 
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