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ABSTRACT 

 

Differential Identification of Genes Related to Implantation Process 

via Use of CRISPR/Cas9 

 

Gizem SÖYLER 

Doctor of Philosophy in Reproductive Medicine 

January 29, 2024 

 

Implantation failure occurs when chorionic gonadotropin secreted by trophoectoderm 

cells is not produced during the invasion of the embryo into the endometrium, or if it is 

produced, it cannot form the gestational sac. Even in spontaneous pregnancies where 

assisted reproductive techniques are not applied, the probability of implantation failure 

on the first attempt varies between 25-40%. This project aims to elucidate the activity, 

interactions, temporal and cell type-dependent variability of genes affecting 

implantation, changes in in vitro conditions, and their effects on implantation using the 

efficient CRISPR/Cas9 genome editing method. 

To achieve this goal, samples were collected at 24 and 72 hours from blastocysts 

incubated in in vitro three-dimensional culture environment in different experimental 

groups. RNA sequence analysis was performed on these samples and active genes were 

revealed. For each identified active gene, silencing was performed separately on 

endometrial epithelial cells and endometrial stroma cells using the CRISPR/Cas9 

method. In vitro implantation parameters were examined for each group. 

The study focused on Hmga2 in endometrial epithelial cells, Uxs1 genes in stromal 

cells, and Gm15452 genes (a pseudogene) in both epithelial and stromal cells. Knockout 

of these genes using the CRISPR/Cas9 method caused significant changes in the 

relevant genes identified as adhesion, invasion, and developmental and functional 

implantation parameters. 

Knockout of Hmga2 in epithelial cells revealed significant changes in E-Cadherin, 

Fibronectin, LIF, Mmp9, and Wnt4 genes at different time groups. Knocking out of 

Gm15452 in epithelial cells led to significant changes in E-Cadherin and LIF 

expressions. Uxs1 knockout in stroma cells affected the expressions of E-Cadherin, LIF, 
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and Mmp9, while Gm15452 knockout in stroma cells significantly affected the 

expressions of E-Cadherin, LIF, and Mmp9. 
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ÖZETÇE 

 

İmplantasyon Süreciyle İlgili Genlerin CRISPR/Cas9 Kullanımıyla 
Diferansiyel Tanımlaması 

 

Gizem SÖYLER 

Üreme Tıbbı Doktora Programı 
Ocak 29, 2024 

 

İmplantasyon başarısızlığı, embriyonun endometriyuma invazyonu sırasında 

trofoektoderm hücreleri tarafından salgılanan koryonik gonadotropinin üretilmemesi 

veya üretildiği takdirde gebelik kesesini oluşturamaması durumunda ortaya çıkar. 

Yardımcı üreme teknikleri uygulanmayan spontan gebeliklerde bile ilk denemede 

implantasyonun başarısızlıkla sonuçlanma olasılığı % 25-40 arasında değişmektedir. Bu 

proje, etkili CRISPR/Cas9 genom düzenleme yöntemini kullanarak implantasyonu 

etkileyen genlerin aktivitesini, etkileşimlerini, zamansal ve hücre tipine bağlı 

değişkenliğini, in vitro koşullardaki değişiklikleri ve bunların implantasyon üzerindeki 

etkilerini açıklamayı amaçlamaktadır. 

Bu amaca ulaşmak için farklı deney gruplarında in vitro üç boyutlu kültür ortamında 

inkübe edilen blastokistlerden 24. ve 72. saatlerde örnekler toplandı. Bu numuneler 

üzerinde RNA dizi analizi yapıldı ve aktif genler ortaya çıkarıldı. Tanımlanan her aktif 

gen için, CRISPR/Cas9 yöntemi kullanılarak endometriyum epitel hücreleri ve 

endometriyum stroma hücreleri üzerinde ayrı ayrı susturma gerçekleştirildi. Her grup 

için in vitro implantasyon parametreleri incelendi. 

Araştırmada endometriyum epitel hücrelerinde Hmga2'ye, stroma hücrelerde Uxs1 

genlerine ve hem epitel hem de stroma hücreleinrde Gm15452 genlerine (bir psödogen) 

odaklanıldı. Bu genler için genomun CRISPR/Cas9 yöntemi kullanılarak düzenlenmesi, 

adezyon, invazyon ve gelişimsel ve fonksiyonel olmak üzere implantasyon 

parametreleri olarak tanımlanan ilgili genlerde önemli değişikliklere neden oldu. 

Epitel hücrelerinde Hmga2 nakavtının, farklı zaman gruplarında e-kaderin, fibronektin, 

LIF, Mmp9 ve Wnt4 genlerinin farklı zaman gruplarında anlamlı olarak değiştiği; epitel 

hücrelerinde Gm15452 nakavtının, e-kaderin ve LIF ifadelerinde önemli değişikliklere 

yol açtığı; stroma hücrelerinde Uxs1 nakavtının, e-kaderin, LIF ve Mmp9 
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ekspresyonlarını etkilerken, stroma hücrelerinde Gm15452 nakavtının, e-kaderin, LIF 

ve Mmp9 ekspresyonlarını önemli ölçüde etkilediği belirlenmiştir. 

 

 

Anahtar Kelimeler: İmplantasyon, CRISPR/Cas9, 3B Kültür, Fare, RNA dizileme 
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Chapter 1  

INTRODUCTION 

 

1.1 Structural Features of The Uterus 

The quickly developing morula leaves the uterine tube and reaches the uterus. This 

journey is necessary for every successive stage of fetal and embryonic development that 

will take place inside the uterus. The uterus is a muscular, pear-shaped, hollow organ 

with thick walls in the pelvis between the rectum and the bladder. The organ is 7.5 cm 

in length, 5 cm in width at its superior aspect, 2.5 cm in thickness, and 30–40 g in 

weight in a fertile woman. Because it is mobile, its position varies with the distension of 

the bladder, and the rectum also undergoes dramatic increases in size and development 

as a result of possible pregnancies [1],[2]. 

Two parts anatomically characterize the uterus. Firstly, the muscular body, constituting 

the superior two-thirds, extends from the fundus to the cervix. The fundus, located 

above the attachment of the uterine tubes, defines the upper, rounded region of the 

uterine body. Secondly, the cervix forms the cylindric inferior one-third of the uterus. 

The cervical canal, a component of the cervix, exhibits a constricted opening at each 

end. Principally, the internal os connects with the uterine cavity, while the external os 

opens into the vagina [2],[3]. 

The uterine wall is composed of three distinct layers. The innermost layer, the 

endometrium, constitutes the mucosal lining of the uterus. Adjacent to the endometrium 

is the myometrium, a robust muscular layer that seamlessly extends into the uterine tube 

and vagina. The myometrium is characterized by three loosely defined smooth muscle 

layers, inner and outer longitudinal or oblique, and central circular. To accommodate 

the growing fetus, the undergoing of the myometrium to hypertrophy and hyperplasia is 

crucial during pregnancy. The outermost layer, the perimetrium, represents a peritoneal 

layer firmly adhered to the myometrium. This serous layer forms a continuous 

connection with the pelvic and abdominal peritoneum and comprises mesothelium and a 

thin layer of loose connective tissue. While the perimetrium envelops the entire 

posterior surface of the uterus, it partially covers the anterior surface, with the 
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remaining portion characterized by connective tissue, or adventitia. Both the 

myometrium and endometrium undergo cyclic alterations with the menstrual cycle, to 

prepare the uterus for potential implantation [2]–[4]. 

 

1.2 Structure of The Endometrium 

The endometrium is the region surrounding the innermost part of the uterus close to the 

lumen and is important for embryo implantation and subsequent development. The 

structure and characteristics of the endometrium vary depending on the uterine cycle. If 

an unfertilized oocyte is encountered at the end of each menstrual cycle, it is shed 

(menstruation) and rebuilt at the beginning of the new cycle[2],[4]. 

A completed normal endometrium is 4-5 mm thick and the surface facing the uterine 

cavity is lined by a single-layer columnar epithelium. The cells on the epithelial surface 

are observed in two different ways: ciliated or secretory. The lamina propria part is 

accompanied by a large quantity of fibroblast cells, type III collagen fibers, and ground 

substance. There are also tubular uterine glands located in the region [3],[5]. 

Throughout the reproductive period, in terms of structure and function, the 

endometrium is divided into two layers or two regions: the functional layer, which 

forms the upper two-thirds, close to the lumen, and the basal layer, which forms the 

lower third. The functional layer has a spongy structure and is rich in ground substance. 

It is the part where the uterine glands are elongated and getting denser. The thickness of 

the endometrium varies from 1 mm to 6 mm during the menstrual cycle, and this occurs 

due to expansion of the glands and increase in the vascularity of the functional layer 

related to hormone expression and active/dense secretion. It is the layer that is shed if 

implantation does not take place. The basal layer is close to the myometrium and forms 

the dense, cellular lamina propria. It not only contains the deep basal endings of the 

uterine glands, but also forms the area where the main blood vessels feeding the 

endometrium enter. For this reason, the basal layer serves as the regeneration source of 

the functional layer at the beginning of the new cycle and its size almost does not 

change during menstruation [2],[5]. 

 

1.3 Preimplantation Embryo Development 

Starting from the formation of the zygote, the embryo undergoes a series of rapid 

division and cellular proliferation, called as the cleavage divisions, while it moves along 
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the uterine tube and is carried to the uterus (Figure 1)[6]. From the early stages of 

cleavage until the 8-cell stage, the embryo develops in the environment where pyruvate 

and lactate are concentrated in the uterine tubes. After 8-cell stage, the embryo needs a 

glucose-rich environment, and the uterus plays an active role in providing it with this 

opportunity. Likewise, cells formed up to the 8-cell stage are essentially spherical in 

structure, loosely interconnected, and lack intercellular junctional complexes and 

significant extracellular matrix. Starting from the 8-cell stage, the embryo begins to 

form a compacted structure. Cells become flatter, as intercellular gaps and tight 

junctions begin to form. When it reaches the 16-cell stage, compartmentalization occurs 

between the cells; some cells form the outer cell mass, while the others are assigned to 

form the inner cell mass. When the embryo reaches 32 cells, compartmentalization 

becomes completed. Tight junctions between cells in the outer polar region are 

increased and can be structurally distinguished from the inner group. At this stage, fluid 

begins to collect into the structure formed and the transition from the morula stage to 

the blastocyst stage begins. When the blastocyst stage is completed, the trophoblastic 

cells formed by the outer cell mass and the embryoblasts formed by the inner cell mass 

can be distinguished. At the same time, a new compartmentalization has occurred in the 

trophoectodermal region. The trophoblasts close to the inner cell mass form polar 

trophoblasts, which will also take part at the beginning of implantation and are in 

contact with embryoblasts, while the remaining part forms mural trophoblasts [3].  
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Figure 1. Visual demonstration of embryo development. (Generated via 

BioRender.com) 

 

1.4 Implantation, Stages, and Necessary Elements 

Implantation is a fundamental process in embryonic development that comprises 

sequential events such as apposition, adhesion, and invasion into the endometrium[7]. 

The blastocyst initiates apposition by establishing a suitable location for contact with 

the endometrial luminal epithelium, and a robust physical bond forms between the two. 

The initial loose connection during apposition transitions into a more secure attachment. 

This attachment enables the trophoblastic cells to adhere firmly to the uterine 

epithelium, facilitating the subsequent invasion. The invasion process would be crucial 

for the continued growth, development, and nourishment of the blastocyst which begins 

to invade the uterine stroma until successful implantation occurs within the 

endometrium. The implantation process requires effective bidirectional interaction 

between the embryo and the endometrium, which is supported by a series of 

morphological, biochemical, and genetic modifications orchestrated by hormones, 

cytokines, growth factors, and adhesion molecules (Figure 2)[8].  
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Figure 2. Signaling network for uterine receptivity and implantation. Expression of 

molecules for uterine receptivity, implantation, and decidualization are shown[9].  

 

1.4.1Blastocyst Competency 

Early embryo enters the uterine cavity in the morula stage and reaches the 32- to 256-

cell blastocyst. Implantation begins with hatching, known as the loss of the zona 

pellucida. The active blastocyst undergoes structural changes. Just before the time of 

hatching, epiblast signals promote differentiation of the polar trophectoderm. 

Trophoblastic cells lose the cell cycle genes, and primitive syncytiotrophoblast markers 

begin to be expressed. Consequently, human embryos are oriented for the polar 

trophectoderm attached to the endometrial epithelium[10],[11]. 

 

1.4.2Window of Implantation  

During the proliferative phase, estrogen levels are increased by the ovarian follicles, and 

this rise promotes the increasing thickness of the endometrium. Throughout the 

secretory phase of the endometrium, which also coincides with the luteal phase of the 

ovary, progesterone secretion increases. The release of the progesterone hormone 
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facilitates changes in the endometrium, that makes it possible for the embryo to get 

implanted. In the fertile women, implantation occurs 7–10 days after ovulation; this 

limited time for implantation to occur is called the window of implantation (WOI)[12]–

[14]. 

 

1.4.3 Endometrial Receptivity 

The physiological condition in which the endometrial epithelium permits the 

trophoblast cells to adhere and infiltrate into the uterine stroma is known as endometrial 

receptivity. The endometrium is only receptive for a certain time, thus the embryo must 

arrive on time[15]. Structural and functional modifications of the uterus is necessary for 

successful implantation. Estrogen and progesterone are two major hormones mediating 

these changes[16]. During WOI, cellular changes as decidualization, the transformation 

of the fibroblast-like endometrial stromal cells into larger and rounder decidual cells, 

take place. The secretory phase of the endometrium can be distinguished by using the 

Noyes criterion. Histologically, this phase is marked by the glands taking on a sawtooth 

appearance and establishing highly irregular patterns. The uterine stroma becomes more 

edematous and softer as vacuolization progresses, giving the structure thicker 

appearance. The emergence of large apical protrusions (pinopodes), formation of 

microvilli on the luminal epithelium, is the observable marker of receptivity. Membrane 

projection is formed by the fusion of pinopodes, and this increases the surface area 

between the endometrium and the blastocyst[17]. 

 

1.4.4 Decidualization 

An essential step in the implantation and the embryonic development cascade is the 

decidualization process in the endometrium. Although progesterone plays a critical role 

in maintaining decidual gene expression, it is not enough to start the differentiation 

process on its own[18]. Several vascular changes, including vascular leakage, 

angiogenesis, and the recruitment of immune cells, are indicative of this complex 

transition. The decidualization of stromal cells plays a key role in orchestrating the 

transformation of natural killer (NK) cells into uterine NK (uNK) subsets, which exhibit 

intrinsic tolerance to the invading trophoblast cells and contribute significantly to 

vascular remodeling through the secretion of cytokines and angiogenic factors. 

Morphologically, decidualized stromal cells undergo distinct changes as, transitioning 
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from a spindle-shaped form to an enlarged, polygonal, or round, polyploid, epithelioid 

style. Increases in organelles like ribosomes, lysosomes, mitochondria, and 

microfilaments as well as the accumulation of lipids and glycogen in the cytoplasm are 

examples of the ultrastructural alterations. Significant changes occur in both proteomic 

and genetic mechanisms during this transition. Prolactin (PRL) and insulin-like growth 

factor binding protein (IGFBP) are two indicators of the molecular changes linked to the 

upregulated decidualization. Decidualized stromal cells also actively contribute to the 

remodeling of the extracellular matrix (ECM) by secretion of important constituents 

such as collagen IV, fibronectin, laminin, and alpha-smooth muscle actin. 

 

1.4.5 Molecules and Structures Involved in Implantation 

During implantation, some proteins, molecules, and structures are formed through the 

regulations of estrogen and progesterone, in a cycle-dependent manner. Many of these 

formations show an increase in expression, which eventually plays a prominent role 

during the process. 

 

Leukemia Inhibitory Factor (LIF): Leukemia inhibitory factor (LIF), a member of IL-

6 cytokine family, plays a pivotal role in multiple aspects of embryo implantation, such 

as embryo invasion, stromal differentiation, proliferation, and invasion via various 

signaling pathways[19]. In mice, LIF peaks in the endometrial glands during ovulation, 

ensuring the transformation of the endometrium for implantation and mediating 

endometrial receptivity. LIF-deficient female mice show signs of unsuccessful 

implantation. The absence of LIF causes an increase in glycocalyx and implantation 

failure[20]. In humans, LIF expression is prominent in the mid-luteal phase and uterine 

luminal fluid during this phase. Furthermore, LIF regulates immune responses, 

impacting uterine leukocyte subpopulations. In terms of embryo-endometrial 

interaction, LIF aids in pinopode formation and induces the expression of adhesion 

molecules like JAM-2[21],[22].  

 

Insulin-like Growth Factor Binding Protein 1: Endometrial stromal cells produce 

insulin-like growth factors I and II (IGF-I and IGF-II) and high-affinity IGF-binding 

proteins (IGFBPs). All six high-affinity IGFBPs are expressed in human endometrium, 

with IGFBP-1 being the most abundant. IGFBP-1 is secreted by pre-decidualized 
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endometrial stromal cells under the influence of progesterone[23]. This protein serves as 

both a marker for decidualization and a paracrine/autocrine factor involved in the 

cascade of events from implantation to normal fetal outcome. Insulin-like growth factor 

binding protein-1 (IGFBP-1) plays a versatile role in human female reproductive 

physiology, contributing to various stages from menstrual cycles to fetal growth[24]. 

During the endometrial stromal differentiation process, insulin-like growth factor 

binding protein-1 (IGFBP-1) is produced by the decidualized endometrium and it 

inhibits the action of IGF-I, which causes estrogen-induced proliferation of 

endometrium by limiting its binding to the receptor[25]. IGFBP-1 also exhibits IGF-

independent actions by interacting with α5β1 integrin on the cell surface, stimulating 

cell migration and adhesion[26].  

 

Mucin-1: In the apposition phase of implantation, the blastocyst establishes loose 

physical contact with the receptive endometrium before firmly adhering to its surface 

[27]. Membrane-associated MUC1, a glycoprotein abundant during the implantation 

window, serves as a biochemical marker for endometrial receptivity. It has higher 

expression in fertile women compared to infertile counterparts, localized in both 

glandular and luminal epithelium. MUC-1 acts as a scaffold for L-selectin ligands, 

facilitating loose contact and blastocyst rolling over the endometrial surface[19]. 

 

2L-Selectin: Selectins are cell surface glycoproteins found on endothelial cells, 

leukocytes, and platelets, with roles in immune cell trafficking and various 

physiological and pathological processes. L-selectin is expressed on T and B 

lymphocytes and guides cells to secondary lymph nodes in adaptive immunity[28]. 

During the implantation, L-selectin ligands are significantly expressed in the 

endometrium. These ligand expression peaks occur during the receptive phase, 

contributing to the blastocyst-endometrium interaction. After the implantation process, 

L-selectin is detected in the cytotrophoblasts projecting into the decidua, and ligands 

shift to decidual cells, suggesting a role in cytotrophoblast penetration[29],[30]. 

 

Integrin & Fibronectin: Adhesion competence refers to the embryo's ability to adhere 

to the endometrial lining, which is a crucial step in the implantation process. Integrins, 

especially integrin α5β1 subunits on the surface of the blastocyst, play a crucial role in 
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this adhesion[31]. Expression of these integrins is increased at the apical surface of 

adhesion-competent blastocysts, facilitating a stronger interaction with fibronectin. 

Fibronectin, an extracellular matrix protein, promotes adhesion by acting as a bridge 

between integrins on the blastocyst and integrins on the endometrium. IGF1 has been 

found to positively affect this process by increasing apical fibronectin expression in 

blastocysts and increasing their binding to endometrial cells. The integrin-fibronectin 

axis regulated by IGF1 is emerging as a key mechanism affecting the adhesion 

competence of the blastocyst during implantation[32]. 

 

Entactin (Nidogen): Nidogen, also known as entactin, is a glycoprotein found in almost 

all basement membranes[33]. Two isoforms, nidogen-1 and nidogen-2, coexist in 

mammals[34]–[36]. Nidogen-1 participates in the assembly of basement membranes by 

acting as a bridge between laminin-1 and type IV collagen[37]. It has been shown to play 

a role in various cellular processes, including cell attachment, neutrophil chemotaxis, 

trophoblast growth, and angiogenesis[38]–[41]. During decidualization, implantation, and 

embryogenesis, both nidogen-1 and nidogen-2 are co-expressed in various uterine 

tissues. Nidogen-1 has been shown to protect laminin-1 against proteolytic cleavage and 

increase basement membrane stability. Immunolocalization studies show that nidogen-1 

and nidogen-2 play a crucial role in the attachment of the blastocyst to the uterine 

luminal epithelium. Their expression coincides with the onset of decidualization, and 

they are involved in the removal of the basement membrane of the uterine epithelium 

during early pregnancy. Removal of nidogens from the basement membrane is 

suggested as a first step towards its degradation. Additionally, nidogen-1 and nidogen-2 

are expressed in developing embryos, indicating their potential role in 

embryogenesis[42]. 

 

E-Cadherin: E-cadherin (E-cad) emerges as a key protein in maintaining integrity and 

plays a crucial role in the biogenesis of the uterine epithelium. Mice lacking Cdh1 (the 

gene encoding E-Cad) display disorganized uterine epithelium, highlighting the 

developmental necessity of E-Cad[43]. Dynamic changes in E-Cad expression occur 

during the menstrual cycle. Changes noted in the endometrial epithelium of infertile 

women reveal its importance in the adult endometrium[44],[45]. Beyond its role in 

epithelial biogenesis, E-Cad also contributes to the apicobasal polarity of the 
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epithelium, which is a prerequisite for directional secretory and absorptive functions. 

Stage-dependent changes are observed in the apico-lateral sequence of E-Cad. While 

widespread distribution is observed in the proliferative phase, lateral ordering is 

observed in the secretory phase and the expression is mediated by the steroid hormones. 

During embryo implantation, the endometrium undergoes extensive changes in response 

to mid-cycle estrogen increases and embryonic factors. While some studies report loss 

of E-Cad at the implantation site, others have found increased expression or higher 

apical sorting[46]–[48]. 

 

Pinopodes: Pinopodes are 5–10 μm cellular protrusions on the apical plasma membrane 

of uterine epithelial cells that are uniquely large compared to other epithelial protrusions 

and are particularly notable during the Window of Implantation (WOI)[49],[50]. Pinopodes 

are evolutionarily conserved structures found in mice, rats, and humans, and their 

formation has been associated with successful implantation[51],[52]. Ovarian steroid 

hormones estrogen and progesterone play a crucial role in regulating pinopode 

development[53]. Pinopodes undergo morphological changes during the menstrual cycle 

and are classified as developing, mature, and regressive. Their occurrence, which 

typically occurs around days 20-22 of the natural menstrual cycle, occurs during the 

luteal/secretory phase, which coincides with WOI[54]–[56].  

 

Heparin-Binding Epidermal Growth Factor: The blastocyst and the maternal 

environment undergo complex communication during the implantation process, and 

HB-EGF (heparin-binding EGF-like growth factor) becomes involved in this 

conversation. Before attachment, HB-EGF expression is seen in the uterine luminal 

epithelium, demonstrating its critical function in preparing the maternal environment for 

eventual attachment. HB-EGF promotes trophoblast outgrowth, suggesting its 

involvement in trophoblast invasion during implantation. HB-EGF is identified as a 

mitogen for fibroblasts and smooth muscle cells, existing in both transmembrane and 

soluble forms. HB-EGF induces implantation-like responses, including increased 

vascular permeability and decidualization[57]. 

 

Homeobox A10: Homeobox A10 (HOXA10) emerges as a crucial regulator in the 

endometrium and implantation process, exerting its influence on various aspects of gene 
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expression and cellular functions. HOXA10, a DNA-binding transcription factor, plays 

a vital role in implantation, with its expression fluctuating throughout the menstrual 

cycle and peaking in the middle of the secretory phase[58]. Decreased HOXA10 

expression is observed in the context of diseases associated with endometrial receptivity 

damage, such as endometriosis, adenomyosis, and hydrosalpinx[59]–[61]. In particular, 

HOXA10 has been found to regulate the expression of endometrial receptivity 

biomarkers, including integrin ανβ3 and insulin-like growth factor binding protein 1 

(IGFBP1). The relationship between HOXA10 and E-cadherin was also investigated. It 

revealed lower expression levels of both HOXA10 and E-cadherin in patients with 

recurrent implantation failure (RIF) and unexplained recurrent miscarriages, and a 

positive correlation between the two. Also, the studies have revealed that during 

implantation, HOXA10 can directly bind to the E-cadherin gene promoter and thus 

regulate E-cad expression[62]. 

 

Wnt Signaling: Wnt signaling emerges as a critical player in both the endometrium and 

the complex implantation process, orchestrating important events in early pregnancy 

and embryonic development. During preimplantation embryonic development, Wnt 

ligands and receptors are present. Canonical Wnt signaling is indispensable for 

blastocyst formation. Non-canonical pathways are potentially important. Canonical Wnt 

signaling, particularly mediated by Wnt4, is central to blastocyst activation and 

successful implantation, influencing important aspects such as anterior-posterior axis 

formation and trophoblast lineage specification[63],[64]. Additionally, Wnt4 and Wnt6 in 

particular play specific roles in regulating epithelial differentiation, stromal cell 

proliferation, and survival during decidualization[65],[66]. Information from human 

studies highlights the relevance of Wnt signaling, with altered expression patterns 

associated with recurrent implantation failure and miscarriage[67],[68]. 

 

1.4.6 Experimental Designs and Technologies to Investigate Embryo-Maternal 

Interaction 

A variety of experimental designs and technologies have been used to investigate 

embryo-maternal interaction, particularly with a focus on implantation (Figure 3). 

Animal models, including knockout mice, provide in vivo insights into molecular 

mechanisms. For example, one study generated Esr knockout mouse models and 
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identified ERα as the primary mediator of E2 function in endometrial cells[69],[70]. On the 

other hand, in vitro culture systems and three-dimensional (3D) models such as 

endometrial organoids and blastoids provide controlled environments in which 

endometrial responses to hormonal cues can be studied[71],[72]. A variety of culture 

conditions have been used in studies, including the use of different substrates such as 

uncoated tissue culture plastic plates, plates coated with collagen, laminin, or 

fibronectin, and co-culture with uterine monolayers or other somatic cells such as 

fibroblasts and Vero cells[73]–[76]. For example, the endometrial and trophoblast cell co-

culture model involves co-culturing embryonic stem cells and trophoblast stem cells and 

allows the study of embryo cavitation, axis morphogenesis, and implantation[77]. 

Information from other studies indicates that experimental designs involving the 

Ishikawa cell line and rodent embryos have been used to investigate embryo-mother 

interaction, especially at the early stages of implantation[78]. The formation of blastoids 

from human pluripotent stem cells is an alternative model for studying early human 

development, including embryo-maternal interactions. Extracellular matrix (ECM) is 

also used in implantation research, and the use of ECM plays an important role in the 

preparation of endometrial organoids and establishing 3D endometrial culture. Matrigel 

is one of the widely used ECM material[79],[80]. Microfluidic systems, such as 

endometrium-on-a-chip, recreate tissue architecture for detailed studies[81],[82]. 

Endometrial populations combine different cell types for a more realistic model. 

Genetic screening and editing, as well as drug screening, identify key factors and 

compounds that influence implantation[83]. Single-cell RNA sequencing is another 

technique that offers detailed transcriptomic profiling[84].  
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Figure 3. Established in vitro 3D culture models of the endometrium. A) Stromal 

cells suspended in collagen by a coating of Matrigel with epithelial cells seeded on top. 

B) Stromal cells resuspended in Matrigel with directly seeded Ishikawa epithelial cells. 

C) Endometrial stromal cells resuspended in fibrin-agarose gel, covered with epithelial 

cells, and using JAR cell-derived spheroids as trophoblast carriers. D) Combined 2D/3D 

model combining endometrial glandular spheroids, 2D monolayer of endometrial 

epithelial cells, and trophoblasts to study trophoblast invasion. E) 3D culture model 

using human endometrial slices suspended in a collagen matrix in a double-dish culture 

plate[72]. 

 

1.5 Female Infertility 

Infertility is a medical condition that has significant effects on many aspects of well-

being. Defined as the inability to achieve a clinical pregnancy after 12 or more months 

of regular, unprotected sexual intercourse, it poses psychological, physical, mental, 

spiritual, and medical challenges[85]. Globally, approximately 15% of reproductive-age 

couples, equivalent to 48.5 million couples, encounter difficulties in conceiving[86]. 

Female infertility constitutes 35% of cases. According to a World Health Organization 

study, 37% of infertile couples in developed countries exhibit female factor infertility, 

and 35% manifest both male and female related factors. Common identifiable female 

factors include ovulatory disorders (25%), endometriosis (15%), pelvic adhesions 

(12%), tubal blockage (11%), other tubal abnormalities (11%), and hyperprolactinemia 

(7%)[87]. 
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1.5.1 Recurrent Implantation Failure (RIF) 

The term "implantation failure" encompasses patients who either lack quantifiable signs 

of implantation, such as increased hCG levels or exhibit elevated hCG production 

without subsequent ultrasound evidence of a gestational sac[88]. This description applies 

to individuals undergoing assisted reproductive technology (ART) and those attempting 

conception without fertility treatment. Maternal age, embryo quality, and the stage of 

transfer (cleavage or blastocyst) are factors considered by different authors in defining 

RIF[89],[90]. A more comprehensive definition, proposed by Coughlan et al., involves the 

failure of clinical pregnancy after four good-quality embryo transfers and at least three 

IVF cycles and applies to women under 40[88]. In spontaneous conception, 

approximately 30% of pregnancies are lost before implantation, and 10% result in 

clinical pregnancy losses. It's essential to acknowledge that achieving spontaneous 

pregnancy on the first attempt is only seen in only around 30% of normal fertile 

couples, with success often occurring in subsequent attempts[91],[92]. 

 

1.5.2 Factors that affect implantation failure 

Recurrent implantation failure can be caused by several factors. Maternal age is a 

critical factor because increasing age is associated with higher rates of aneuploidy and 

decreased pregnancy success[93],[94]. Obesity (BMI > 25 kg/m2) is associated with higher 

implantation failure and lower implantation rates in ART by affecting oocyte quality 

and follicular development[95]. Smoking negatively impacts pregnancy outcomes, 

leading to increased miscarriage risk and decreased live birth rates[96]. Elevated cortisol 

levels which indicate stress, may increase the chance of miscarriage shortly after 

conception[97]. However, the impact of psychological stress on ART outcomes is 

debated. Although some studies suggest minimal effects in the first treatment cycle, 

they show higher rates of anxiety and depression after IVF failure[98]. Recurrent 

implantation failure (RIF) also involves the multifaceted interaction of immunological, 

genetic, and physiological factors. High levels of natural killer cells, both peripherally 

and in the uterus, are associated with an increased risk of miscarriage[99],[100]. 

Autoimmune antibodies, hereditary thrombophilias, and chronic endometritis contribute 

to implantation challenges, with Lactobacillus-dominated endometrium favoring 

successful outcomes[101]–[104]. Chromosomal abnormalities particularly translocations, 
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are more prevalent in RIF, prompting recommendations for parental 

karyotyping[105],[106].  

 

1.5.3 Assisted reproductive techniques to overcome implantation failure 

Various therapeutic interventions aim to improve outcomes for individuals experiencing 

RIF during IVF. Selection of the appropriate embryo stage for transfer (blastocyst or 

embryos at the cleavage stage) increases the implantation success rate. The use of 

frozen embryo transfer is gaining popularity over fresh transfer as it may increase 

endometrial receptivity[90]. Different methods of embryo transfer, including ultrasound-

guided transfer, catheter type, and cervical mucus removal, can impact clinical 

pregnancy and live birth rates[88]. Controlled ovarian stimulation protocols, particularly 

the use of GnRH agonists versus antagonists, have been investigated. It has been 

determined that lower pregnancy rates are achieved with antagonists. In some new 

approaches for RIF patients, the dual use of GnRH agonists and antagonists are used 

more effectively in final follicle maturation[107]. The use of progesterone 

supplementation, especially dydrogesterone, provides benefits in increasing birth rates, 

and its oral administration is considered to be non-inferior to vaginal progesterone in 

IVF[108].  

 

1.6 Crispr Cas9 Systems 

Gene editing technology advanced significantly with the discovery of Clustered 

regularly interspaced short palindromic repeats (CRISPR) in Escherichia coli in 

1987[109],[110]. Subsequently, the DNA splicing function of the CRISPR system was 

developed by Jennifer Doudna and Emmanuelle Charpentier[111],[112]. The system 

includes the Cas9 protein for DNA cutting and crRNA/tracrRNA for targeting specific 

DNA sequences. This system causes double strand breaks in target DNA sequences, 

thus the CRISPR/Cas9 system has been widely used in gene knockout, genome 

screening, and modeling. Other CRISPR systems, such as Cas12 and Cas13a, have also 

been applied to RNA imaging and rapid nucleic acid detection. The CRISPR system is 

divided into two categories based on its composition as an effector of the prokaryotic 

immune system. The first of these categories, the CRISPR/Cas system category, 

contains multiple effector proteins, including three types: type Ⅰ, Ⅲ, and Ⅳ. The other 

category includes single multidomain protein effectors commonly used in current 
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research and consists of types Ⅱ, Ⅴ, and Ⅵ. The widely used CRISPR/Cas9 system 

belongs to the type II category. The CRISPR system has been divided into six types, 

with ongoing modifications and applications in various fields of research. The 

CRISPR/Cas9 system mainly includes the Cas9 protein for cutting DNA and crRNA 

(CRISPR-derived RNA) and tracrRNA (trans-activating crRNA) for targeting. crRNA 

forms double-stranded RNA with tracrRNA through base complementary pairing and 

associates in a complex with the Cas9 protein to target specific DNA sequences. Cas9 

proteins recognize protospacer adjacent motif (PAM) sequences and apply 

endonuclease activity to cut regions of DNA, causing double-strand breaks (DSBs) in 

DNA (Figure 4)[113]. Cells then activate the DNA repair pathway to repair the damaged 

DNA strand. During the repair process, DNA is inserted, deleted, or rearranged, leading 

to modification of the target DNA sequence. Non-homologous end joining (NHEJ) 

repair frequently leads to frameshift mutations, resulting in gene knockout. Nowadays, 

crRNA and tracrRNA are combined into a single RNA, often called sgRNA (single 

guide RNA) when CRISPR tools are used to manipulate DNA molecules. 

CRISPR/Cas9 is also widely used for single and multiple gene knockouts in cells and 

animals, as exemplified by the creation of a mouse model of multiple gene knockouts 

[114]. In applications such as the treatment of Duchenne muscular dystrophy, 

CRISPR/Cas9 has been used to delete exons from mutated genes and restore a normal 

reading frame[115].  
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Figure 4. A general outline of CRISPR/Cas9 system. The system includes the Cas9 

protein for DNA cutting and crRNA/tracrRNA for targeting specific DNA sequences, as 

Cas9 protein for cuts DNA and crRNA (CRISPR-derived RNA) and tracrRNA (trans-

activating crRNA) for targeting. crRNA forms double-stranded RNA with tracrRNA 

through base complementary pairing and associates in a complex with the Cas9 protein 

to target specific DNA sequences[116]. 

 

1.6.1Application of CRISPR/Cas9 System into Reproductive Biology 

The field of reproductive biology has witnessed significant advancements with the 

application of CRISPR/Cas9 technology. In the field of reproductive biology, the 

CRISPR/Cas9 system is used in subjects such as functional analysis of genes in 

reproduction, gene deletion and correction in model organisms, engineering in 

mammalian germline, maternal mutant embryo formation, mitochondrial genome 

editing, and human germline genome editing. Firstly, it is noteworthy that this 

technology is used to delete specific genes associated with critical reproductive 

processes. In studies, CRISPR/Cas9 has been used to better understand the functional 

functions of genes, leading to the creation of homozygous loss-of-function subjects. For 

example, deletion of a site in the Ast1 gene encoding Ovastacin provided insights into 

its role in preventing sperm binding during fertilization[117]. In addition, CRISPR/Cas9 



 18 
Chapter 1: Introduction 
______________________________________________________________________ 
technology is also used to eliminate some disorders caused by genetics. Deleting the 

Crygc gene, which causes cataracts in mice, using CRISPR/Cas9 successfully resolved 

the disorder[118]. For another example, this method has also been used to correct genetic 

mutations associated with disorders such as Duchenne muscular dystrophy[119]. 

Moreover, CRISPR/Cas9 has been effective in studying maternal mutant embryos in 

zebrafish and addressing mitochondrial diseases through precise editing of 

mitochondrial DNA[120]. In the field of human reproductive biology, CRISPR/Cas9 has 

been tested in human germline genome editing, demonstrating its potential to correct 

mutations in human zygotes and oocytes[121],[122]. Moreover, insights from 

CRISPR/Cas9 gene editing highlight the important roles of specific conceptus factors, 

such as IL1B2 and IFNG, in pig development and successful pregnancy establishment, 

shedding light on the complex biological pathways and consequences of factor 

loss[123],[124]. 

 

1.7 Hypothesis and The Aims of The Current Research 

The aims of the current research can be outlined as: i. to reveal temporal gene 

expression profile differentially in endometrial epithelial and endometrial stromal cells 

throughout the duration of 3D in vitro culture systems, ii. to identify genes that show a 

significant expression profile during the culture period, iii. to search for the functions of 

those genes and investigate if they have been related to implantation process previously, 

iv. to edit genome of epithelial and stromal cells separately for altering expression of the 

determined genes, v. to uncover the molecular effects of expression of genes that have 

not been addressed for implantation previously. 

As implantation is a very complex biological phenomenon with so many unknown still 

to study, we can hypothesize that, some novel genes which have not been linked to 

implantation process before, can be discovered via use of genome edition. 
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Chapter 2  

MATERIAL AND METHODS 

 

The flow chart designed based on the hypothesis is shown in the fFigure 5. 

 

Figure 5. Flow chart of experimental study. 

 

2.1 Experimental Materials and Equipment 

2.1.1 Animal Studies 

Folligon (MSD, Cat No:186433 R2), Chorulon (MSD, Cat No: 194225 R2), GMOPS 

(Vitrolife, Cat No: 10130), Bovine Serum Albumin (BSA) (Sigma Aldrich, Cat No: A-

3311).  

 

2.1.2 Embryo Isolation and Culture Studies 

35 mm culture dish (Nest, Cat No: 706001), hyaluronidase (Sigma Aldrich, Cat No: 

H1136), NidOil (Nidacon, Cat No: NO-100), The stripper micro pipetter (The 

STRIPPER, Cat No: MXL-3 STR), denudation tip (Reproline, Cat No:: 447140/20), 

Hot Plate 062 (Labotect, Cat No: 13854), IVFtech Classica cabinets (IVFtech, Cat No: 

BE3007), incubator Forma Steri-Cycyle i160 (Thermo Fisher, Cat No: 50163013), 

Embryo culture medium (Life Global, Ref No: LGGG-100).  
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2.1.3 Cell Culture Studies 

DMEM-F12 Ham’s culture media (Multicell, Cat No:319-085-CL), Charcoal-stripped 

fetal bovine serum (Thermo Fisher, Cat No:12676029), β-Oestradiol (Sigma Aldrich, 

Cat No: E2758), progesterone (Sigma Aldrich, Cat No: P8783), 12-well plates (Sarstedt, 

Cat No: 83.3921), 6-well plates (Sarstedt, Cat No:83.3920), 10 cm culture dish 

(Sarstedt, Cat No: 83.3902), centrifugation device SL-40R (Thermo Fisher, Cat No: 

75004527), serological pipettes 5 ml, 10 ml, 25 ml, and 50 ml (Greiner Bio-One, Cat 

No: 606180, 607180, 760180, 768180), stereo microscope (Zeiss, Cat No: Stemi 508), 

incubator (New Brunswick, Cat No: Galaxy 170S), Pen/Strep. (Biowest, Cat No: 

L0022-100), Trypsin-EDTA (MultiCell, Cat No: 325-542-EL), -20°C and -80°C 

freezers (Arçelik, Cat No:2060MB and Thermo Fisher, Cat No: R207-14), 

collagenase/dispase (Sigma Aldrich, Cat No:10269638001), DMSO (Sigma Aldrich, 

Cat No: D2650-100ml), Matrigel® Basement Membrane Matrix (Corning, Cat No: 

354234), Live/Dead Viability/Cytotoxicity kit (Thermo Fisher, Cat No: L3224). 

 

2.1.4 Benchwork  

Immunofluorescent Staining: Paraformaldehyde powder (Sigma Aldrich, Cat No: 

158127- 500g), Triton-X-100 (Sigma Aldrich, Cat No: T9284-100ml), Tween 20 

(Sigma Aldrich, Cat No: P1379-500ml), Anti-Mmp9 antibody (Abcam, Cat No: 

ab38898), Anti-E-Cadherin Antibody (Abcam, Cat No: 76055), Anti-Entactin antibody 

(Abcam, Cat No: ab14511), Alexa Fluor 488 goat anti-mouse IgG(H+L) (Invitrogen, 

Cat No: A-11029), Alexa Fluor 488 goat anti-rabbit IgG(H+L) (Invitrogen, Cat No: 

ab150077), Hoechst 33342 (Thermo Fisher, Cat No: 62249 5ml), Glycerol (Sigma 

Aldrich, G5516-500ml), Dulbecco’s Phosphate-Buffered Saline (DPBS) (Biowest, Cat 

No: L0615), Zeiss light microscope (Zeiss Primo Star, Germany ), STED confocal 

super-resolution (Leica TCS SP8 STED 3X, Germany).  

 

qRT-PCR: Random Hexamer Primer (Thermo Fisher, Cat No: SO142), dNTP  

(Invitrogen, Cat No: 28025-013), M-MLV RT enzyme, (Invitrogen, Cat No: 28025-

013), 5X First Strand buffer (Invitrogen, Cat No: Y0232), Dithiothreitol (DTT) 

(Invitrogen, Cat No: D153), Light Cycler® 480 SYBR Green I Master (Roche, Cat No: 

0488735200), Quick-RNA Purification Kit (Macharey-Nagel, Cat No: 740955.50), 

Qiagen Cyber Green Master, 2-mercaptoethanol (Sigma Aldrich, Cat No: M3148), 
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Nanodrop 2000/2000c Spectrophotometers (Thermo Fisher, Cat No: ND-2000), 

LightCycler 480 instrument (Roche, LightCycler 480 II). 

 

Western Blot: RIPA Lysis Buffer (EcoTech Biotechnology, Cat No: RIPA-100), Laemli 

Buffer 2X (Sigma Aldrich, Cat No: S3401), PVDF Membrane (BioRad, Cat No: 

1620177), Mini-PROTEAN RGX Stain-Free Gels (BioRad, Cat No:4568085), Blotting-

Grade Blocker Non-fat Dry Milk (BioRad, Cat No: 1706404), Odyssey Fc Imaging 

System Chemiluminescence Sensing System (LI-COR Biosciences). 

 

2.1.5 Molecular Cloning Studies 

T4 Ligase Buffer. (New England Biolabs, Cat No: M0202S), T4PNK enzyme. (New 

England Biolabs, Cat No: M0201S), Nuclease-free water. (Eco Tech biotechnology, Cat 

No: DW003L), PCR device (Bio-Rad, Cat No: T100), T100 Thermal Cycler (Bio-Rad, 

Cat No: 1861096),  BsmBI (New England Biolabs, Cat No: R0739l), Antarctic 

Phosphatase (New England Biolabs, Cat No: M0289S), T4 Ligase buffer with ATP 

(10X) (New England Biolabs, Cat No: M0202S), Lubia Broth (Multicell, Cat No: 800-

061-CG), LB Agar (Multicell, Cat No:800-011-CG), Fugene 6 Transfection Reagent 

(Promega, Cat No: E2692), Puromycin dihydrochloride (Sigma Aldrich, Cat No: 

P8833-100mg), Digital orbital shakers (WiseShake, Cat No: SHO2D), NucleoSpin Gel 

and PCR Clean-Up (Macharey-Nagel, Cat No: 740609.50), NucleoSpin Plasmid 

miniprep kits (Macherey-Nagel, Cat No: 740588.50 ), SOC Outgrowth Medium (New 

Englands Biolabs, Cat No: B9020S). 

 

2.2 General Protocols  

The protocols repeated at different stages of the study are listed below. 

 

2.2.1Immunofluorescent Staining  

Immunofluorescent staining (IF) is a technique that applies antibodies and fluorophores 

to define certain types of proteins in a cell. The IF protocol consists of a step-by-step 

procedure to apply. Before beginning the staining, samples should be fixed. The 

medium of cells seeded onto the class coverslips was removed and washed with DPBS 

solution. Then, 4% PFA was added to the cells and cells were incubated for 20 minutes 

at room temperature (RT). After that, the samples were washed two to three times with 
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DPBS solution to remove the fixative, and they have become ready for IF staining. 

Initially, cells were passed on a 10-minute incubation at room temperature with 0.1% 

Triton-X, facilitating cell permeabilization. Subsequently, cells were washed three times 

with DPBS-T to remove excess Triton-X. Later, a 20-minute incubation with 

Superblock at room temperature followed, aiming to block nonspecific binding sites and 

enhance specificity during antibody interactions. The primary antibody incubation step 

involved either a 90-minute incubation at 37°C or an overnight incubation at 4°C, 

allowing for the specific binding of primary antibodies to target proteins. Post-

incubation, cells underwent a thorough washing process with DPBS-T three times to 

remove unbound primary antibodies. Afterward, a 90-minute incubation at 37°C with 

the appropriate secondary antibodies followed, enabling the visualization of the targeted 

proteins. After another round of three washes with DPBS-T, cells were covered with a 

mounting medium, which included Hoechst for nucleus staining.  

 

2.2.2 RNA Isolation  

RNA isolation was performed according to the Macherey-Nagel NucleoSpin RNA 

Isolation kit. First of all, the cell pellet was collected in a 1,5 mL Eppendorf tube. Cell 

lysis was achieved by adding 350 μL Buffer RA1 and 3.5 μL ß-mercaptoethanol to each 

cell pellet, and vigorous vortexing was applied. The lysate was then filtered through a 

NucleoSpin filter and centrifuged to remove cell debris. RNA binding was adjusted by 

adding 350 μL of 70% ethanol to the lysate. The homogenized lysate was transferred 

onto a NucleoSpin RNA column and centrifuged. To desalt the silica membrane, 350 

μL MDB was added and centrifuged to dry the membrane. DNA digestion was carried 

out by preparing a DNase reaction mixture with rDNase and reaction buffer. After 

DNase treatment, the silica membrane was washed once with buffer RAW2 and twice 

with buffer RA3. The final wash allows the membrane to dry completely. The elution 

step involved adding 25-60 μL of RNase-free H2O to the NucleoSpin RNA Column, 

followed by centrifugation, and eluted RNA was collected in a 1,5 mL Eppendorf tube. 

Isolated RNAs were stored at -80°C. 

  

2.2.3 cDNA Synthesis 

The cDNA formation process followed a standardized protocol. Initially, RNA samples 

were retrieved from -80°C storage and placed on ice for handling. The amount of RNA 
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required for each reaction was calculated, with a recommended range of 200–1000 ng 

depending on RNA concentration, ensuring consistency in cDNA concentration among 

comparison samples. The reaction assembly took place in PCR tubes, combining dNTP 

(2 mM), random hexamer (1 μL), RNA variable (up to 12 μL), and dH2O variable (13 

μL) for a total volume of 16.5 μL. Following a thermal cycler program at 65°C for 5 

minutes and subsequent transfer to ice, the mix was prepared for each reaction. The RT 

mix comprised 5X First Strand Buffer (5μL), DTT (0.1M) (2μL), and RNAsin (0.5μL), 

totaling 7.5 μL. This mix was added to each reaction sample, and the mixture was 

incubated at room temperature for 10 minutes. Subsequently, 1 μL of the MMLV RT 

enzyme was added to each reaction. After a brief vortex and centrifugation, the thermal 

cycler machine was set to 37°C for 1 hour, 70°C for 15 minutes for inactivation, and 

4°C indefinitely. Finally, the reaction volume was adjusted to 100 μL by adding 75 μL 

of DNAse/RNAse-free H2O. 

 

2.2.4 Real-time PCR Analysis 

The real-time PCR (qRT-PCR) analysis method is used for cDNA quantification and 

the determination of specific gene expression in the cells. First, a 96-well plate was 

taken and designed to accommodate the specific DNA samples and primers for analysis. 

A master mix was prepared by calculating 10 μL of Sybrgreen, 7 μL of dH2O, and 1 μL 

of primer mix for each well. Second, each well was loaded with 18 μL of the mix and 2 

μL of the respective DNA sample, and the top of the plate was sealed. The prepared 

plate underwent centrifugation at 1300 rpm for 2 minutes to ensure proper mixing and 

settling of the contents. The analysis was conducted using a LightCycler480 machine, 

employing a thermal cycling program. The program included an initial denaturation step 

at 95°C for 5 minutes, followed by 45 cycles of denaturation at 95°C for 10 seconds, 

annealing at 60°C for 30 seconds, and extension at 72°C for 30 seconds. The final step 

involved holding the temperature at 4°C indefinitely. 

 

2.3 Obtaining Mouse Embryos 

This step was conducted at Koç University Animal Research Laboratory. The animals 

were provided by Koç University, KUTTAM, Animal Research Laboratory. A 70 cm2 

area was allocated for each animal, and the daily cycle was arranged as 12 hours of dark 

and 12 hours of light. Adlibitum nutrition was applied with commercial pellet feed and 
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automated drinkers. As a result of superovulation, maximum efficiency was obtained 

with embryo collection. Therefore, 6-8 weeks old, and 20-24 g, CB6F1 female mice 

were selected to be used in the experiment. The ethical approval number for the animal 

experiments of this research is 2016.HADYEK.033. A total of 393 female mice were 

used for experiments. 

 

2.3.1 Superovulation of Female Mice 

First, 10 IU of pregnant mare serum gonadotropin (PMSG) was administered 

intraperitoneally (i.p.) to 6-8 weeks old, 20-24 g CB6F1 female mice. 10 IU of human 

chorionic gonadotropin (hCG) was applied i.p. 48 hours after injection, and female mice 

were mated with adult male CB6F1 mice. For the mating strategy, the method of 2 

females to a male was applied, and female mice were put into the male cage for the best 

result. The next morning, mating mice were identified by visualization of the vaginal 

plug (Figure 6). 

 

Figure 6. Visual demonstration of superovulation protocol.  

 

2.3.2 Zygote Collection 

Vaginal plugs are the clue for fertilization. The morning after mating, females with 

plugs were separated. After the superovulation, each female mouse carries 

approximately 20-25 zygotes. Zygotes were collected from the ampullae region of the 

sacrificed female mice. Cervical dislocation was used for sacrification of the animals. 

An abdominal incision was performed to reveal the ampullae which were surgically 

removed and collected into the GMOPS media supplemented with 4 mg/ml Bovine 

Serum Albumin (GMOPS+) and transported to the lab by maintaining the temperature of 

37°C. All dissections and denudations were performed under a stereomicroscope on 

37°C pre-heated surfaces in an IVF cabin. Each ampulla was taken separately into 
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GMOPS+ drops and explored with the help of tweezers at the swollen part, where the 

zygotes were accumulated. Zygotes scattered into GMOPS+ were collected with a 

stripper and taken into the fresh GMOPS+ media. The surrounding granulosa cells were 

removed by washing 3 times in hyaluronidase enzyme and the washing steps were 

followed in the GMOPS+ media supplemented with 4 mg/ml Bovine Serum Albumin 

[125]. The figures revealing the details of this process are presented in the “results” 

section. 

 

2.3.3 In Vitro Culture of the Zygotes 

One of the commercial embryo culture mediums (Life Global, USA) was used as an in 

vitro embryo culture medium. 10 µl embryo culture drops were placed on a 35 mm 

culture plate, and the drops were covered with mineral oil. Good quality zygotes 

(according to universal embryo grading systems) were transferred to the drops and 

cultured up to the blastocyst stage at 5% CO2, 37°C temperature, in a high-humidity 

incubator. For the zygote selection, the cell size, the distribution, number, and size of 

the nucleoli precursor bodies (NPB), the location of the polar bodies, and the presence 

of the cytoplasmic halo were considered[126].  

 

2.3.4 The Selection of the Blastocysts 

Good-quality growing blastocysts in the culture medium were used. There is no single 

blastocyst scoring system used today. For this reason, scoring systems were performed 

according to the literature for the zygote and blastocyst selection [127]. 4AA/5AA quality 

blastocysts were selected for the experimental study. 

 

2.4 Isolation of Mice Uterine Epithelial and Stromal Cells 

After the uterine horns of the sacrificed mice were removed, they were placed in warm 

HBSS and dissected under a stereo microscope. Following, tissues were cut into small 

pieces and for epithelial cell isolation tissues were taken into a mixture of 0.25% 

trypsin/EDTA and collagenase/dispase solutions. The tissue was first incubated at +4°C 

for 2 hours then room temperature for 30 minutes and 37°C for 30-45 minutes. After the 

expiration of the time, a warm medium was added to the sample to inhibit enzymatic 

activity. Later, the sample was vortexed until the cells were dispersed from the tissue. 

Subsequently, 70 and 40 µm mesh filters were used respectively to separate the cells 
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according to their size. The cells residing over 40 µm mesh were obtained by washing 

this side and used as epithelial cells, as the collected cells were seeded and cultured into 

the 6-well plate. The cells passing through the 40 µm mesh were suspended in a 

medium and the sample was centrifuged at 600G for 7 minutes for stromal cell 

isolation. The resulting pellet was seeded. The culture media was DMEM F-12 Ham's 

with 10% FBS, 1%PS, 63.5 nmol/L of progesterone, 7.14 nmol/L of estradiol-17b 

(Repro Medium), and the culture condition was 37°C in 5% CO2 incubator.  

 

2.4.1 Uterine Cell Characterization Assays 

The identity of endometrial epithelial and stromal cells was established by 

immunofluorescent staining (IF), and real-time PCR (qRT-PCR) analysis (detailed 

protocols were given in section 2.2). Anti-cytokeratin 18 and anti-vimentin antibodies 

are used for the characterization of epithelial and stromal cells with IF analysis. For the 

qRT-PCR analysis, forward and reverse primers were given in Table 1. 

 

Table 1. Primer sequences used for cell characterization. Cytokeratin 18 (CK18), a 

uterine epithelial marker, and vimentin (Vim), a stroma marker, gene expressions were 

evaluated using the qRT-PCR method. Gapdh was used as a housekeeping gene for 

normalization in computational analyses. 

 Forward Reverse 

CK18 AGATGACACCAACATCACAAGG TCCAGACCTTGGACTTCCTC 

Vim CGTCCACACGCACCTACAG GGGGGATGAGGAATAGAGGCT 

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

 

 

2.4.2 Decidualization Assay 

To check whether the stromal cells were decidualized or not, a decidualization assay 

was performed. For this, the isolated uterine stromal cells were seeded in a 6-well plate. 

While half was kept in DMEM F-12, the other half was incubated with REPRO medium 

for 4 days under the condition of 5% CO2, 37°C temperature, in a high-humidity 

incubator.  
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Figure 7. Experimental plate design for decidualization assay. In this assay, three 

biological replicates were used for each medium. The aim of this study was to show that 

decidualization takes place efficiently with the REPRO medium that contains estrogen 

and progesterone. 

 

Following the incubation time, the cells were detached and decidualization markers 

prolactin (PRL) and insulin-like growth factor binding protein 1 (IGFBP1) were 

checked by using qRT-PCR. The experimental plate design is exhibited in Figure 7. The 

qRT-PCR primer sequence is given in Table 2. 

 

Table 2. Primer sequences are used for decidualization checks. Two decidualization 

markers (Prl and Igfbp1 gene expression) were checked by qRT-PCR analysis. Gapdh 

was used for the housekeeping gene. 

 Forward Reverse 

Prl GGGACACTCCTCCTGTTGC CACACGGTCAAACAGCTCTC 

Igfbp1 TCGCCGACCTCAAGAAATGG GACACACCAGCAGAGTCCAG 

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 
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2.5 Molecular Cloning 

Lentiviral vectors are one of the applicable methods to deliver a specific type of 

sequence to make the cell form cas9-gRNA complex inside the cytoplasm. However, 

rather than taking each type of viral vector commercially, they can be synthesized in 

laboratory conditions by using molecular cloning techniques. 

 

2.5.1 sgRNA Design 

A carefully designed guide RNA (gRNA) selection process achieved the targeted 

silencing of specific genes. Target genes were identified, and gRNAs were designed 

using the ChopChop database (https://chopchop.cbu.uib.no/) and the IDTDNA database 

(https://www.idtdna.com/pages). The selection criteria encompassed GC percentages 

within the range of 40-60%, ensuring gRNA efficiency exceeded 50%. Additionally, 

self-complementary gRNAs with the lowest off-target binding were prioritized. Off-

target rates were cross-verified against the IDTDNA database, and gRNAs with off-

target rates close to 100% were excluded. Oligo design involved the creation of parent 

sequences and their complementary counterparts, resulting in three separate oligos for 

each target gene. To facilitate binding to the target region, a 4-base extension sequence, 

derived from the BsmbI cutting site, was added to the beginning of the upper sequence 

using the SnapGene program. Furthermore, the efficiency of polymerase activity was 

enhanced by adding "G" to the beginning of the designed parent sequence, while a 

guanine base conjugate, "C," was appended to the end of the complementary sequence. 

This comprehensive approach aimed to optimize gRNA design for subsequent gene 

silencing experiments. 

 

2.5.2 sgRNA Annealing 

The synthesis of single-guide RNA (sgRNA) involved the strategic design and 

annealing of forward and reverse oligos to create constructs with appropriate sticky 

ends for subsequent cloning. The forward oligo, 5’-

CACCGNNNNNNNNNNNNNNNNNNN-3’, and the reverse oligo, 3’-

CNNNNNNNNNNNNNNNNNNNCAAA-5’, were ordered to facilitate the generation 

of cohesive ends upon annealing. For the annealing process, 1 µL of each oligo (100 

µM concentration) was combined with 1 µL of 10x T4 Ligation buffer and 7 µL of 

ddH2O. The annealing reaction was conducted using a thermocycler with the following 
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program: initial denaturation at 95°C for 5 minutes, followed by annealing at 37°C for 

30 minutes, and a final ramp down at 0.1°C/s from 95°C to 25°C. This rigorous 

procedure aimed to create sgRNA constructs with well-defined sticky ends, ensuring 

compatibility for subsequent ligation steps in the cloning process. 

 

2.5.3 Plasmid Restriction 

The enzyme BsmBI-v2, sourced from an Escherichia coli strain carrying the modified 

cloned BsmBI gene from Bacillus stearothermophilus B61, was employed in this study. 

The recognition site of BsmBI-v2 is 5´...CGTCTC(N)₁ˇ...3´ on one strand and 

3´...GCAGAG(N)₅ˇ...5´ on the complementary strand. pLentiCRISPR v2 puro backbone 

was used to insert the sgRNAs prepared for cas9 systems (Figure 8). The enzymatic 

reactions were conducted under standard conditions provided by the manufacturer’s 

protocol (https://www.addgene.org). A 5 μg vector was cut using 3 μL 1X NEBuffer 

3.1, and 3 μL BsmBI enzyme filled up to 30 ul with nuclease-free water, and the 

incubation temperature was set at 55°C for 16 hours. Following the incubation, heat 

inactivation of the enzyme was performed at 80°C for 20 minutes to halt the enzymatic 

activity. 

 

2.5.4 Plasmid Clean Up  

DNA purification was conducted using the NucleoSpin Gel and PCR Clean-up Kit. 

According to the manufacturer's manual, 1 volume of the sample was mixed with 2 

volumes of buffer NTI. Following the centrifugation, the DNA was bonded onto a 

NucleoSpin Gel and PCR Clean-up Column in a collection tube. After discarding the 

flow-through, the silica membrane was washed with 700 μL Buffer NT3, and another 

centrifugation step was repeated. After that, to ensure the dryness of the silica 

membrane, centrifugation for 1 minute at 11,000 x g was performed. 15–30 μL of 

Buffer NE was added, and after incubation at room temperature for 1 minute, the 

elution procedure was followed up with centrifugation at 11,000 x g for 1 minute in the 

new 1,5 mL Eppendorf tube. 
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Figure 8. Detailed exhibition of pLentiCRISPR V2 puro backbone. (Addgene 

Plasmid #98290). pLentiCRISPRv2 is a single viral vector frequently used to deliver 

CRISPR components: the Cas enzyme, guide RNA, and puromycin antibiotic resistance 

gene. 

 

2.5.5 sgRNA Ligation 

The ligation process is a step to integrate the sgRNA into the previously cut vector, 

which begins with the dilution of the sgRNA prepared with annealing to a concentration 

of 1:200 in nuclease-free water. Subsequently, the ligation reaction mixture was 

prepared by combining 50 ng of the cut vector backbone, 1 μL of the diluted gRNA, 5 

μL of T4 Ligase buffer with ATP (10X), and 1 μL of T4 DNA Ligase. The remaining 

volume is constituted by nuclease-free water to reach a total of 11 μL. The reaction 

mixture follows up with an incubation period at 16 °C for 16 hours to facilitate the 

efficient joining of the sgRNA to the cut vector backbone. Afterwards, the ligated 

sample was preserved at -20 °C. 
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2.5.6 Bacterial Transformation 

Transformation is a critical process for introducing foreign DNA into bacterial cells, 

and it is performed to incorporate the ligated products into bacteria. The process is done 

with a heat shock transformation technique. Competent cells were extracted from -80°C 

storage, thawed on ice, and then mixed with the ligated products. At the same time, agar 

plates, preloaded with the appropriate antibiotic (1:1000 ampicillin), were taken out of 

4°C storage and allowed to reach room temperature. 50 μL of STBL3-competent 

bacteria and 5 μL of the ligation product were mixed in the same tube. The resulting 

mixture was cooled for 30 minutes before undergoing a heat shock at 42 °C for 45 

seconds. The resulting mixture was cooled for 30 minutes before undergoing a heat 

shock at 42 °C for 45 seconds. Following this step, 150 μL of SOC medium was added, 

and the solution was incubated for 1 hour at 37 °C with continuous shaking at 225 rpm. 

Post-incubation, the mixture was centrifugated at 1500 rpm for 5 minutes, with the 

subsequent removal of 150 μL of the supernatant. The remaining 50 μL were inoculated 

on LB agar plates and incubated at 37°C for 16 hours. 

 

2.5.7 Colony Pick-Up and Plasmid Isolation 

The detailed process of isolating plasmids began with the selection of a single colony. 

Single-colony selection ensures the purity of the starting material and thereby reduces 

the risk of contamination with other sequences. The initial steps involved cultivating 

bacterial samples and subsequently picking colonies from agar plates. Following 

overnight incubation, colonies were examined the next morning, and agar plates were 

wrapped with parafilm to prevent desiccation before storage in a 4°C cold room until 

needed. Mini cultures were prepared the day before plasmid isolation. In this step, 3-5 

ml of LB broth with antibiotic was aliquoted into round-bottom tubes. A single bacterial 

colony was carefully selected using either an inoculation loop (by touching the colony) 

or the tip, stabbing the agar while ensuring contact with only one colony. The 

inoculation loop, or tip, was then shaken inside the LB broth to detach the colony. 

Subsequently, the tubes were placed in a 37 °C shaker for overnight incubation. On the 

following day, the tubes were removed from the shaker. The NucleoSpin plasmid 

isolation kit (Macherey Nagel) was employed for plasmid isolation, following the 

manufacturer's manual datasheet. The purified plasmids were stored at -20 °C, ensuring 

their stability for subsequent molecular analyses. The verification of the process is done 



 32 
Chapter 2: Material and Methods 
______________________________________________________________________ 
with the Sanger sequencing. For sample preparation, 1 μl of hU6 primer was mixed with 

at least 500 ng of obtained plasmids and the amount was completed up to 10 μl with the 

nuclease-free water. Sequencing was conducted by a commercial company (Macrogen, 

https://dna.macrogen.com). 

 

2.5.8 Viral Transfection and Viral Concentration 

Before transfection, 293T cells were seeded as 2.5 x 106 cells on a 10 cm plate and 

allowed to reach 60–70% confluency on day 0. On the evening of day 1, transfection 

mixtures were prepared for a 10 cm culture plate per plasmid vector transfection. One 

contains 20 μL FuGene and 180 μL DMEM with PS and without FBS (+/-), and the 

other contains the DNA mixture consisting of 250 ng VSVG, 2250 ng PsPax2, 2500 ng 

vector (Figure 9) in DMEM (+/-). The final volume was 200 μL. After thorough mixing 

and a 30-minute incubation at room temperature, the resulting mixture was introduced 

to the 293T cells dropwise, which were then placed in a CO2 incubator. 18–20 hours 

later, the medium was replaced with fresh, complete DMEM containing 10 % FBS, and 

1 % Pen/Strep. The next day, the medium was refreshed, and the first collection of the 

medium, which contains lentiviral particles, was taken into a 50 mL Falcon tube and 

stored at +4 °C. This process was repeated the next day, and the two-day collected 

mediums were combined and passed through a 45 μm filter to remove debris and cells. 

Subsequently, 1/4 PEG was added to the medium and incubated at +4 ºC overnight. 

After that, the virus-PEG samples were centrifugated at 2700 rpm and 1200 rpm 

respectively. The pellet volume was completed to 160 μL for 100x concentrated virus. 

40 μL aliquots were prepared for further usage. The aliquoted viruses were stored at -80 

ºC.  
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Figure 9. Illustration of pCMV-VSV-G (#8485) and psPAX2 (#12260) plasmids. 

These are the two plasmids that are the widely used for virus production. The VSV-G 

protein is the most frequently used protein for pseudotyping lentiviral vector envelope 

proteins. On the other hand, the psPAX2 is a packaging plasmid containing the Gag and 

Pol genes, which carry the structural and enzymatic proteins of the virus. 

 

2.6 Sample Preparation for RNA sequencing 

As it has been aimed to detect the genes expressed during the implantation process, 

samples ought to be prepared for RNA sequencing.  

 

2.6.1 Multiplicity of Infection (MOI) Calculation 

The multiplicity of infection (MOI) number defines the number of viral particles 

utilized per well. The experimental setup (Figure 10) involved seeding uterine epithelial 

and stromal cells in separate 12-well culture plates 18–24 hours before transduction and 

incubating overnight with 5% CO2 at 37°C. The time of transduction is decided when 

the confluency reaches between 60% and 70%. For transduction, six different doses of 

prepared GFP or FMC lentivirus concentrations (1 μL, 2 μL, 5 μL, 10 μL, 15 μL, and 20 

μL) were used, each with two different concentrations of protamine sulfate (PS) as 8 

mg/mL and 16 mg/mL. The medium was replaced with the fresh medium, 16 hours 

post-transduction, and 48 hours later, fluorescent expression was assessed using a 

fluorescent microscope. An MOI was selected for inducible vectors to achieve high 

induction (bright fluorescent expression in the induced set) and low leakiness (no or 

faint fluorescent expression in the non-induced set). The detected MOI value was 

subsequently applied for the forthcoming experiments. 
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Figure 10. Plate design for the MOI calculation. Different viral concentrations and 

two different concentrations of protamine sulfate were used to detect the optimum 

amount for transduction. 

 

2.6.2 Antibiotic Titration Assay 

The pLentiCrispr V2 plasmid backbone utilized in this study incorporates a puromycin 

(PURO) resistance sequence. The integration of this resistance sequence allows for the 

selection of successfully transduced cells, as they are expected to exhibit resistance to 

puromycin. This is a crucial step to eliminate cells that did not undergo successful viral 

transduction. To determine the optimal concentration of puromycin for selection, 

following the calculation of the multiplicity of infection (MOI) as outlined in section 

2.6.1, various antibiotic concentrations (1, 0.5, 0.3, 0.2 µg/mL) were administered to the 

cells (Figure 11). This step aimed to identify the concentration that effectively selects 

transduced cells while minimizing potential cytotoxic effects.  
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Figure 11. Plate design for antibiotic titration assay. Different puromycin 

concentrations were used to detect the optimum amount for selection.  

 

2.6.3 GFP and FMC Labelling of Uterine Cells 

In order to sort the cells for RNA sequencing and other purposes epithelial and stromal 

cells needed to be labeled by different fluoroproteins. Seeded uterine cells were infected 

by viruses prepared including related sequences to produce the green fluorescent protein 

(GFP) or fluorescent mCherry (FMC) protein. For the epithelial cells GFP, and the 

stromal cells, FMC sequence carrying viruses were used. To get rid of the cells that 

have not taken the viruses, elimination by puromycin antibiotic selection was 

accomplished. Transduction and selection concentrations were administrated according 

to methods mentioned in sections 2.6.1 and 2.6.2. 

 

2.6.4 3D Culture Environment Construction to Mimic Implantation Area 

To construct a 3D culture environment, BD Matrigel® (an extracellular matrix) was 

used. First, BD Matrigel® was dissolved in cold only DMEM F-12 (without PS and 

FBS addition) at a ratio of 3:1, according to the manufacturer's recommendations. 

Stroma cells were added to this media and incubated at 37 °C for 30-45 minutes, so that 

the Matrigel® polymerizes, and the stroma cells become embedded in the extracellular 

matrix. Epithelial cells were left on the formed structure, and after some time of 

incubation, the cells formed a reticulated interaction with each other. When the co-

culture construct was accomplished, the blastocysts prepared were placed onto the co-
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culture directly or a transwell has been used to separate blastocysts from the co-culture, 

as depicted in Figure 11. For each culture well two to three blastocysts have been used. 

The aim of using two different culture systems is to reveal the genes differentially as the 

ones originating from the co-culture of epithelial and stromal cells and the blastocysts, 

vs. the genes arising from the co-culture of epithelial and stromal cells. 

 

2.6.5 Formation of the Experimental Groups for RNA Sequencing 

Sample preparation for RNA sequencing was completed after 24 or 72 hours of culture 

incubation (Figure 12). To be able to understand the source of the RNA seq data, each 

cell group was tagged by viral transduction; GFP for endometrial epithelial cells; FMC 

for endometrial stroma cells; and non-targeting for blastocysts. Twenty to thirty 

blastocysts were used per group and samples were sequenced into three replicates. 

Experimental groups are indicated in the following figure. After the incubation of the 

co-cultures, cells were detached by using trypsin/EDTA solution and they were sorted 

by fluorescence-activated cell sorting (FACS) system. 

 

Figure 12. Co-culture groups designed for RNA sequencing. Two different in vitro 

culture systems were constructed. The transwell systems (up) are needed for the 

paracrine effects of the blastocysts on endometrial cells and vice versa. As the 

blastocysts do not touch the endometrial cells directly the profile of active genes may be 
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different than the directly interacting systems (down). The RNA seq data was expected 

to show the common genes in both systems. 

 

2.6.6 Fluorescence Activated Cell Sorting (FACS) 

GFP (+), FMC (+), and non-targeted cells were sorted using the FACS Aria III Cell 

Sorter and FACS Diva software (BD Biosciences, USA). The sorting process was 

conducted with a 100-micron nozzle under a pressure of 20 psi. Cell passage during 

sorting was maintained at a speed of 500-1500 events/second, and purity was targeted at 

<95% using the purity option. To minimize the impact of electromagnetic fields on cells 

during sorting, the sample chamber temperature was maintained at +4 °C. Following the 

identification of cells on the FSC x SSC plot, single cells were gated using the FSC-A x 

FSC-H plot. In the GFP x FMC plot, GFP(+) epithelial cells and FMC(+) stromal cells 

were identified and sorted into separate tubes. A minimum of 3 x 105 cells were sorted 

to obtain enough starting material for RNA isolation, cDNA synthesis, and sequencing. 

Flow cytometry analyses were performed using FlowJo v10.8.1. The gating strategy for 

sorting and a representative graph illustrating post-sort sample purity is presented in 

Figure 13. 

 

 

Figure 13. Representative gating strategy for sorting GFP(+) and FMC(+) Cells. 

 A) Cells were gated on the FSC x SSC gate, B) Single cells were selected on FSC-A x 

FSC-H plot, C) GFP (+) and FMC (+) cells before sorting, D) Cell purity after sorting. 
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2.6.7 RNA Isolation  

For a healthy transcriptome analysis, the RNA amount must be more than 50 ng/µl and 

the RNA integrity number (RIN) must be at least 8. RNA isolation was performed for 

each sample according to the manufacturer’s instructions that is briefly explained in 

section 2.2.2, and the RNA quantity was measured with Qubit Assay. 

 

2.6.8 Qubit Assay 

RNA was quantified using the QubitTM RNA HS (High Sensitivity) Assay Kits. The 

procedure involved setting up QubitTM tubes for standards and samples. The QubitTM 

working solution was prepared by diluting the QubitTM RNA HS reagent at 1:200 in the 

QubitTM RNA HS buffer. Subsequently, 200 µL of the QubitTM working solution was 

added to each tube, followed by 10 μL of each QubitTM standard and 1–20 µL of user 

samples to the appropriate tubes. Vigorous vortexing for 3–5 seconds was performed. 

The tubes were incubated at room temperature for 2 minutes, and readings were 

performed with the standards and samples using the QubitTM 4 fluorometer. 

 

2.7 Transcriptome Analysis 

Transcriptome analysis was performed by the relevant company, Genoks Lifescience, 

Research and Application Center (https://www.genoks.com.tr). The outline of the 

analysis methods is as follows: 

 

2.7.1 RNA Sequencing 

Construction of the RNA sequencing library and next-generation sequencing was 

undertaken by the same lab for RNA sequencing. Illumina Hi-Seq4000 was used for 

sequencing, and at least 20 million 50 base pairs of paired-end reads were obtained for 

each sample. Because RNA sequencing is a highly reproducible technology, 

independent biological repeats were used for each experimental group rather than a 

technical replicate. 

 

2.7.2 Bioinformatic Analysis and Gene Determination 

RNA-seq analysis involves first aligning the raw sequencing reads to a reference 

genome and then establishing a relationship between the raw sequencing reads and the 
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transcript. It then includes evaluating the level of expression of genes or transcripts 

relative to sequencing reads aligned to the reference genome. Normalization and 

differential expression (DE) analyses were required to identify intergroup differentially 

expressed genes (DEGs). An expression matrix was created using normalization 

methods to evaluate gene expression based on calculations. The algorithms of DESeq2,  

edgeR and Limma were all used for determination of DEGs. 

 

2.7.3 RNA Seq Validation 

The genes determined as the result of the bioinformatic analysis were analyzed and 

expressions were validated by the qRT-PCR analysis. The primer sequences for each 

gene are listed in Table 3. Commonly expressed DEGs were given at the “results” 

section and an outline has been added to the “appendix” section. 

 

Table 3. qRT-PCR Primers used in sgRNA validation. 

Gene Forward  Reverse 

mHmga2 TCGCGGGTGGGCTGAGT TCAGCCCAGGGACAACCT 

mPcmtd1 AAAGAAGCTCAGTACATCCGAAC TTGTAAGCATTGTCTCGGTAGC 

mUxs1 CCAGAAATACCCGCCTGTAAAG CCAGAAATACCCGCCTGTAAAG 

mGm15452  GATCCCGCTTACTCTTCTGC CCAAGTCTCCTCCACTCCTC 

mTmem158 AACATCAGCGTGCAACGACA AGCCCCAGATGCTCGATGA 

 

2.8 Crispr/Cas9 Gene Edition Experiments 

According to the genes determined in section 2.7.2, gene editing experiments were 

conducted. 

 

2.8.1 sgRNA Design for Gene Edition 

For the Hmga2 and Gm15452 genes selected for epithelial cells and the Uxs1 and 

Gm15452 genes selected for stroma cells, 3 different sgRNA were designed for each 

gene using the method specified in section 2.5.1. Designed sgRNAs are exhibited in 

Table 4. The design of each sgRNA comprised a 20-base sequence essential for target 

specificity. To facilitate downstream molecular manipulations, a strategic modification 

was implemented based on the BsmbI cutting region. Specifically, the addition of the 

sequence "CACC" at the 5' terminus of the forward primers served as a requisite for 
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subsequent cloning procedures. Additionally, the incorporation of "G" at this juncture 

aimed to enhance the efficiency of polymerase activity during amplification. Similarly, 

the reverse primers underwent customization with the addition of "AAAC" at the 5' 

terminus and "C" at the 3' terminus. 

 

Table 4. Designed sgRNA sequences for CRISPR/Cas9 experiments.  

Gene Sequence 5’-3’ 

gRNA1-Hmga2-F CACC G ATCCCTACAAACCTTCTCAA 

gRNA1-Hmga2-R AAAC TTGAGAAGGTTTGTAGGGAT C 

gRNA2-Hmga2-F CACC G CATTTCATGTTGGTCGTGTG 

gRNA2-Hmga2-R AAAC CACACGACCAACATGAAATG C 

gRNA3-Hmga2-F CACC G CAGCCGTCCACATCAGCCCA 

gRNA3-Hmga2-R AAAC TGGGCTGATGTGGACGGCTG C 

gRNA1-Gm15452-F CACC G TCGATGAGCACTACGAGTAC 

gRNA1-Gm15452-R AAAC GTACTCGTAGTGCTCATCGA C 

gRNA2-Gm15452-F CACC G CTTGGTGTCCAACAGAGTCT 

gRNA2-Gm15452-R AAAC AGACTCTGTTGGACACCAAG C 

gRNA3-Gm15452-F CACC G GTGTCCAACAGAGTCTAGGA 

gRNA3-Gm15452-R AAAC TCCTAGACTCTGTTGGACAC C 

gRNA1-Uxs1-F CACC G TCCCGGGCATGGTGAGCAAG 

gRNA1-Uxs1-R AAAC CTTGCTCACCATGCCCGGGA C 

gRNA2-Uxs1-F CACC G TCTCTTCAGTCAACCGCAGG 

gRNA2-Uxs1-R AAAC CCTGCGGTTGACTGAAGAGA C 

gRNA3-Uxs1-F CACC G TTCCCGGGCATGGTGAGCAA 

gRNA3-Uxs1-R AAAC TTGCTCACCATGCCCGGGAA C 

 

2.8.2 Molecular Cloning for Crispr/Cas9 Experiments 

All the designed sgRNAs were integrated into the pLentiCrispr V2 restricted backbone 

by following the instructions mentioned in section 2.5. After the validation of the guide 

integration via Sanger sequencing, lentiviral transfections were performed. 
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2.8.3 sgRNA Selection 

To select the most effective sgRNA, 3 different sgRNAs produced for each gene and 

prepared by the molecular cloning method were transduced into cells in predetermined 

amounts (the amount and method are described in sections 2.6.1 and 2.6.2). The 

experimental setup is exhibited in Figure 14. RNA was isolated from the cells resulting 

from antibiotic selection and the expression of each gene was determined by the qRT-

PCR method. The sgRNA that caused the greatest decrease in mRNA expression was 

selected to be used in CRISPR experiments. 

 

 

 

 

 

 

 

 

 

 

Figure 14. Experimental setup for sgRNA Selection. The figure consists of a 6-well 

plate design. The first row (A1, A2, and A3) wells show the wells in which sgRNA was 

administered to the cells. The bottom row, well B1, shows the GFP virus group 

introduced to check whether the cells were taking up the viruses correctly. The B2 well 

was created for the accurate follow-up of antibiotic selection. It was the well where no 

virus was administered but antibiotic selection was made. In the well B3, there was a 

control group in which no action was taken. 

 

2.8.4 CRISPR/Cas9 Experimental Group Design 

The most effective sgRNAs of the genes were transduced to the relevant cells and 

mutant epithelium and stroma were produced. CRISPR/Cas9 experimental groups 

created with these cells are in two time points 24 and 72hr according to the previous 3D 

Matrigel® culture conditions (section 2.6.4).   

Gene editing for epithelial cells; 

Group 1 Wild blastocyst + wild epithelium + wild stroma (control group) 
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Group 2 Wild blastocyst + non-targeted epithelium + wild stroma (NT-Epithelial Group) 

Group 3 Wild blastocyst + mutant epithelium + wild stroma (KO (knock-out)-Epithelial Group) 

 

Figure 15. Gene editing groups for endometrial epithelial cells. The glowing pink 

color in group 3 represents that the genome of the epithelial cells in this group 

have been edited. 

 

Gene editing for stromal cells; 

Group 1 Wild blastocyst + wild epithelium + wild stroma (control group) 

Group 2 Wild blastocyst + wild epithelium + non-targeted stroma 

Group 3 Wild blastocyst + wild epithelium + mutant stroma (KO (knock-out)-Stromal Group) 

 

Figure 16. Gene editing groups for endometrial stroma cells. The glowing pink 

color in group 3 represents that the genome of the epithelial cells in this group 

have been edited. 
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2.9 Evaluation of Implantation Parameters 

There exist several methods to evaluate implantation parameters. The evaluation setup 

is demonstrated in Figure 17. 

 

Figure 17. A brief scheme for evaluation of implantation parameters. An evaluation 

gene and protein expression profiles along with viability assays was performed.  

 

2.9.1 qRT-PCR Analysis 

Expressions of adhesion, invasion, and functional marker genes were determined by the 

real-time quantitative polymerase chain reaction method which was expressed in detail 

in section 2.2.4. A list of primer sequences is exhibited in Table 5.   

 

Table 5. Primers that were used for implantation parameter evaluation. 

Gene Forward  Reverse 

E-Cadherin TCGGAAGACTCCCGATTCAAA CGGACGAGGAAACTGGTCTC 

Entactin CCCAGCTTCGGCTCAGTAG AACGGGGATAAGTCTTCTCGAT 

Fibronectin GATGTCCGAACAGCTATTTACCA CCTTGCGACTTCAGCCACT 

MMP9 TCCCCAAAGACCTGAAAACC CTGCTTCTCTCCCATCATCTG 

Lif  AAACGGCCTGCATCTAAGG AGCAGCAGTAAGGGCACAAT 

Esr1 TCCAGCAGTAACGAGAAAGGA AGCCAGAGGCATAGTCATTGC 

Pr GCCAGCCAGAGCCCACAATA TGTGCTGCCCTTCCATTGCC 

Wnt4 AGACGTGCGAGAAACTCAAAG GGAACTGGTATTGGCACTCCT 
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Hoxa10 GGCAGTTCCAAAGGCGAAAAT GTCTGGTGCTTCGTGTAAGGG 

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

 

2.9.2 IF Staining and Imaging 

For the evaluation of adherence and invasion Anti- E cadherin, anti-MMP9 and anti-

Entactin immunofluorescent stainings were performed according to protocols 

mentioned in the section 2.2.1. The 3D cultures grown on cover slips were visualized 

directly without mounting to avoid pressure over the blastocysts and then samples were 

mounted for long term storage. The images were obtained under a Leica dmi8/SP8 

confocal microscope equipped with 405, 488 and 552 semi-solid laser lines as 

1024x1024 scanning mode, with z-stacks when needed. 

 

2.9.3 Live/Dead Cell Assay 

Cell viability was checked via a live/dead cell assay, which was conducted with the 

LIVE/DEAD® Viability/Cytotoxicity Kit. According to the manufacturer's manual, 

first, the LIVE/DEAD® reagent stock solutions were thawed to room temperature. 

Then, a working solution was prepared by combining 20 µL of the 2 mM EthD-1 stock 

solution with 10 mL of sterile DPBS. The resultant solution was further enhanced by 

adding 5 µL of the 4 mM calcein AM stock solution. This final working solution was 

directly applied to the cells seeded onto the 12mm glass coverslips, ensuring 

comprehensive coverage. Following the 30- to 45-minute incubation process at room 

temperature, live (green) and dead (red) cells were observed under the fluorescence 

microscope. Calcein and ethidium-stained cells in the images taken from 5 different 

areas were counted and averaged for statistical analysis. 

 

2.9.4 Data Analysis 

Gene levels were calculated according to the housekeeping gene Gapdh normalization 

via ΔCT and ΔΔCT analysis. The GraphPad Prism program was used for statistical 

analysis. Semi-quantitative and quantitative differences between the groups in terms of 

implantation parameters were evaluated statistically and the effect of the genome 

edition on implantation was observed. The difference between independent groups was 

calculated using one-way ANOVA, and the significance between both groups was 

calculated using Sidak post-hoc test.  
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Chapter 3  

RESULTS 

 

3.1 Superovulation of Female Mice and Isolation of the Zygotes 

Zygotes were successfully obtained from female mice as a result of superovulation. 10iu 

hCG was administrated 48 hours later after 10IU PMSG i.p. injection, and female mice 

mated with males at night. The next morning females that show vaginal plugs were 

sacrificed and the ampulla part of the uterus is collected for the zygote collection 

(Figure 18). 

 

Figure 18. Uterus acquisition after the ovulation of mice. Female mice that have 

vaginal plaques (A, arrow) were used. After sacrification, the uterus (B, black arrow) 

and ampullae were quickly dissected. At the same time, the uterus (C, black arrow) is 

obtained for the isolation of endometrial epithelial and stroma cells. The red arrow 

indicates the transparent and swollen ampullae region attached to the ovary. The uterus 

of mouse has a didelphys form, different than the human uterus. 

 

To show which part of the uterus is taken and to exhibit the location of the zygotes, one 

horn of an animal with its neighboring ovary has been prepared for histological 

examination and imaged under a bright field microscope (Figure 19). 
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Figure 19. Histological examination of uterus, uterine tubes and ovary after 

fertilization of the oocytes. A longitudinal section of the uterus can be followed. 

The part of the uterus facing the ovary has been depicted. Two rectangular areas have 

been marked on the tortuous ampullary region of the uterine tube. Fertilization and 

zygote formation take place in this region and a newly formed 2-cell cleavage embryo 

along with a zygote with two pronuclei can be discriminated at the ampullary region. 

The status of the ovary shows some primary follicles. Staining: Hematoxylin & eosin.  

 

Also, a part of the uterus, ampulla region, and an ovary were received a thorough 

histological evaluation to observe changes of the structures following ovulation 

induction and mating (Figure 20). Uterine endometrial cells have shown intense 

glycogen storage, as depicted by PAS staining. The ampulla was found to be 

accumulated with spermatozoa and the zygotes as well. Some growing follicles were 

still observed in the ovaries as left after superovulation.   
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Figure 20. Histological examination of the uterus and ovary before obtaining 

endometrial cells and zygotes. Glycogen-rich stroma is seen in the uterine endometrial 

cells (A, double asterisk). Aggregations of cells are observed in the uterine lumen (A, 

yellow arrowhead). Zygotes (B, black arrowheads) and spermatozoa (yellow 

arrowheads) located in the ampulla part of the uterine tube are observed. The zona 

pellucida surrounding the zygotes is visible due to its glycoprotein structure (B, black 

arrows). Some growing follicles at different developmental stages are still observed 

after ovulation (C, asterisks). Staining: PAS. Scale bars: A=200 µm; B, C=100 µm. 

 

3.2 In Vitro Embryo Cultures and Embryo Selection 

The ampullae were disintegrated in GMOPS solution with BSA added, which was 

previously heated, and then they were taken into 80 IU/ml hyase solution resulting in 

the emergence of zygotes and shedding of cumulus. The resulting zygotes were quickly 

placed on 35 mm culture plates in single-stage embryo medium drops of 10 µl (Figure 

21) and kept in a CO2 (6-6.5 %) incubator for pH of the medium adjusted to 7.34-7.35. 

 

Figure 21. Embryo culture plate. 10 µl embryo culture drops were placed on the 35 

mm culture place surface and mineral oil was overlaid on the culture drops o inhibit 

evaporation and contamination. 
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The collected zygotes were cultured in the single-step medium for 5 days, up to 

reaching the blastocyst stage. The daily development of embryos over 5 days is 

exhibited in Figure 22.  

 

 

Figure 22. Temporal development of the zygotes. The development of the zygotes is 

observed daily by using a live cell microscope. On the first day, the zygotes (A) are 

seen surrounded by zona pellucida and polar bodies in the perivitelline space (A, red 

arrow). On early second day, 2-cell embryos that have already formed (B). On day 3, 

embryos with 6 or more blastomeres are observed (C). On the fourth day, early 

blastocysts were seen with the blastocoel, also trophoblast (T) and inner cell mass 

(ICM) can be distinguished easily (D). On the fifth day, the blastocoel is filled with 

fluid, and it is observed that the structure expands, the zona is stretched, and hatching 

begins in some blastocysts (E, asteriks). Scale bars= 60 µm. 

 

Good quality blastocysts (grade 5AA and 4AA) were selected according to Gardner’s 

scoring criteria. For this purpose, an enlarged blastocoel, i.e., score 4, or 5 if hatching 

has already begun; a tightly and compactly packed inner cell mass containing many 

cells, i.e., score A; and trophectoderm cells containing many cells and a cohesive 

epithelial structure, i.e., score A, were preferred for good-quality blastocyst selection 

(Figure 23). 
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Figure 23. Selection of in vitro cultured blastocysts. In the single-stage culture 

medium, 80% of the zygotes formed blastocysts. 4AA and 5AA quality blastocysts are 

usually selected for the experiments. Occasionally blastocysts of moderate quality have 

also been used. The black arrow indicates the hatching site on a moderate quality 

blastocyst. Inner cell mass areas of high quality blastocysts (4AA, 5AA) have been 

marked by red asterisk. Scale bars = 60 µm. 

 

3.3 Isolation and Characterization of Uterine Epithelial and Stromal Cells 

 

The uterus was removed immediately after the resection of the ampullary regions and 

placed in HBSS to be brought to the IVF cabin for further manipulation. The lumens 

were exposed by cutting the uterine horns longitudinally with the help of a sterile 

scalpel. Tissue was minced and treated with trypsin-EDTA and collagenase/dispase 

enzymes to isolate epithelium (both lining and glandular) and stroma components. 

HBSS or medium supplemented with serum was added to end the enzymatic activation 

of the obtained lysate. For cell isolation, the lysate was passed through a 70 µm and 40 

µm meshes, respectively. For epithelial cell isolation, cells above the 40 µm mesh were 

collected, while for stroma cell isolation, cells below the 40 µm mesh were collected. 

The pellet obtained by centrifugation was seeded in 6 well plates (Figure 24).  
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Figure 24. Isolation and culture of endometrial cells. Dissected uteruses (A, red 

arrows) were cut into small pieces and taken into enzymatic solution. Epithelial cell 

clusters were identified by typical cobble-stone appearance (B, yellow arrow), and 

stromal cells (C) have shown fusiform phenotype at the 48hr of isolation. Blastocysts 

(D, E; black arrows) with the visible inner cell mass structure (D, E; red asterisks), were 

cocultured with the epithelial and stromal cells. It is observed that the blastocysts have 

been attached to the culture just below the asterisk (E). Scale bars=100 µm. 

 

The characterization of epithelial and stromal cells was demonstrated by qRT-PCR and 

IF stainings (Figure 25).  
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Figure 25. Characterization of epithelial and stromal cells. Cultured cells were 

sampled for characterization during the second passage for epithelial cells and third 

passage for stroma cells. Gene expression analysis has revealed strong expression of 

cytokeratin in epithelial cells and vimentin for stroma cells (A). A similar expression 

profile has been obtained at protein level, as polygonal epithelial cells were positive for 

CK-18, whereas stromal cells were vimentin-positive, depicted by IF staining. Scale 

bars =50 µm. 

 

 

3.3.1 Decidualization Assay Results 

Decidualization markers (PRL and IGFBP1) were checked by qRT-PCR (Figure 26). 

As a result of the ΔΔCT analysis, it was shown that PRL and IGFBP1 gene expressions 

were significantly increased in the REPRO group, where the E2 and P4 hormone-added 

medium was used. 
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Figure 26. The expression of decidualization markers PRL and IGFBP1. The 

purple asterisk represents the statistical significance between the groups, p<0.05. It is 

shown that in samples using repro medium for 4 days, higher amounts of prolactin and 

insulin-like growth factor-binding protein 1 expression are observed compared to 

normal DMEM medium. At the same time, an already decidualized and isolated stroma 

sample (from a superovulated mouse uterus) was used as a positive control. 

 

3.4 Preparation of GFP and FMC Lentiviruses  

Labeling of the cells was done by lentiviral transduction. For this reason, virus 

production was carried out as specified in the relevant section.  

 

Figure 27. Transfection: LV Production. Bright field appearance of 293T cells (A), 

LV-GFP producing cells (B), and LV-FMC producing cells (C). Scale bars =100 µm. 
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3.4.1 MOI Calculation and Antibiotic Titration Results 

MOI calculation was done according to the protocol given in Chapter 2 section 2.1.5.  

 

Figure 28. MOI Calculation for LV-GFP induction. At this stage, where different 

protamine-sulfate and lentivirus concentrations were used, the brightness of GFP was 

similar with of 16 µg/mL PS and 5, 10 and 15 µl virus at a rate of around 50-60 % of 

glowing. Of all, a mixture of 16µg/ mL PS and 10 µl virus (double red asterisk) was 

used for LV-GFP induction.  
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Figure 29. MOI Calculation for FMC induction. The best dose was determined by 

using different protamine-sulfate and lentivirus concentrations for FMC transduction to 

be applied to the cells. At this stage, a mixture of 16ug/mL PS and 5-10 µl virus with 

50-60 % of glowing (double green asterisk) was determined to be used in the 

forthcoming experiments. 

 

3.5 Labelling Cells with a Fluorescent Protein by Transduction Method 

Epithelial cells were labeled with GFP, and stromal cells were labeled using FMC 

lentiviruses.  

 

Figure 30. Preparation of the uterine cells. The transduction process was performed 

in 6-well plates. For this reason, the LV and PS amount determined in 12-well plates 

arranged according to the surface area and increased 2 folds, which means both cells 

were transduced with 20 µl LV and 32 µg/mL PS solution. Scale bars =100µm. 
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3.6 Construction of 3D Culture Environment 

Matrigel® diluted in serum-free medium was placed in a 12-well culture dish at 200 µl 

per well, and gel formation was completed after waiting for half an hour at 37 °C. After 

gel formation, epithelial and stromal cells were seeded in Matrigel® as separate 

suspensions, and seeded in Repro Medium (1:1) for 3-dimensional culture formation. A 

transwell was placed on the wells with Matrigel® to create the transwell groups. 

 

Figure 31. Construction of three-dimensional endometrial co-culture. Matrigel® 

(A, black asterisk), a semi-solid gel extracellular matrix, allows cells to be seeded in a 

stratified state. In this 3D endometrial co-culture, cultured cells can be observed at 

different focus at z-axis (B,C; red arrows). Black arrows show the position of 

blastocysts at the beginning (B) and towards the end (C) of the culture. Scale bars =200 

µm. 

 

 

Figure 32. Endometrial co-culture of cells marked with fluoroproteins. Phase 

contrast (P/C) image shows endometrial epithelial and stroma cells embedded in the 

extracellular matrix and displaying a reticular appearance (A). GFP positive epithelium 

(B) and FMC positive glowing stromal cells (C) are also observable in the same culture 

by fluorescence imaging. Scale bar =200 µm. 
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3.7 FACS Results and RNA Seq Sample Preparation 

To determine the gene expressions of the cells in the implantation area differentially, 

the cells in the co-culture were sorted by FACS. Cell distribution is given for each 

group in the following figures ( Figure 33Figure 34Figure 35Figure 36). 

 

Figure 33. Sorting results of 24-hour co-culture Matrigel® group. Approximately 

35000 GFP positive (epithelial), 30000 FMC positive (stroma), and 23000 non-targeted 

cells were obtained. 
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Figure 34. Sorting results of 24-hour co-culture transwell group. Approximately 

30.000 GFP-positive (epithelial), 30.000 FMC-positive (stroma) and 27.000 non-

targeted cells were obtained.  
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Figure 35. Sorting results of 72-hour co-culture Matrigel® group. Approximately 

40.000 GFP positive (epithelium), 47.000 FMC positive (stroma), and 40.000 non-

targeted cells were sorted.  
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Figure 36. Sorting results of 72-hour co-culture transwell group. Approximately 

30.000 GFP positive (epithelium), 23.000 FMC positive (stroma), and 25.000 non-

targeted cells were sorted.  

 

For RNA sequencing, 3 samples were prepared from each epithelial and stromal group 

for two times. Blastocysts (that make up the major portion of the non-targeted groups) 

could not be studied because they did not reach 50ng/µl. While the amount of RNA 

required for analysis was >50 µg/ml, the preferred RIN >9, the desired amount of RNA 

could not be obtained in some of the samples and all of the blastocysts. Approximately 

60 unlabeled blastocysts were used in each group, but with the normal degradation of 

RNA during transfer after cell sorting, it was calculated that approximately 1500 

blastocysts should be placed in each group to obtain the desired level of RNA from 

blastocysts. The calculation is as follows: 10 picograms of total RNA are obtained from 

1 cell, 1 nanogram from 100 cells, and 5000 cells are required for 50 ng (Huang et al., 
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2018). The amount required for RNA sequencing analysis is 50 ng/ul, and the elution 

amount is at least 30 µl, that is, 1500 ng of RNA should be obtained. There are an 

average of 90 (80-100) cells in one mouse blastocyst. This corresponds to 

approximately 1 ng of RNA. In this case, less than 1500 blastocysts in each group are 

needed for blastocyst sequence analysis, even if there is no RNA degradation. Obtaining 

this amount exceeds the number of mice that can be used beyond ethical limits, so the 

blastocysts were not included in the RNAseq analysis. 

 

Figure 37. Illustration of samples prepared for RNA sequence analysis. Each 

sample set was designed to include three biological replicates.  

 

3.8 RNA Seq Results and Gene Determination 

As a result of the sequence analysis, evaluation was performed according to the edgeR 

and DESeq2 analysis packages (as Limma did not reveal any results), and the 

|log2FC|>1 threshold was used to identify differentially expressed genes (DEGs) (an 

example of whole transcriptome analysis results are presented in the “Appendix” 

section). For each group; the significantly expressed genes that have not been studied 

before were prioritized and the significancy of expression of genes was determined 

according to the fold change of gene expressions (FoldChange). Genes co-expressed in 
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epithelial cells in Matrigel® and transwell, groups and genes co-expressed significantly 

in stroma cells were used for further studies. Since these genes are coding genes, qRT-

PCR was performed to confirm the expression of genes in cells in the experimental 

groups after gene selection.  

In terms of endometrial epithelial cells, no significant genes were detected in the 

transwell group. Therefore, no gene has been obtained from the common group and five 

genes with the highest significance in the Matrigel® group; H19, Hmga2, Pcmtd1, 

Uxs1, and Gm15452, were evaluated. Since H19 is a non-coding gene, it was 

eliminated.  

 

Figure 38. Confirmation of epithelial cell genes identified as a result of 

transcriptome analysis by qRT-PCR analysis. In the Matrigel® groups, there is an 

increase in all genes (Hmga2, Gm15452, and Uxs1) at hour 72, except for the Pcmtd1 
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gene. In Transwell groups, an increase in all gene expressions is observed between 24-

72 hours. However, out of 4 genes, Hmga2, Gm15452, and Uxs1 entered at CT value 30 

and earlier in qRT-PCR. Hmga2 and Gm15452 were selected. Gm15452 was prioritized 

over Uxs1, as it has been listed as a “predicted gene” and can lead to some novel 

relation with implantation process. The selected genes are marked with green 

rectangles. 

 

For stroma cells, five candidate genes with the highest level of significance from the 

two analyses were selected. These genes are Tmem158, Pcmdt1, Gm9826, Uxs1, and 

Gm15452. First of all, to prove the expression of these genes in the relevant cells, qRT-

PCR was performed, and the experiment was continued with the genes (Uxs1 and 

Gm15452) that have shown CT value of below 30. 
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Figure 39. Confirmation of gene expression identified as a result of transcriptome 

analysis by qRT-PCR analysis in stromal cells. As a result of sequencing, five most 

expressed genes between the groups were validated using the qRT-PCR. Accordingly, it 

was observed that all 5 genes increased from the 24th hour to the 72nd hour in the 

Matrigel® groups, by the sequence results. However, out of 5 genes, Gm15452 and 

Uxs1 entered at CT value earlier than 30 in qRT-PCR, and they were selected. The 

selected genes are marked with green rectangles. 
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3.9 CRISPR/Cas9 Mediated Gene Editing on Uterine Epithelial and Stromal Cells 

According to the RNA Seq results and qRT-PCR validation, Hmga2 for epithelial cells, 

Uxs1 for stroma cells, and Gm15452 for both cell types were selected to be used in 

CRISPR experiments. 

 

3.9.1 sgRNA Preparation and Cloning  

For each gene, 3 different sgRNAs were designed to target the exon1 region. Relevant 

sequences are shown in the table. While designing the guide RNAs, CACC and then G 

was added to the 5' region of the forward sequence by the BsmbI cutting site of the 

plenticrisprV2 plasmid; AAAC was added to the 5' region of the reverse sequence, and 

a cytosine base was added to the 3' region to match the guanine added in the forward 

sequence. 

 

Table 6. sgRNAs to be used in CRISPR experiments. 

Genes  Forward Reverse 

Hmga2 sgRNA1 CACC G ATCCCTACAAACCTTCTCAA AAAC TTGAGAAGGTTTGTAGGGAT C 

Hmga2 sgRNA2 CACC G CATTTCATGTTGGTCGTGTG AAAC CACACGACCAACATGAAATG C 

Hmga2 sgRNA3 CACC G CAGCCGTCCACATCAGCCCA AAAC TGGGCTGATGTGGACGGCTG C 

Gm15452 sgRNA1 CACC G TCGATGAGCACTACGAGTAC AAAC GTACTCGTAGTGCTCATCGA C 

Gm15452 sgRNA2 CACC G CTTGGTGTCCAACAGAGTCT AAAC AGACTCTGTTGGACACCAAG C 

Gm15452 sgRNA3 CACC G GTGTCCAACAGAGTCTAGGA AAAC TCCTAGACTCTGTTGGACAC C 

Uxs1 sgRNA1 CACC G TCCCGGGCATGGTGAGCAAG AAAC CTTGCTCACCATGCCCGGGA C 

Uxs1 sgRNA2 CACC G TCTCTTCAGTCAACCGCAGG AAAC CCTGCGGTTGACTGAAGAGA C 

Uxs1 sgRNA3 CACC G TTCCCGGGCATGGTGAGCAA AAAC TTGCTCACCATGCCCGGGAA C 

 

pLentiCrispr V2 plasmid was restricted successfully with the digestion enzyme BsmbI 

as shown in Figure 40. 
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Figure 40. BsmbI restriction after electrophoresis. pLentiCRISPR V2 is a plasmid 

with a 14877-base pair, and the BsmbI enzyme cuts the plasmid from two different 

regions and divides it into two parts, one with 1885 bp and the other with 12992 bp. For 

this reason, both parts must be visible in gel electrophoresis imaging (row 4). The 

fragment to be used in the continuation of the experiment is obtained by isolating DNA 

from the gel (row 4, red square). The DNA ladder is shown in the 1st row, and the uncut 

plasmid is seen as the control in the 3rd row. The 2nd row was left empty. 

 

sgRNA ligation was also performed successfully and the results were validated with the 

Sanger sequencing (Figure 41Figure 42, andFigure 43). 
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Figure 41. Demonstration of the accuracy of ligation of the Hmga2 sgRNAs 

sequence into the pLentiCRISPR V2 plasmid by the Sanger sequencing method. 

All 3 designed guide sequences were ligated successfully. 

 

 

Figure 42. Demonstration of the accuracy of ligation of the Gm15452 sgRNAs 

sequence into the pLentiCRISPR V2 plasmid by the Sanger sequencing method. 

All 3 designed guide sequences were ligated successfully. 
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Figure 43. Demonstration of the accuracy of ligation of the Uxs1 sgRNAs sequence 

into the pLentiCRISPR V2 plasmid by the Sanger sequencing method. All 3 

designed guide sequences were ligated successfully. 

 

3.9.2 Selection of Suitable sgRNA 

According to the sgRNA tested, epithelial or stromal cells were seeded onto 6-well 

plates and transduced with 20µl of prepared sgRNA-carrying lentiviruses. To eliminate 

the cells that did not get the viruses, puromycin antibiotic selection was applied (Figure 

44). At the end of the selection, remaining cells (cells that have not been inhibited to 

grow by puromycin) were collected, and qRT-PCR analysis was performed to check the 

sgRNA efficiency after the RNA isolation (Figure 45). Figure 43 shows an example of 

selection procedure for GM15452 for stromal cells. 
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Figure 44. Selection of suitable sgRNA. Viruses capable of silencing appropriately for 

epithelial and stromal cells were selected for the continuation of the experiment, and 

gene modifications were made in the relevant genes by incubating them with the cells 

for up to 18 hours in the condition of 37°C and 5% CO2. Cells that did not take up the 

virus were removed by puromycin selection, as cells that take up virus should be 

resistant to puromycin. For selection follow-up, there was a control group in which LV 

was not given but selection was applied. At the same time, to show that the cells were 

transduced, a control group was created with GFP carrier LVs produced together with 

the sgRNA carrier LV. Scale bar for all figures is shown in the control group and it 

represents 200 µm. 

 



 69 
Chapter 3: Results 
______________________________________________________________________ 

 

Figure 45. sgRNA effect validation on epithelial and stromal cells by using qPCR 

analysis. To silence the Hmga2 gene in epithelial cells, sgRNA 2, which can be 

silencing more than 50%, was chosen. For the Gm15452 gene, sgRNA 2, which can 

downregulate up to 50%, was used for both epithelial and stroma cells. Uxs1 sgRNA 3 

was picked, although it worked with low efficiency as a single gene in the stromal cells. 

The red color indicates the selected sgRNAs for the further of the experiment. NT 

stands fort he non-targeted groups, where has only Cas9 without any sgRNA. 
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3.10 Evaluation of Implantation Parameters for Endometrial Co-Cultures 

Expression distributions of implantation parameters in the created 3D endometrial co-

cultures were determined by the qRT-PCR method. These implantation markers were 

examined in 3 different groups in terms of attachment, invasion, and functional markers 

(Figure 46). As a result of the analysis, it was determined that E-cad showed a 

significant decrease in its expression amount at hour 72 of incubation when compared 

with the 24th hour of incubation. Although it was not significant in entactin and 

fibronectin expressions, it was determined that there was a slight decrease in entactin 

and a more visible fall in fibronectin at hour 72.  

 

Figure 46. Expression distributions of implantation parameters in the in vitro 

created 3D endometrial co-culture. Significance; (*) p<0.05, (**) p<0.001, (***) 

p<0.0001, (****) p<0.00001 

 

As functional genes, Lif, Esr and Pr expression was evaluated. As a result of the qRT-

PCR analysis, it was observed that there was a significant increase in Lif expression in 

endometrial co-cultures created in vitro at the 72nd hour compared to 24 hours of 

incubation. A non-significant decrease was observed in the expression of Esr1, which is 
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an estrogen receptor marker, at the 72nd hour, and a significant decline was observed in 

the expression of Pr, which is a progesterone marker. As an invasion marker, gene 

expression of Mmp9 was examined It was determined that the expression of the 

invasion marker Mmp9 increased statistically significantly at the 72nd hour compared to 

the 24-hour of endometrial cocultures. To reveal the developmental status Hoxa10 and 

Wnt4 expression was examined in vitro by qRT-PCR analysis. A slight, although not 

significant, increase in Hoxa10 expression was observed at the 72nd hour, and there was 

no difference in Wnt4 expression. Immunofluorescent staining was performed for e-

cadherin, entactin and MMP9 to examine the adherence and invasion status. The results 

have been outlined in Figure 47. 

 

Figure 47. Temporal expression of some implantation related proteins through 24 

to 72 hours of culture. In correlation with gene expression, a decline in e-cadherin has 

been observed (A-D), especially in the trophoblastic cells of the blastocyst (double 

asterisk, A-D), as well slight decrease of expression in the implantation area. MMP9, 

supportively has incrased steeply (H-K). Entactin has shown slight differences, as the 

gene expression itself (D-G). Scale bars= 50 µm. 
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3.11 Evaluation of Implantation Parameters in Endometrial Co-cultures with Gene 

Edited Epithelial Cells 

3.11.1 Hmga2 Overall Analysis  

3D endometrial coculture experimental groups were established with epithelial cells in 

which the Hmga2 gene was knocked out, and qRT-PCR was performed to evaluate 

implantation parameters by isolating RNA from the samples collected after 24 and 72 

hours. The results obtained from qRT-PCR analyzes are outlined below. Significance 

rates are given below the graphics in Figure 48Figure 49, and Figure 50. As will be 

discussed later, the expression results show different rates of significance as they are 

normalized to whether control or NT groups and the results of NT groups were detailed 

in the related graphics. (NT groups although showed similar expression as the control 

groups in gRNA validation experiments (figure 44), showed various expression patterns 

in long term cultures, probably due to effect of Cas9 and the virus they contain. Due to 

this situation comparative analysis was conveyed between control and KO groups, 

however, still the expressions in NT groups and temporal changes (which were non-

significant in most cases) were shown in the following graphics). 

 

In terms of adhesion markers (Figure 48), as cells have elapsed 24 hours in co-

cultures, compared to control group, a significant decrease in e-cadherin expression 

was observed in KO groups. In the 72-hour culture groups, there is a significant 

decrease in the KO group compared to both the control groups. The results indicate that, 

although expressed less than control groups, e-cadherin expression decreased 

significantly between 24 and 72 hours. As entactin expression is examined, it is 

observed that the expression in the KO groups decreased significantly compared to the 

control group in both 24- and 72-hour groups. When the culture continuity is examined 

in general terms, a significant decrease is observed in the KO groups in the 72-hour 

culture environment compared to the 24-hour culture environment. In the examination 

of fibronectin expression, while the expression levels in the control group and the KO 

group remained similar in the 24-hour culture, there was a decrease at the 72nd hour. 

When the temporal comparison of the KO groups was examined, a significant decrease 

was detected at the 72nd hour. 
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Figure 48. Expression of adhesion marker genes in co-culture groups after Hmga2 

Knockout. Significant alterations were detected especially in e-cadherin and 

entactin expression. NT groups show some non-significant variations temporally. 

CNT: Control; NT: Non-targeted; KO: Knock out. Significance; (*) p<0.05, (**) 

p<0.001, (***) p<0.0001, (****) p<0.00001 

 

When the functional markers (Figure 49) of implantation were examined, it was 

determined that the KO group showed a significant increase in LIF expression in the 

culture groups at hour 24 compared to control groups. When the KO groups were 

examined temporally, it was observed that LIF expression decreased at the 72nd hour, 

unlike control groups that have showed significant increase, as depicted in Figure 46. 

When Esr1 gene expression was examined, a significant decrease was observed both in 

the KO groups as it goes from 24 to 72, and in the KO groups when compared to the 

control groups. When PR was examined in terms of gene expression, a significant 

decrease was detected in the KO groups compared to the control group in both 24- and 
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72-hour culture environments. In the analysis between the KO groups, a significant 

decrease in PR expression is observed towards the 72nd hour, unlike the control group. 

 

Figure 49. Expression of genes, that play a functional role during implantation, in 

coculture groups after Hmga2 Knockout. LIF was affected differentially and 

significantly between control and KO groups. NT groups show some non-significant 

variations temporally at LIF. CNT: Control; NT: Non-targeted; KO: Knock out. 

Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

Implantation was also examined in terms of genes related to invasion and 

developmental (Figure 50). MMP9 showed some significant changes. This gene, which 

plays an important role for invasion significantly increases in normal groups while it 

declines steeply from 24 to 72 hours in KO groups. Although we did not see any 

significant difference from 24 to 72 hours in control groups, both WNT4 and Hoxa10 

temporally decreased significantly in KO groups. It should also be noted that these the 

expression of these decreased in KO groups compared to corresponding KO groups.  
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Figure 50. Expression of invasion and development marker genes in coculture 

groups after Hmga2 Knockout. MMP9 showed a sharp decline which can interfere 

with a healthy, expected invasion process. Significant decrease in expression of 

developmental genes also should be noted. CNT: Control; NT: Non-targeted; KO: 

Knock out. Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

The expression profil was also supported by IF staining for some parameters, as shown 

in Figure 51. As outlined in the figure labels, gene expression findings were especially 

supported for e-cadherin and entactin expression profile for proteins, through 24 to 72 

hours. 
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Figure 51. IF staining of Hmga2 KO group. Some implantation markers that 

showed significant difference in expression have also been stained for protein 

expression. The temporal difference of expression was seen especially in e-cadherin 

and entactin, showing a decline from 24 to 72 hours. MMP9 showed slight decrease. 

Asterisk: blastocysts (F, L), red arrow (F): hatching area, double asterisk (F):  invasion 

area, white arrow (L): acellular area around the blastocyst due to activity of MMP9. 

Scale bar for all images has been represented in D and it is 50 µm. The images are 

constructed as maximum projection of 10 z-stacks. 

 

3.11.2 Gm15452 Overall Analysis 

As a result of Gm15452 knockout in epithelial cells, co-culture groups were created and 

implantation markers were examined in terms of adhesion (Figure 52), invasion (Figure 

54) and functional gene expression (Figure 53). 

In terms of adhesion markers, E-Cad showed a significant decrease in the KO groups 

compared to the control groups. In time-dependent examination, there was a significant 

increase in the 72nd hour compared to the 24th hour in the KO groups. While a 

significant decrease was observed in entactin expressions in the KO groups compared 
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to the control group. There was an increase in fibronectin expressions in both the 24th 

and 72nd hours in the KO groups compared to the control group. A significant increase 

was detected when temporal expression was examined between control and KO groups 

at hour 72. 

 

Figure 52. Expression of adhesion marker genes in coculture groups after 

Gm15452 Knockout. CNT: Control; NT: Non-targeted; KO: Knock out. Significance; 

(*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

LIF, one of the functional genes of implantation, showed a significant decrease only at 

the 24th hour in the KO group compared to the control group. There was no 

significance between the two groups at the 72nd hour. At the same time, when looked at 

among KO groups, there is an increase in the 72nd hour compared to the 24th hour. At 

the results in terms of Esr1 and PR expression, the distribution of the two genes 

between groups appears to be similarly reflected. While a significant decrease in 

expression was observed for both genes when compared to the KO groups, no 
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significance was observed when compared to control groups. Additionally, KO groups 

showed a significant decrease from 24 to 72. 

 

Figure 53. Expression of genes, that play a functional role during implantation, in 

coculture groups after Gm15452 Knockout. CNT: Control; NT: Non-targeted; KO: 

Knock out. Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

As a result of Mmp9 expression, which is an indicator of invasion, a significant 

decrease was observed in the KO group at both the 24th and 72nd hours compared to 

the control group. A significant expression was detected in the KO groups from 24 to 

72. A significant decrease was observed in the KO groups when compared to the control 

group. A significant decrease was noted in the time-dependent KO groups from 24 to 

72. There was also a significant decrease in Hoxa10 and Wnt4 expression between the 

control groups and the KO groups. Depending on time, a significant decrease was 

detected in the KO groups towards the 72nd hour.  

IF staining mostly supported these findings, as depicted and explained in Figure 55. 
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Figure 54. Expression of invasion and development marker genes in coculture 

groups after Gm15452 Knockout. CNT: Control; NT: Non-targeted; KO: Knock out. 

Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 
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Figure 55. IF staining of GM15452 in KO epithelial cell group. Some implantation 

markers that showed significant difference in expression have also been stained for 

protein expression. The temporal difference of expression was seen especially in e-

cadherin and MMP9, showing an increase from 24 to 72 hours. Entactin showed similar 

expression. Red arrows: blastocysts, asterisk: increased expression of MMP9 in the 

implantation area, double asterisk (D): increased expression of e-cadherin in the 

implantation area. Scale bar for all images has been represented in D and it is 50 µm. 

The images are constructed as maximum projection of 10 z-stacks. 

 

3.12 Evaluation of Implantation Parameters for Endometrial Co-cultures Carrying 

Gene Edited Stroma Cells 

3.12.1 Uxs1 Overall Analysis  

Implantation parameters, adhesion (Figure 56), invasion, development (Figure 57) and 

functional (Figure 58) gene expressions were examined in coculture samples created 

with endometrial stroma cells in which the Uxs1 gene was knocked out. 

First of all, E-cad, one of the adhesion genes, showed a significant increase in the KO 

group compared to the control groups in the 24-hour culture environment. On the 
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contrary, a decrease was detected at the 72nd hour. When looking at the change over 

time, a significant decrease was detected at the 72nd hour in the KO groups. When 

Entactin expression was considered, a significant decrease was noted in the KO groups 

compared to the control groups. No significant change in KO groups over time was 

detected. A significant increase in fibronectin expressions was detected in the KO 

groups compared to both the control and NT groups. At the same time, a significant 

increase was recorded over time. 

 

 

Figure 56. Expression of adhesion marker genes in coculture groups after Uxs1 

Knockout. CNT: Control; NT: Non-targeted; KO: Knock out. Significance; (*) p<0.05, 

(**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

Compared to the control group, LIF expression was found to be higher in the KO 

groups at the 24th hour. No difference was observed at the 72nd hour. A significant 

decrease was noted in the KO groups depending on time. In the study, Esr1 and PR 

gene expressions showed similar changes. A significant decrease was noted in the KO 
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groups compared to the control groups at both the 24th and 72nd hours. When looking 

at the time-dependent expression of the KO groups, a significant decrease was observed 

at the 72nd hour compared to the 24th hour. 

 

Figure 57. Expression of genes, that play a functional role during implantation, in 

coculture groups after Uxs1 Knockout. CNT: Control; NT: Non-targeted; KO: Knock 

out. Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

The increase in Mmp9 expression in the KO group at 24 hours and decrease at 72 hours 

compared to both the control and NT groups is significant. A significant decrease was 

also noted among the KO groups, from 24 to 72. The decrease in Wnt4 expression in 

the KO group compared to both the control and NT groups at two times was significant. 

No significant change over time was detected between KO groups. A significant 

decrease in Hoxa10 expression was noted in the KO groups compared to the control 

groups.  
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Figure 58. Expression of invasion and development marker genes in coculture 

groups after Uxs1 Knockout. CNT: Control; NT: Non-targeted; KO: Knock out. 

Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

IF staining showed various results as shown in Figure 59. Entactin shows no changes as 

expected, however the expected decreased expression of e-cadherin and MMP9 was not 

seen, on the contrary a certain increase has been noted in MMP9, which can be related 

to effect of sample variance on immunofluorescent stainings. 
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Figure 59. IF staining of Uxs1 in KO groups. Some implantation markers that showed 

significant difference in expression have also been stained for protein expression. The 

temporal difference towards decrease of expression was not seen in e-cadherin and 

MMP9. Entactin showed similar expression. Red arrows: blastocysts. Scale bar for all 

images has been represented in D and it is 50 µm., except for I-J, at which it represents 

25 µm. The images are constructed as maximum projection of 10 z-stacks. 

 

 

3.12.2 Gm15452 Stroma KO Overall Analysis 

Implantation parameters in endometrial cocultures created with stroma cells in which 

the Gm15452 gene was knocked out were analyzed in terms of adhesion (Figure 60), 

development, invasion (Figure 61) and functional (Figure 62) gene expression.  

In terms of E-Cad, a decrease was observed in the KO groups compared to the control 

groups at the 24th hour, while no significant change was observed at the 72nd hour. 

There is a significant increase in KO groups when compared to NT groups. However, 

no change was observed between KO groups over time. When examined in terms of 

entactin, it was determined that the KO groups showed a significant decrease compared 

to the control groups at two different times. The relation between 24 and 72 hours in the 
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KO groups showed less expression was observed at the 72nd hour in the KO groups. No 

significance was observed between groups in fibronectin expression. 

 

 

Figure 60. Expression of adhesion marker genes in coculture groups after 

Gm15452 Knockout. CNT: Control; NT: Non-targeted; KO: Knock out. Significance; 

(*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

While there was no significance in LIF expression between the control groups and the 

KO groups, the KO groups showed an increase compared to NT in both the 24 and 72 

hour culture groups. Time-dependent expression was also found to increase 

significantly in the KO groups towards the 72nd hour. While no significance was 

detected between the groups in Esr1 expression, a significant decrease in PR expression 

was detected between the control group and the KO group at the 24th hour, and a 

significant increase was detected between the NT group and the KO groups at the 72nd 

hour of incubation. 
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Figure 61. Expression of genes, that play a functional role during implantation, in 

coculture groups after Gm15452 Knockout. CNT: Control; NT: Non-targeted; KO: 

Knock out. Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

Mmp9 expressions increased significantly in KO groups compared to control and NT 

groups in both 24 and 72 hours of culture. When looking at the time-dependent change, 

a significant increase was observed in the KO groups at the 72nd hour compared to the 

24th hour. A significant decrease in Wnt4 expression was observed in both the 24th and 

72nd hours in the KO groups compared to the control group, while the opposite result 

was detected in the NT groups. When the time-dependent change between KO groups 

was examined, a significant decrease was observed at the 72nd hour. When Hoxa10 

expression was considered, a significant decrease was observed in the KO groups 

compared to the control at both times. Compared to the NT groups, the KO group 

showed a significant increase only at the 72nd hour. No significant gene changes were 

detected between KO groups at two different times. 
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Figure 62. Expression of invasion and development marker genes in coculture 

groups after Gm15452 Knockout. CNT: Control; NT: Non-targeted; KO: Knock out. 

Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 

 

IF stainings mostly show correlation with gene expression analysis as, e-cadherin 

has showed slight increase, entactin has shown significant and MMP9 showed 

increased expression (Figure 63). 
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Figure 63. IF staining of GM15452 in KO stroma cell group. Some implantation 

markers that showed significant difference in expression has also been stained for 

protein expression. E-cadherin has showed slight increase, although it was non 

significant. Still, the invasion pattern (asterisk, D) and the blastocyst itself (red arrow, 

B, D) can be discriminated clearly. The decoration of e-cadherin has also been revealed 

satisfactorily (A). Entactin has shown significant decrease in correlation with gene 

expression analysis. MMP9 showed increased expression (K, double asterisk) just 

beneath the blastocyst (L, red arrow). Red arrows: blastocysts. Scale bar for all images 

has been represented in D and it is 50 µm., except for A-B, at which it represents 25 

µm. The images are constructed as maximum projection of 10 z-stacks. 

 

 

3.13 Live/Dead Cell Assay Results 

As a result of the live/dead cell assay, the amount of live and dead cells in the coculture 

groups was determined. There was no statistical difference in live/dead cells between 

the Hmga2 and Gm15452 KO endometrial epithelial groups and the control and NT 

groups Figure 64. This analysis was accomplished by calculation of fluorescence 

intensity. 
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Figure 64. Live/Dead Cell Assay Results for epithelial cell KO groups. Green 

represents live, red color represents dead cells. CNT: Control; NT: Non-targeted; KO: 

Knock out. Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001; 

no significant difference was seen fort his group. 

 

 

Figure 65. Live/Dead Cell Imaging of endometrial coculture groups. Green 

represents live, red color represents dead cells. A. 24hr Control Group; B. 24hr NT 

Group; C. 24hr Hmga2 KO Group; D. 72hr Control Group; E. 24hr NT Group; F. 72hr 

Hmga2 KO Group. Scale bars represent 100 µm. 

 

In the Uxs1 and Gm15452 KO study performed on endometrial stroma cells, a 

significant decrease was observed in the KO groups compared to the control groups in 

the 72-hour culture groups (Figure 66). No significance was observed in terms of cell 
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count between 24-hour coculture groups. However, a decrease in cell count was 

observed in between the 24 and 72 hour culture groups of the Uxs1 KO groups. 

 

Figure 66. Live/Dead Cell Assay Results for stromal cell KO groups. Green 

represents live, red color represents dead cells. CNT: Control; KO: Knock out. 

Significance; (*) p<0.05, (**) p<0.001, (***) p<0.0001, (****) p<0.00001 
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Chapter 4  

DISCUSSION 

 

Various in vitro culture models of the endometrium have been created to examine early 

pregnancy processes. These models are classified in two classes: 2D and 3D culture 

models. In 2D models, endometrial cells are cultured as monolayers, but they exhibit 

limitations such as decreased biological activities and lack of cell-ECM interaction[128]. 

3D models integrate the extracellular matrix (ECM) and multiple cell types, providing a 

more physiologically relevant environment. Cell-based 3D models include epithelial 

and stromal cells and can demonstrate the influence of ECM on cell behavior[71],[128]–

[130].  

 

In 3D cell cultures, the inclusion of ECM provides structural support to the established 

culture, helps maintain essential cell-ECM interactions, influences cell signaling and 

differentiation, and maintains the phenotype of cells[131]. ECM provides a three-

dimensional scaffold that reflects the natural architecture of tissues, allowing cells to 

interact in ways that better reflect their in vivo environments[128]. It facilitates critical 

cell-ECM interactions, including adhesion, migration, and proliferation, allowing cells 

to respond appropriately to their microenvironment[72]. In addition, molecules such as 

integrins contained within the ECM regulate cellular behavior by providing a rich 

signaling environment and support functions such as survival and differentiation[132].  

 

Matrigel is widely used in 3D culture models of the endometrium to better mimic 

physiological structures compared to traditional 2D models[71],[129]. Matrigel is derived 

from Engelbreth-Holm-Swarm (EHS) mouse sarcoma and consists predominantly of 

laminin, collagen IV, entactin, and growth factors. These components provide a 

supportive environment for cell growth, allowing cells to organize into three-

dimensional structures. Various 3D culture models use Matrigel to encapsulate 

endometrial glandular epithelial cells and stromal cells, promoting the development of 

polarized structures that resemble the in vivo endometrial environment[79].  
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Decidualization is a critical process that prepares the endometrium for embryo 

implantation during pregnancy and progesterone plays a critical role in maintaining 

decidual gene expression. It involves morphological and functional changes in stromal 

cells and transforms them into specialized decidua cells. The process is initiated by 

signals from the embryo and involves the proliferation and differentiation of stromal 

cells, significant gene expression changes, and increased secretory activity. The most 

basic biomarkers of the process include specific genes such as prolactin (PRL) and 

insulin-like growth factor binding protein-1 (IGFBP-1). At the same time, these markers 

and morphological transformations serve as indicators of endometrial receptivity for 

successful implantation and early pregnancy[133]. Powerful tools have been developed to 

stimulate the mouse uterus to induce uterine decidualization. There are three well-

established mouse models for studying decidualization: natural pregnancy 

decidualization, artificial decidualization, and in vitro decidualization. Decidualization, 

caused by natural pregnancy, occurs when fertile females mate with fertile males of the 

species' progeny. In the artificial decidualization model, external inducers such as 

sesame oil or glass beads are used, or mouse uterine scratches can be used. In the in 

vitro decidualization model, cultured stromal cells are induced by incubation with 

estrogen and progesterone[134],[135]. In this study, an attempt was made to establish a 

culture environment with stromal cells that were already decidualized in the culture 

medium. For this reason, stroma cells were isolated from uteruses obtained from 

previously mated females, and then cell culture medium (REPRO medium) with added 

estrogen and progesterone was used to support decidualization. As a result, it was 

observed that more PRL and IGFBP1 genes were expressed in the endometrial stromal 

cells induced in the experimental group without any treatment and subsequently 

cultured in REPRO medium. This shows that the decidualization process can be 

carried out in vitro in our established 3D culture. 

 

The implantation process is governed by a complex interaction of genes and molecular 

pathways. Key players include the Leukemia Inhibitory Factor (LIF), which facilitates 

communication between the embryo and the uterus, and members of the HOX gene 

family, specifically HOXA10 and HOXA11, which are essential for endometrial 

receptivity[8],[136]. Integrins such as αvβ3 and α4β1, fibronectin, and entactin mediate 

blastocyst adhesion to the endometrial epithelium[42],[137]. Estrogen and progesterone 
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receptors (ER and PR) play important roles in endometrial preparation[138]. Insulin-like 

Growth Factors (IGFs), fibronectin, laminin, and various cytokines, growth factors, and 

chemokines contribute to angiogenesis, and tissue remodeling during implantation[32]. 

The coordination of these genes is crucial for the success of implantation, embryo 

implantation, and the onset of early pregnancy.  

 

E-cadherin, also known as epithelial cadherin (E-Cad), is a protein that plays an 

important role in cell-cell adhesion, especially in the context of epithelial tissues, and is 

important in defining the apicobasal polarity of the epithelium[47],[48]. E-Cad, also found 

in the uterine endometrium, is essential for the biogenesis of epithelium. During the 

menstrual cycle, dynamic changes in E-Cad expression occur depending on hormone 

expression[43],[45]. Some studies suggest that changes in E-Cad expression or function 

may be associated with implantation failure and infertility. However, there is some 

controversy regarding E-Cad expressed during embryo implantation. Some studies 

report loss of E-Cad in endometrial epithelial cells at the site of implantation[139]. In 

previous studies it was showed that there is a dramatic cell loss in the mouse luminal 

epithelium after normal estrus, and if pregnancy occurs, this cell loss is prevented in the 

first 3 days until embryo invasion begins. Tiwari et. al.'s observation of E-Cadherin (E-

Cad) distribution in the early stages of embryo implantation revealed dynamic changes 

in its localization in the luminal epithelial cells of the endometrium. In particular, the 

study suggested that one day before the beginning of embryo invasion, when the 

epithelial cell layer remained intact, the apical staining of E-Cad decreased from the 

basolateral membrane of the luminal epithelial cells, while the apical staining was 

preserved. They also reported that when the embryo is in the implantation window, E-

Cad expression becomes stronger apico-laterally and no basal expression is observed[46]. 

In our study, we found that in control groups E-cad expression decreased in the 3D 

endometrial coculture area at 72 hours of blastocyst implantation compared to 24 hours. 

This result is in line with previous studies and is an indication of the E-cadherin 

expression decrease in the endometrium during the invasion phase in our proposed 

culture model, as in vivo counterparts. 

 

Nidogen is a basement membrane glycoprotein found in almost all basement 

membranes[33]. Nidogen-1 contributes to the fusion of basement membranes by acting 
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as a bridge between laminin-1 and type IV collagen[37],[140] but it also binds 

fibronectin[141]. It is known that decidual cells express nidogen-1 as part of the 

pericellular basement membrane that arises during decidualization[142]. Changes in 

nidogen mRNA levels have been reported during the formation of the placenta in the 

mouse. It revealed highly restricted expression in decidua and maternal endothelial 

cells[143]. In their study, White et al. showed that there was much earlier nidogen-1 

protein expression in decidual cells, glandular epithelial cells, and epithelial basement 

membrane in artificially induced decidua, and they found that the expression of the 

NID1 gene increased abnormally during faulty decidualization[144]. In the 3D 

endometrial coculture we established, it was observed that entactin expression occurred 

and did not change between the 24th and 72nd hours. This shows that the continuity of 

the created culture is maintained at the 72nd hour and decidualization continues to be 

supported. 

 

Fibronectin is an extracellular matrix (ECM) protein that plays an important role in the 

implantation process. Studies have revealed the importance of fibronectin-integrin 

interactions in blastocyst attachment and growth. Kayışlı et al. reported that 

extracellular matrix molecules laminin and fibronectin and their receptor subunits 

integrin β4 and α5 play an active role in decidual tissue formation and implantation in 

rats[145]. Fibronectin facilitates implantation by bridging integrins on the endometrium 

with those on the blastocyst. During blastocyst attachment, trophoblast cells gain the 

ability to adhere through the accumulation of integrins on their apical surfaces. 

Integrins, especially α5β1 subunits, increase on the apical surface of adhesive 

blastocysts, facilitating their ability to bind to fibronectin[31]. Fibronectin is most 

prominent at the site of implantation, and this fibronectin expression corresponds to the 

expression of integrin 5 in invading cytotrophoblast cells[42]. Fibronectin expression was 

also observed in the culture medium created at the 24th hour, and a decrease, although 

not significant, was observed at the 72nd hour of incubation. Based on previous studies, 

this can be interpreted as fibronectin expression in the implantation area to increase 

embryo and endometrial attachment, and after the attachment occurs, the expression 

tends to decrease. It is thought that significance in the decrease can be achieved if the 

culture period is extended.  
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Leukemia inhibitory factor (LIF) is a member of the interleukin-6 family and plays an 

important role in the regulation of various cellular functions by binding to membrane-

bound LIF receptors (LIFR) and gp130[146]. In mice, uterine LIF exhibits biphasic 

expression, with peaks in the glands and the stroma surrounding the implanting 

blastocyst during uterine receptivity preparation[147]. LIF is involved in uterine luminal 

epithelial changes during the implantation window, including increased synthesis of 

growth factors, cytokines, and adhesion molecules[148]–[150]. In mice, the highest 

expression of LIF in the glands is observed before implantation[151],[152]. Epithelial-

derived LIF acts as an autocrine regulator of endometrial priming. LIF-deficient female 

mice experience implantation failure[152]. In humans, LIF expression is highest in 

uterine glands during the mid-luteal phase and is detected in uterine luminal fluid during 

the luteal phase and the expected period of implantation[153]–[155]. LIF induce the 

synthesis of growth factors and implantation genes such as Msx-1 and Wnt-4 by binding 

to LIFR on blastocyst or endometrial surfaces during receptivity[156]. LIF is required for 

the differentiation of stromal cells into primary decidual cells in mice. Furthermore, the 

interaction of LIF with adhesion molecules (L-selectins, E-cadherins) and tight junction 

proteins during endometrial receptivity remains unclear[157]. During implantation, 

invasion is facilitated through interaction with basement membranes and various 

extracellular matrix proteins controlled by LIF, MMPs (2, 9, and 14), and 

TIMPs[158],[159]. In our study, it was observed that LIF expression increased significantly 

at the 72nd hour of coculture. This shows that LIF expression is directly proportional 

to the increase in invasion and shows that the 3D coculture culture environment we 

created already supports LIF expression following the literature.  

 

ER (estrogen receptors) and PR (progesterone receptors) are steroid hormone 

receptors that play an important role in regulating the implantation process during 

pregnancy[160]. There are two different estrogen receptors, ERα and ERβ, which are 

expressed in the epithelium and stroma of the human endometrium. ER-α has a broad 

spectrum of expression, whereas ER-β exhibits a more restricted pattern. Disruption of 

ER-α leads to infertility and reproductive abnormalities[161]. Although ER-β plays a role 

in ovulation efficiency, it is not crucial for fertility[162]. ERα is upregulated during the 

proliferative phase, and its downregulation during the implantation window is driven 

primarily by the progesterone hormone. ERs, through their expression patterns and 
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interactions with progesterone, are involved in preparing the endometrium for embryo 

implantation[163]. High ERα levels at implantation have been associated with decreased 

β3 integrin expression in certain conditions, such as polycystic ovary syndrome and 

endometriosis[164]. Progesterone is considered the pregnancy hormone and acts through 

PR, which consists of two isoforms (PRA and PRB). It is expressed in endometrial 

epithelium and stroma. The expression patterns of ER-α, ER-β, and PR differ in 

different uterine cell types during early pregnancy[165]. ER-α expression in the uterine 

epithelium is associated with epithelial cell proliferation. Stromal cell expression of ER-

α and PR is associated with stromal cell proliferation during implantation. Stromal cells 

undergo differentiation into progesterone-sensitive peristaltic cells during the 

perforation process, which is characterized by morphological changes. Endometrial 

receptivity to embryo implantation is a transient process driven by the duration of 

exposure to progesterone following adequate exposure to estrogen[166]–[169]. ER and PR 

expressions were also observed in the endometrial coculture we created. As a result, 

although not significant, there was a slight decrease in ER expression in the 72nd hour 

of culture compared to 24 hours, while a significant decrease in PR expression was 

observed. The ER result is consistent with previous literature. PR expression is expected 

to be maintained throughout implantation process. Diao and colleagues demonstrated 

that progesterone receptor (PR) in the mouse uterus exhibits distinct temporal 

expression patterns during early pregnancy, especially during the peri-implantation 

period. As a result of the study, initially, PR expression was found in the uterine luminal 

epithelium (LE) at 0.5 weeks of pregnancy. 1.5 from the day. increased until day 2 and 

preimplantation 2.5. and 3.5. They found that it was upregulated in both the LE and the 

stroma on days 15. However, PR is 3.5 and 4.5. They reported the complete 

disappearance of LE between gestational days. This disappearance coincides with 

multiple complex processes of embryo implantation, including apposition, attachment, 

and invasion, highlighting the potential importance of PR in these events[170]. 

Accordingly, the amounts of endometrial and stromal cells used during the co-culture 

setup may have caused us to obtain this result. The fact that half of the epithelial and 

stroma cells were used when creating culture and the loss of progesterone 

receptors in epithelial cells due to implantation may have caused us to obtain this 

result. For this reason, it may be necessary to use a certain proportion of cells in such a 

culture setup. 
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Matrix metalloproteinase-9 (MMP-9) is a protein involved in the invasion of 

trophoblast cells during the implantation process. MMPs, including MMP-9, are 

required for erosion of the extracellular matrix (ECM) in the uterine epithelium and 

accelerate implantation[171]. Expression of MMP-9 and MMP-2 is particularly notable 

during implantation, with the highest expression observed on day 3 of pregnancy. In 

vitro studies involving trophoblast cells show that MMP-9 significantly increases cell 

invasion. Dysregulated expression of MMPs has been associated with infertility and 

early pregnancy loss in women[172],[173]. Lower concentration of MMP-9 in uterine fluid 

has been observed in women with idiopathic infertility and recurrent miscarriages[173]. 

MMP-9 deficiency in mice is associated with reduced litter size and an increased 

percentage of infertile mice[174]. Both qRT-PCR and immunofluorescence staining show 

that mmp9 expression increases significantly from hour 24 to hour 72 in the 

coculture groups we created. The increase in Mmp9 according to the literature shows 

that the created culture positively supports invasion. 

 

Wnt4, a member of the Wnt ligand family, is regulated by estrogen in the pregnant 

mouse uterus[175]. During early pregnancy, from day 0.5 to day 4.5, Wnt4 mRNA is 

weakly expressed in the luminal epithelium and decreases by day 4.5[174]. Wnt4 then 

localizes to the stromal cells surrounding the implanting embryo and remains in the 

decidua. WNT4 plays a critical role in stromal cell survival during decidualization, 

which is an integral part of embryo implantation[176]. Conditional ablation of Wnt4 in 

uterus causes deficiency in embryo implantation and subsequent decidualization and 

associated severe infertility. It is characterized by a reduction in uterine glands in 

Wnt4d/d mice, contributing to the implantation defect. It also negatively affects the 

expression of leukemia inhibitory factor (LIF), which is a very important factor for 

preimplantation processes. Wnt4 is subject to hormonal regulation, particularly by 

estrogen. Long-term exposure to estrogen induces squamous cell metaplasia in Wnt4d/d 

mice[177]. Ablation of Wnt4 leads to reduced stromal cell proliferation during 

decidualization and mislocalization of FOXO1, a protein associated with apoptosis 

regulation[178]. No difference was observed in WNT4 expression obtained from 24- and 

72-hour endometrial coculture samples created in the study. In this case, we can say that 
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WNT4 expression is preserved in the 3D created in vitro implantation zone for 72 

hours. 

 

Homeobox A10 (HOXA10) is a gene belonging to the HOX gene family that plays a 

role in the regulation of embryonic development. In particular, HOXA10 is a member of 

the HOXA cluster, which plays a crucial role in the development of the female 

reproductive system[179]. Expression of HOXA10 fluctuates during the menstrual cycle 

and reaches highest levels during the mid-secretory phase. This timing is important 

because it corresponds to the implantation window when the uterus is open to the 

embryo[58]. Studies have shown that disruptions in HOXA10 expression can lead to 

uterine-induced infertility in animal models. It has been observed in previous studies 

that mice carrying HOXA10 mutations show implantation failure. HOXA10 expression 

is reduced in conditions associated with endometrial receptivity (ER) damage, such as 

endometriosis, adenomyosis, and hydrosalpinx[59]–[61]. Downregulation of HOXA10 in 

women with recurrent implantation failure and recurrent miscarriages demonstrates its 

importance in successful pregnancies. Studies reveal that HOXA10 regulates E-

cadherin expression by binding it to its promoter region. In addition, HOXA10 acts as a 

transcriptional regulator of receptivity markers such as integrin ανβ3 and insulin-like 

growth factor binding protein 1[62]. Considering the 72-hour culture environment, 

HOXA10 expression appears to increase compared to the 24-hour culture environment, 

although it is not significant. As a gene that is important for the continuity of 

implantation and development, it is thought that the expression of HOXA10 will 

continue to increase if the culture is continued. 

 

The overall results related to expression profile of 3D culture model mostly 

supported its counterparts in vivo and can be used to mimic an implantation model 

with certain limitations. 

 

The Gm15452 gene or “predicted gene 15452” is a pseudogene located on chromosome 

1 in the mouse (Ncbi Gene ID: 100039474). As a result of RNA sequencing, it was 

observed that this gene was expressed at high levels in both epithelial and stromal cells, 

and its effectiveness in the field of implantation was investigated. There is currently no 

study on this gene in the literature. However, as a result of the knockout of related part, 
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significant changes were detected in the implantation parameters. By using the 

Crispr/cas9 method, approximately 70% reduction in the expression of the gene at the 

mRNA level was achieved. It was determined that E-Cad expression, which was 

expected to decrease at the 72nd hour compared to the control group, continued to 

increase in the KO group. The LIF gene showed a normal pattern compared to the 

control groups, but the amount of expression was higher in the KO groups compared to 

the control. There is no expected decrease in PR, on the contrary, there is an increase in 

the KO groups. There is also an increase in MMP9, higher than the expected MMP9 

increment. As all groups including NT are also considers changes in Esr1, Pr, 

Fibronectin, WNT and Hoxa10 were less of notice. In this case, silencing the Gm15452 

gene in endometrial stroma cells affects implantation through E-Cad, LIF and 

MMP9 genes.  

Gm15452 pseudogene was knocked out in endometrial epithelial cells. It appears to 

reduce E-Cad expression at the 24th hour of cocultures compared to the control group. 

It increases in the 72nd hour. This is the opposite of the normally expected pattern, and 

E-cad expression, which should decrease, is observed to increase. In this case, it can be 

argued that the knockout of Gm15452 in the epithelium can be related to E-Cad. For 

Entactin expression, the KO groups, which decreased at 24 and 72 hours compared to 

the control groups, do not show a significant difference when evaluated with the NT 

groups. For this reason, it can be said that the decrease in entactin is not due to the 

knockout of the gene, but rather the change can be able to seen as a result of the process 

performed. While fibronectin expression should have decreased compared to the control 

group pattern, the opposite situation was reflected in the KO groups. In this case, it can 

be said that adherence, which should decrease at the 72nd hour, continues to increase 

with Gm15452 KO. When LIF, one of the function-related genes, is evaluated, there is 

an increase among the KO groups. There is a decrease in PR and ER expressions 

specifically in KOs compared to the control groups. However, there is a similar 

expression with NT groups, therefore it cannot be said that ER and PR are affected by 

Gm Epi KO. Mmp9 expression in the KO group caught up with the control pattern at 24 

and 72 hours, but expression in the NT groups overshadowed the KO specificity. Other 

invasion parameters, Wnt4 and Hoxa10, show decreasing pattern compared to the 

control, but since the expression values are close to the NT groups, the results cannot be 

said to be reliable. In this case, it seems that Gm15452 knockout performed in 
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endometrial epithelial cells is generally more effective on E-cad and fibronectin 

expressions.  

 

High mobility group AT-hook 2 (HMGA2) is a well-conserved transcription factor 

belonging to the non-histone chromosomal high mobility group (HMG) protein 

family[180],[181]. Its expression and biochemical modifications affect various biological 

processes by affecting transcriptional regulation of downstream targets[181]. HMGA2, 

which is highly expressed during embryonic development and in rapidly proliferating 

cells, exhibits low expression in most adult tissues except the testes[182],[183]. It is 

classified as an “oncofetal” gene associated with tumor progression in humans[184]. In 

the knockout Hmga2 mouse model produced using CRISPR/Cas9, it was determined 

that HMGA2 was effective in body and organ size, fertility and behavior by specifically 

disrupting the coding sequence[185]. In a study on cancer cells, Shi and colleagues found 

that HMGA2 disruption inhibited cell proliferation. Also, it was reported that silencing 

HMGA2 significantly inhibited cell migration and invasion by reducing the expression 

of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) and 

increasing the expression of the epithelial marker E-cadherin[186]. In our study, it was 

determined that the Hmga2 gene was also expressed in endometrial epithelial cells in 

the implantation area. The 70% decrease in the Hmga2 gene in CRISPR/Cas9 treated 

epithelial cells compared to the control and non-targeted groups shows that our 

procedure works at the gene expression level. When the general gene distribution of NT 

groups is examined, there is an expression closer to the control group. In this case, it 

seems that the effects that can be defined as off targeted are lower in Hmga2 KO. 

Although E-cad has a normal pattern in the KO groups compared to the control group, it 

is expressed at a much lower level than the control groups. While an increase in LIF is 

expected at the 72nd hour, there is a decrease. This shows that Hmga2 knockout in 

epithelial cells may have an effect on LIF. When Mmp9 expression is examined, there 

is an extreme increase in the KO groups at the 24th hour and a sharp decrease is 

observed at the 72nd hour. In addition, a decrease in Wnt4 and Hoxa10 was detected in 

the KO groups both between the 24th and 72nd hours and in comparison, with the 

control groups. This shows that epithelial knock out of Hmga2 has a negative 

interaction on both adherence, invasion and functional genes. 
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UDP-glucuronic acid decarboxylase 1 (UXS1) is an enzyme involved in cellular 

metabolism. It plays a role in the detoxification and conversion of UDP-glucuronic acid 

(UDPGA) to UDP-xylose. UDPGA is an intermediate in the metabolic pathway 

produced by UDP-glucose 6-dehydrogenase (UGDH). UXS1 is located in the Golgi 

apparatus and participates in glycosylation processes. Doshi et al. in a recent study 

highlighted the therapeutic potential of UDP-glucuronic acid decarboxylase 1 (UXS1), a 

detoxifying enzyme. The authors identified UXS1 as being involved in the production 

of the toxic intermediate UDP-glucuronic acid (UDPGA) by UDP-glucose 6-

dehydrogenase (UGDH). Knockdown of UXS1 appeared to be detrimental to cancer 

cell lines with high UGDH expression due to the accumulation of UDPGA in the 

medium. RNA sequencing revealed that loss of UXS1 alters Golgi structure and 

function, affecting glycosylation and protein trafficking. Loss of UXS1 led to defective 

glycosylation, increased protein degradation, and decreased overall protein levels. Also, 

doxycycline-inducible knockout of of UXS1 in xenograft tumors inhibited growth in 

UGDH high cell lines[187]. Teoh and colleagues reported a significant increase in 

fibronectin, identified with epithelial-mesenchymal transition (EMT), in their study on 

Ugdh-KO created with CRISPR/Cas9 for breast cancer cells[188]. In our study, it was 

determined that the Uxs1 gene was expressed in the stromal cells in the implantation 

area. With CRISP/Cas9 application, a decrease of around 40% was achieved in gene 

expression compared to the control and non-targeted groups. Since RNA expression can 

be seen as a result of this process, it must also be tested at the protein level in order to 

show the success of the applied process. E-cad also decreased in the UXS1 KO groups 

with a proportional decrease in the control of 24 and 72 hour in vitro culture. However, 

at the 24-hour evaluation, a very significant amount of E-Cad expression is seen in the 

KO groups. In terms of LIF expression, the increase observed from 24 to 72 in the 

control groups was not achieved in the KO groups. This shows the effect of the Uxs1 

gene on LIF expression. PR decreases at the 72nd hour in the control, there is a decrease 

in the KO groups compared to the 24-hour groups. However, it is clearly observed that 

PR expression is greatly reduced in the KO groups. Mmp9 expression is also seriously 

affected by KO formation. Towards the 72nd hour, the gene that should increase 

decreases and this seriously affects blastocyst invasion. Although entactin appears to be 

at lower levels in genome edited groups compared to control groups, it increases at 24 

hours compared to NT groups. It is observed that fibronectin increases in the KO 
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groups, although it should show a decreasing pattern compared to the control and NT 

groups. It was determined that Uxs1 KO stroma caused intense fibronectin expression in 

co-culture. When ER expression is examined, a reduction in the amount of receptors is 

observed in the transition from 24 hours to 72 hours. In this case, KO of the Uxs1 gene 

in endometrial stroma cells downregulates ER expression at implantation. Since the 

results in 24-hour processes give different results compared to the control and NT 

groups, the KO expression result obtained is not considered reliable. In this case, it may 

be necessary to fully support the gene expression results by detecting protein 

expression. On the other hand, when Wnt4 and Hoxa10 are examined, although an 

expression pattern similar to the control group pattern is observed, WNT4 and Hoxa10 

gene expressions generally decreased compared to the control group. In Live Dead cell 

analysis, the decrease in the amount of live and dead cells in Uxs1 KO groups shows 

that the implantation area is not sustainable in the absence of Uxs1. 
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CONCLUSION 

 

The endometrial coculture model, created in vitro can represent implantation. The 

decrease of E-Cad and the decrease of entactin and fibronectin, even if they are non-

significant, suggest that adhesion is occurring, and invasion is starting from the 24th 

hour to the 72nd hour. The increase in LIF indicates that it is functionally compatible 

with its in vivo counterpart in both the embryo and the endometrium. It is also estimated 

that the invasion phase was manipulated very well. The significant increase in Mmp9 is 

an indicator of the invasion. There were no significant changes in Hoxa10 and WNT4, 

probably due to the limited duration of the culture. In particular, the apparent, although 

not significant, increase in Hox10 appears to be compatible with the culture's in vivo 

counterparts. Of course, in addition to the short cultural period, the cultural environment 

created may not be conducive for development. It may be possible to understand this 

with longer-term culture and more detailed studies. 

 

In broad terms, the knockout of Hmga2 in endometrial epithelial cells has a remarkable 

impact on implantation, influencing key genes such as E-Cadherin, Fibronectin, LIF, 

Mmp9, and Wnt4. Meanwhile, the knockout of Uxs1 in endometrial stroma cells 

significantly affects implantation by modulating the E-Cadherin, LIF, and Mmp9 

genes. 

 

Intriguingly, the knockout of the Gm15452 gene, categorized as a pseudogene, within 

the endometrial epithelium particularly influences the expression of E-Cadherin and 

LIF in the implantation area. Similarly, its knockout in stromal cells affects E-Cadherin, 

LIF, and Mmp9. 

 

In conclusion, the expression of Hmga2, Uxs1, and Gm15452 (a pseudogene) plays an 

essential role in endometrial receptivity, decidualization, and implantation. The 

potential significance of these genes in these processes needs further exploration 
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through comprehensive studies, promising to enrich and deepen our understanding of 

the literature. 
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