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Abstract 

 

Stromal cells are connective cells that provide structure and 

play supportive roles for functional cells residing within specific 

tissues. A long history of research has uncovered key biological 

roles for many of the growth factors and cytokines secreted by 

stromal cells. In the present study, we attempted to develop a 

technique for using bone marrow stromal cells (BMSCs) as 

feeder cells to improve the culture efficiency of embryonic stem 

cells (ESCs). B6CBAF1 blastocysts or ESCs stored after their 

establishment were seeded onto a feeder layer of either SCA-

1+/CD45-/CD11b-BMSCs or mouse embryonic fibroblasts 

(MEFs). Feeder cell activity that promoted ESC establishment 

and maintenance from blastocysts did not differ significantly 

when using either BMSC or MEF feeders. However, after 

culturing of inner cell mass cells of blastocysts, the highest 

efficiency of colony formation was observed with the BMSC line, 

which secreted the largest quantities of leukemia inhibitory 

factor (LIF). Exogenous LIF was essential for ESC establishment 

with BMSC feeders, but not for ESC maintenance. Neither 

changes in stem cell-specific gene expression nor increases in 

stem cell aneuploidy was detected after the use of BMSC feeders. 

We therefore conclude that BMSCs can be utilized as ESC 

feeders, a method that improves culture efficiency. 

Stromal cells can also differentiate into specific types of 

functional somatic cells. In this study, we focused on 

understanding the differentiation process of endometrial stromal 
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cells into decidual cells. Decidualization is a crucial cellular 

change required for successful embryo implantation and the 

maintenance of pregnancy. During this process, endometrial 

stromal cells differentiate into decidual cells in response to a 

number of ovarian steroid hormones in early pregnancy. The 

extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) 

are known to regulate cell proliferation and apoptosis in multiple 

cell types, including uterine endometrial cells. Aberrant 

activation of ERK1/2 has recently been implicated in the 

pathological processes of endometriosis and endometrial cancer. 

However, the exact function of ERK1/2 signaling during 

implantation and decidualization is poorly understood yet. In 

order to determine the role and regulation of ERK1/2 signaling 

during the implantation and decidualization processes, we 

examined the expression profiles of ERK1/2 signaling molecules 

in the mouse uterus during early pregnancy using 

immunohistochemistry and qPCR techniques. Interestingly, 

levels of phospho-ERK1/2 were highest within decidual cells 

located at the implantation sites, while expression levels of 

ERK1/2 target genes were also significantly increased at 

implantation sites compared to both inter-implantation sites and 

during the pre-implantation period. To determine the role of 

ERK1/2 signaling in human endometrial decidualization, we 

examined levels of phospho-ERK1/2 in cultured human 

endometrial stromal cells during in vitro decidualization. Levels 

of phospho-ERK1/2 were markedly increased during in vitro 

decidualization. Treatment with the ERK1/2 inhibitor U0126 

significantly decreased the expression of the known 



iii 

 

decidualization marker genes, IGFBP1 and PRL as well as 

inhibited the induction of known ERK1/2 target genes; FOS, 

MSK1, STAT1, and STAT3. Additionally, phosphorylation of 

CCAAT/enhancer binding protein β (C/EBPβ), a protein 

previously shown to be critical for decidualization, was 

significantly reduced in this model. These results suggest that 

ERK1/2 signaling is required for successful decidualization in 

mice as well as human endometrial stromal cells and implicates 

C/EBPβ as a downstream target of ERK1/2.  

 

Keywords: Bone Marrow Stromal Cells (BMSCs), Feeder cells, 

Endometrial Stromal Cells, Decidualization, Extracellular signal-

regulated protein kinases 1 and 2 (ERK1/2). 
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CHAPTER1 

 

GENERAL INTRODUCTION 
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 Stromal cells are the connective tissue cells of organs, 

comprising (for example) the uterine endometrium, prostate, 

bone marrow, and ovaries. They are known to exhibit specific 

properties according to the tissue of origin, however, their role 

is dependent upon the cellular matrix and surrounding cells 

through the release of various types of growth factors and 

cytokines. There have been reports that bone marrow stromal 

cells directly support myeloma (Kim et al., 2012), lymphocyte 

(Pietrangeli et al., 1988), and hematopoietic cells (Loeuillet et 

al., 2001). In the case of the uterus, endometrial stromal cells 

perform regulatory roles for proliferation and differentiation of 

the overlying epithelium both in vivo (Cunha et al., 1985) and in 

vitro (Arnold et al., 2001). These results demonstrate the ability 

of stromal cells to regulate and support neighboring cells.  

  

In this study we investigated the potential utility of bone 

marrow stromal cells (BMSCs) as feeder cells for embryonic 

stem cells (ESC) culture. Since the first identified mouse ESCs 

were characterized by Evans and Kauffman in 1981, many efforts 

have been made to improve the culture system. Due to the fact 

that mouse ESCs cannot maintain undifferentiated states alone, 

co-culture systems and some cytokines such as leukemia 

inhibitory factor (LIF)(Smith et al., 1988) and bone 

morphogenetic protein (BMP)(Murakami et al., 2003) must be 

added to the culture. To improve the efficiency of ESC 

establishment, mouse embryonic fibroblasts (MEF) have been 

used extensively as feeder cells (Wobus et al., 1984). The 

primary MEF feeder system overcomes the disadvantages of 
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other co-culture systems, which can induce karyotypic 

abnormalities and alterations in differentiation capacity (Suemori 

and Nakatsuji, 1987). However, the MEF co-culture system also 

entails some inherent disadvantages. MEF preparation is 

complicated, time-consuming and typically requires 

euthanization of large numbers of animals. To further improve 

the efficiency of current stem cell co-culture systems, we have 

adapted the technique to include BMSCs. BMSC lines can be 

maintained for longer periods of time than MEFs (more than 10 

times), and can be easily stored following rapid freezing. In 

Chapter 3, we investigated whether ESCs can be established and 

maintained in the presence of BMSC feeder cells. 

 

Another important property of stromal cells is their 

differentiation potency. Their ability to differentiate into specific 

cell types with newly acquired functions has been well 

documented..For example, bone marrow stromal cells can 

differentiate into mesodermal lineage cells such as adipocytes, 

chondrocytes and myocytes (Baksh et al., 2004; Wee et al., 

2013), while endometrial stromal cells can differentiate into 

decidual cells. In Chapters 4 and 5, we investigated sought to 

investigate the process of differentiation by which endometrial 

stromal cells transform into decidual cells. For successful 

implantation to occur, endometrial stromal cells proliferate and 

differentiate into large and multi-nucleated cells, forming the 

process known as decidualization. We also investigated the role 

of the extracellular signal regulated kinase 1/2 (ERK1/2) 

signaling pathways during decidualization. In Chapter 4, we first 
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examined whether ERK1/2 signaling is expressed in endometrial 

stromal cells during early pregnancy in mice. In Chapter 5, we 

then investigated the expression of ERK1/2 and its target genes 

in human endometrial stromal cells during in vitro decidualization.  
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CHAPTER 2 

 

LITERATURE REVIEW 
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1. Embryonic stem cells (ESCs) 

 

The stem cell is uniquely special in that it has the capacity 

for self-renewal and differentiation into a multitude of 

specialized cell types. Stem cells that arise from the inner cell 

mass (ICM), which is portion of the blastocyst, are called 

embryonic stem cells (ESCs) (Evans and Kaufman, 1981; Martin, 

1981). One of the properties of ESCs is their long-term 

proliferative potential (Wobus and Boheler, 2005). It is important 

to elucidate the genetic and molecular basis by which these cells 

continue to clone themselves over such long periods of time, in 

order to understand the causes of diseases that relate to the 

process. Another property of ESCs is their pluripotency (Wobus 

and Boheler, 2005). Because ECSs originate from the ICM of 

blastocysts, they can differentiate into three types of germ layer 

cells (mesoderm, endoderm, and ectoderm) from which all the 

cells of the body subsequently arise. There have been reports 

that ESCs can differentiate into various cell types including 

adipocytes (Wdziekonski et al., 2007), cardiomyocytes 

(Doetschman et al., 1985), chondrocytes (Kramer et al., 2000), 

dendritic cells (Fairchild et al., 2000), neurons (Bain et al., 1995), 

pancreatic islets (Lumelsky et al., 2001), smooth muscle cells 

(Yamashita et al., 2000) and many others in vitro. Therefore 

ESCs are key research tools for understanding fundamental 

events in embryonic development and regenerative medicine, as 

well as therapeutic vehicles for delivering genes to specific 

tissues in the body(Downing and Battey, 2004).  
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1) Establishment of ESCs 

 

The first cultured embryonic stem cells were established 

from the inner cell masses (ICM) of blastocysts in the early 

1980s (Evans and Kaufman, 1981; Martin, 1981). Martin et al., 

used EC cell-conditioned media for the establishment of ESCs, 

while Evans and Kaufman employed feeder layers of mouse 

embryonic fibroblasts. However, the derivation of ESCs from 

blastocysts was inefficient and strongly dependent upon the 

particular mouse strain used (Kawase et al., 1994; Brook and 

Gardner, 1997).  

To improve the efficiency of ESC establishment, many 

researchers have introduced a number of improvements to the 

original protocol. There have been reports that ESCs can be 

established with the use of specifically-conditioned media 

(Schoonjans et al., 2003), genetically modified blastocysts 

(McWhir et al., 1996), microdissection of the blastocyst (Brook 

and Gardner, 1997), treatment with pharmacological drugs 

(Buehr and Smith, 2003), or the use of serum replacement (SR) 

(Cheng et al., 2004). The most commonly used methods for ESC 

establishment was first reported by Bryja et al., (Bryja et al., 

2006). This method works by inactivating mouse embryonic 

fibroblasts (MEF) as feeder cells, together with ESC culture 

medium supplemented with leukemia inhibitory factor (LIF) and 

serum replacement (SR). The blastocysts are attached to feeder 

cells with ICM outgrowth for 6 days, before the ICM clumps are 

dissociated using trypsin. A few days after dissociating, primary 
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ESC colonies can be observed. Once the cell lines are established, 

batches can be frozen for further culture and experimentation. 

 

2) Feeder cells for maintenance of ESCs 

 

Long term proliferation and self-renewal of ESCs are their 

most useful research characteristics. In the majority of cases, 

ESCs are established and cultured on mouse embryonic 

fibroblast feeder cells. The concept of “feeder layers” was 

established over 50 years ago by Puck and Marcus (Puck and 

Marcus, 1955). These researchers used mitotically inactive 

fibroblast cells to support the clonal derivation of HeLa cells. It 

was reasoned that fibroblasts provided some critical factors and 

nutrients either to promote self-renewal or to suppress 

differentiation. The first mESCs were isolated on inactivated, 

permanent STO fibroblasts which were derived from the SIM 

strain of mice (thioguanine and ouabain-resistant) (Ware and 

Axelrad, 1972). Other established embryonic fibroblast cell lines, 

such as C3H 10T1/2 and BALB-3T3/A31 have also been used 

as feeder cells to maintain undifferentiated mES or EC cells in 

culture (Ogiso et al., 1982; Rathjen et al., 1990). However, many 

researchers prefer to use primary mouse embryonic fibroblasts 

(MEFs) isolated from fetuses at 12.5 days of gestation. It has 

been claimed that primary cells are better than permanent STO 

cells, and that cultures on STO are frequently unsuccessful. 

There have been reports that ESCs cultured on STO cells exhibit 

karyotypic abnormalities and reduced differentiation potential 

(Wobus et al., 1984; Doetschman et al., 1985; Suemori and 
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Nakatsuji, 1987). The use of MEFs appears to produce a more 

potent, reliable, and reproducible source of feeders. However, 

some disadvantages are inherent in this approach, such as limited 

lifespan. Therefore, fresh batches must be prepared routinely 

and frequently, resulting in batch-to-batch variation. Various 

types of mouse strain can also be used as feeder cells. The 

advantage of using an outbred or F1 strain is a larger litter, while 

on the other hand, some researchers claim that MEFs isolated 

from inbred strains, such as 129Sv, will provide better support 

for hES cell cultures (Reubinoff et al., 2000)  

 

3) Signaling for pluripotency in ESCs 

 

LIF signaling 

 

One of the most important signaling factors secreted from 

feeder cells is leukemia inhibitory factor (LIF). LIF was 

identified as a major regulator of ESCs in 1988 by two 

independent groups (Smith et al., 1988; Williams et al., 1988). 

LIF is a soluble glycoprotein of the interleukin (IL)-6 family of 

cytokines and binds to heterodimer receptors, the LIF receptor 

(LIFR) and gp130. Upon binding to its heterodimeric receptor, 

tyrosine kinase Janus kinase (JAK) phosphorylates tyrosine 

residues of LIFR and GP130. This activates signal transducer 

and activator of transcription 3 (STAT3), which then 

translocates into the nucleus as a transcription factor for target 

genes including myc, fos and klf4 (Niwa et al., 1998). The LIF-

JAK-STAT3 signaling pathway is critical for maintaining 
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pluripotency in ESCs. If STAT3 is inactivated, then ESCs will 

spontaneously differentiate in vitro (Boeuf et al., 1997). 

 

BMP/Smad signaling 

 

While important for the maintenance ESC pluripotency, LIF is 

insufficient alone to block differentiation. A combination of LIF 

with bone morphogenetic protein (BMP), which can be added to 

serum, sustains self-renewal and multi-lineage differentiation 

via expression of ‘Id’ (inhibitor of differentiation) genes in 

the smad pathway. (Ying et al., 2003). These bone 

morphogenetic proteins (BMP) are members of the transforming 

growth factor b (TGF-b) superfamily. The secreted ligands then 

bind to heterodimeric complexes of type I (ALK2, ALK3, ALK6) 

and type II (BMPRII, ActRII, ActRIIB) receptor tyrosine kinases. 

Binding of BMP triggers complex formation of the receptor 

components and facilitates phosphorylation of Smads, 

intracellular signal transduction molecules that fall into three 

categories: receptor-regulated Smads (R-Smads), cooperating 

Smads (Co-Smad) and inhibitory Smads (I-Smads). Upon BMP 

binding, R-Smads (Smad1, Smad5, and Smad8) are 

phosphorylated at two C-terminal serine residues and form 

heteromeric complexes with Smad4, the sole Co-Smad identified 

in mammals. The Smad complexes then translocate to the 

nucleus and function as transcription factors. I-Smads (Smad6 

and Smad7) suppress the Smad signaling pathway by inhibiting 

association between the receptors and R-Smads, competing with 

Smad1 for binding to Co-Smads, and/or promoting ubiquitin-
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dependent degradation of receptors and R-Smads (Murakami et 

al., 2003). BMPs cooperatively activate Smad4 and promote Id 

gene expression for the maintenance of pluripotency and 

inhibition of differentiation pathways (Ohtsuka and Dalton, 2008). 

Overexpression of the Id protein in mouse ESCs can therefore 

be used to maintain the self-renewal of ESCs with LIF in the 

absence of both BMP4 and serum. (Ruzinova and Benezra, 2003) 

 

Wnt/β-Catenin signaling 

 

   In the canonical Wnt signaling pathway, β-catenin acts as an 

intracellular signaling molecule. In the absence of Wnt, β-

catenin is phosphorylated by glycogen synthase kinase (GSK) 

3β, adenomatous polyposis coli gene (APC) and the Axin 

complex. Phosphorylated β-catenin is degraded by the 

ubiquitin proteasome pathway, thereby maintaining low 

endogenous levels of cytoplasmic β-catenin.  

After binding of Wnt to its receptors, frizzled, LRP5/6, Gsk3b and 

Lrp are inactivated, after which β-catenins accumulate in the 

cytoplasm before translocation to the nucleus (Reya and Clevers, 

2005). Aubert et al., reported that the overexpression of Wnt1 

and/or treatment with GSK3b inhibitors abrogates neural 

differentiation in mouse ESCs (Aubert et al., 2002). Moreover, 

Wnt3a mutant mice exhibit ectopic neural tube formation in the 

primitive streak of the gastrulating embryo (Yoshikawa et al., 

1997). In addition, ESCs with a mutant form of APC exhibit a 

reduced ability to differentiate into the three germ layer cell 
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types (Kielman et al., 2002). Taken together, these results 

indicate that Wnt signaling may play an important role in the 

suppression of differentiation in early embryos and in ESCs. Sato 

et al., compared the gene expression profiles of undifferentiated 

and differentiated human ESCs in detail, and identified the 

enrichment of Frizzled 5 in undifferentiated ESCs. It was also 

reported that a newly-identified pharmacological inhibitor of 

GSK3b, 6-bromoindirubin-3’-oxime (BIO), could maintain 

mouse ESC pluripotency in the absence of LIF condition (Sato et 

al., 2004). Of note, BIO also sustained human ESCs in the 

undifferentiated state, and maintained the expression of Oct3/4, 

Rex1, and Nanog. Considering that LIF has little effect on human 

ESCs, BIO could be useful to improve the culturing techniques of 

human ESCs. 

 

PI3K signaling 

 

    PI3 kinases are lipid kinases that catalyze the 

phosphorylation of inositol phospholipids at the third carbon 

position of the inositol ring (Cantley, 2002). They are divided 

into three major classes according to substrate specificity, amino 

acid sequence, and homology of their lipid kinase domains. Class 

1A PI3 kinases are heterodimers consisting of an 

adaptor/regulatory and a catalytic subunit. The regulatory 

subunits come in seven isoforms, generated by alternative 

splicing from three genes (p85a, p85b, and p55g), while three 

isoforms of the catalytic subunit exist (p110a, p110b, and p110g). 

The Class 1A PI3 kinases are activated by many different 
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receptor tyrosine kinases for growth factors including FGF, EGF, 

and PDGF, leading to the generation of secondary messenger 

phosphatidylinositol-3,4,5-tris-phosphate (PIP3). Akt1 is a 

serine/threonine kinaset that binds to PIP3 through its pleckstrin 

homology (PH) domain and is translocated into the inner cell 

membrane, where it is phosphorylated and activated by another 

serine/threonine kinase PDK1. Activated Akt1 modulates the 

function of numerous substrates including Mdm2, IKK, and 

mammalian target of rapamycin (mTOR), and elicits various 

cellular responses, including proliferation and suppression of cell 

death. PI3K is also known to act as a downstream effector of Ras 

(Jirmanova et al., 2002). Treatment of LY294002, a potent PI3K 

inhibitor, in mouse ESCs suppresses the cell cycle progression 

from G1 to S phase, and decreases cell proliferation. Targeted 

disruption of phosphatase and tensin homologue deleted on 

chromosome ten (PTEN) increases PI3K/Akt signaling, as it is a 

negative regulator of the PI3K pathway through its actions on 

PIP3 dephosphorylation. 

 

   Transcription factors for ES cells 

 

Oct3/4 and Nanog are two well-characterized homeobox 

transcription factors that are specifically expressed in mouse 

ESCs and early embryos, and are essential for the maintainence 

of pluripotency (Chambers and Smith, 2004). Knockdown 

experiments using siRNA have shown that the two 

homeoproteins are also indispensable in human ESCs (Zaehres 

et al., 2005). The intracellular signaling pathways described 
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above are likely to regulate these transcription factors to 

determine the fate of ESCs. However, the precise mechanisms 

by which these factors are regulated remain elusive. 

 

     Oct3/4 (also known as POU5F1) is specifically expressed 

in ESCs, early embryos, and germ cells (Zaehres et al., 2005). 

Oct3/4-deficient embryos die during the peri-implantation 

stages of development. Although Oct3/4-null embryos can reach 

blastocyst stage, the inner cell mass of these mutants can only 

produce differentiated cells of trophoblast lineages when 

cultured in vitro. Inactivation of Oct3/4 in mouse ESCs also 

results in trophoblast differentiation. In contrast, the 

overexpression of Oct3/4 in ESCs induces differentiation into 

primitive endoderm and mesoderm lineages (Niwa et al., 2000). 

Hence, the expression levels of Oct3/4 is an important facilitator 

of the PI3 kinase pathway, and BMP4 appears to be a determinant 

of cell fates in mouse ESCs. 

 

     Nanog is also specifically expressed in pluripotent cells. 

Nanog null embryos at E5.5 show disorganization in extra-

embryonic tissues with no discernible epiblast or extraembryonic 

ectoderm (Mitsui et al., 2003). Nanog-deficient blastocysts 

appear to be normal, but the inner cell mass fails to generate an 

epiblast and can only produce parietal endoderm-like cells when 

cultured in vitro. Similarly, ESCs lacking Nanog preferentially 

differentiate into extraembryonic endoderm lineages even in the 

presence of LIF. Importantly, the overexpression of Nanog 

allows mouse ESCs to self-renew in the absence of LIF. Thus, 
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Nanog is likely to block primitive endoderm differentiation and 

actively maintain pluripotency (Okita and Yamanaka, 2006). 

 

4) Characterization of ES cells 

 

At various points during the process of generating embryonic 

stem cell lines, experimental intervention can test hypotheses to 

determine whether cells exhibit fundamental properties that 

classify them as ESCs, a process referred to as characterization. 

Undifferentiated mESCs express specific genes called indicative 

of their “stemness”. There are now a number of well-

established marker genes for undifferentiated ESCs (Table 

1)(Wobus and Boheler, 2005). To confirm the differentiation 

potential of ESCs in vitro, cells are cultured using the suspension 

method without feeder cells or LIF. (Keller, 1995) ESCs then 

spontaneously form aggregates known as embryoid bodies (EBs). 

At approximately Day 4, EBs collectively form the central cavity, 

referred to as cystic embryoid bodies. This shares similarities 

with egg cylinder-stage embryos (Keller, 1995). Upon 

continued in vitro culture, endodermal, mesodermal and 

ectodermal cells appear (Leahy et al., 1999). ESCs can also 

differentiate into the three germ layer types in vivo.  There are 

two methods by which to confirm pluripotency of ESCs in vivo. 

The first is to generate a chimeric mouse via injection of ESCs 

into the blastocyst stage of the embryo. ESCs can produce both 

somatic and germ-line cells in chimeric mice (Bradley et al., 

1984; Pluck and Klasen, 2009). The other method is to transplant 

ESCs into immune-deficient mice. ESCs then form complex 
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teratomas which contain three germ layer cell types (Przyborski, 

2005).   
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Table 1. Property of mouse ESCs markers in undifferentiated 

state.   

Marker Activity Reference 

Oct4 + (Scholer et al., 1990) 

Nanog + (Chambers et al., 2003) 

Sox2 + (Avilion et al., 2003) 

FGF4 + (Ginis et al., 2004) 

SSEA1 + (Solter and Knowles, 1978) 

SSEA3,4 - (Shevinsky et al., 1982) 

CD133 + (Kania et al., 2005) 

CD9 + (Oka et al., 2002) 

Tra 1-60/1-81 - (Boiani and Scholer, 2005) 

Alkaline phosphatase + (Hahnel et al., 1990) 

Telomerase activity + (Armstrong et al., 2000) 
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2. The endometrial compartment in uterus 

 

1) Hormonal regulation of endometrium 

 

The endometrium is a dynamic tissue that undergoes 

coordinated changes under the influence of the ovarian steroid 

hormones, progesterone (P4) and estrogen (E2) during 

implantation. In rodents, E2 stimulates the proliferation of uterine 

epithelial cells at 0.5 days post-coitus (dpc; loss of vaginal plug) 

of pregnancy. Upon formation of the corpus luteum at 2.5 dpc, 

P4 inhibits E2-mediated proliferation of uterine epithelial cells, 

leading to uterine stromal cell proliferation (Franco et al., 2008). 

At 3.5 dpc, an acute E2 spike in concert with elevated P4 levels 

further stimulates uterine stromal proliferation and induces the 

production of leukemia inhibitory factor (LIF) from the uterine 

glands, a critical step for uterine receptivity (Stewart et al., 

1992). Implantation begins with the attachment of the blastocyst 

to the luminal epithelium followed by embryonic trophoblast 

invasion at 4.5 dpc (Lee and DeMayo, 2004). Upon invasion, 

uterine stromal cells decidualize, and an overall cellular 

transformation characterized by morphological changes occurs. 

This takes place in concert with the development of a secretory 

phenotype which creates a local environment permissive to 

supporting the implantation of embryo. The implantation process 

itself is characterized by changes in the expression of adhesion 

molecules, cytokines, and transcriptional factors, which are 

dependent upon E2 and P4. The human endometrium is also 
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tightly regulated by steroid hormones that influence proliferation, 

secretion and menstrual shedding. The endometrium becomes 

receptive for embryo implantation during the mid-secretory 

phase and decidualized stromal cells are seen in the late-

secretory phase of the menstrual cycle (von Wolff et al., 2000; 

Dimitriadis et al., 2006). Due to the complexity and dynamic 

nature of implantation, the molecular processes underlying these 

changes remain poorly understood.  

The progesterone receptor (PR) is required for successful 

implantation in both humans and rodents. PR signaling has been 

shown to regulate implantation-associated events, such as the 

preparation of the uterine epithelium for receptivity and the 

decidualization of endometrial stromal cells (Conneely et al., 

2003). A mouse model utilizing a null mutation of the PR gene 

(PRKO) demonstrates the essential role for PR in P4-mediated 

uterine responses (Lydon et al., 1995; Lydon et al., 1996), and 

has led to the identification of several P4-regulated pathways 

within the uterus (Jeong et al., 2005). PRs are constituted with 

two isoforms, termed PR-A and PR-B (Kastner et al., 1990; 

Kraus et al., 1993). The generation of transgenic mice lacking 

either PR-A or PR-B (by site-directed mutagenesis of the PR 

gene in vivo) has demonstrated that the PR-A isoform is the 

major mediator of P4 signaling in the mouse uterus, whereas the 

PR-B isoform is required for the normal proliferative and 

differentiative responses of the mammary gland to progesterone 

(Mulac-Jericevic et al., 2000; Mulac-Jericevic et al., 2003). 
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2) Female disease in endometrium 

 

Infertility rates in humans have increased to approximately 

10-15% in recent years. A major reason for infertility is likely 

to be implantation failure. Implantation proceeds initially via 

interaction between the apical surface of the luminal epithelium 

and the embryonic trophoblast and is known to be mediated by 

the ovarian steroids estrogen (E2) and progesterone (P4). 

During early implantation, proliferation and differentiation of 

stromal cells in the underlying epithelium is required to sustain 

the post-implantation phase. One major factor contributing to 

infertility is the disruption of steroid hormone control for uterine 

cell proliferation and differentiation. Therefore, elucidating the 

molecular mechanisms by which these steroid hormones control 

uterine physiology is critical for a better understanding of 

infertility. 

Pelvic pain is a common complaint that can be caused by 

numerous underlying conditions. Gynelogocial issues such as 

endometriosis, uterine fibroids, ovarian cysts and pelvic 

adhesions can all lead to pelvic pain. Major characteristics of this 

uterine condition include unopposed estrogen action and 

progesterone resistance (Kao et al., 2003). 

Endometriosis is defined as the presence of endometrial 

tissue outside the uterus and is typically found on the outside of 

the uterus, ovaries and throughout the peritoneal cavity. During 

the menstrual cycle, hormones cause the endometriotic lesions 

to bleed, which can be painful and result in the formation of pelvic 
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adhesions, also known as scar tissue. Endometriosis affects an 

estimated 5 million women in the United States alone (Eskenazi 

and Warner, 1997). Endometriosis is a major cause of infertility, 

with the disease affecting 1 in 10 women in the reproductive age 

group (Eskenazi and Warner, 1997), 50 to 60% of women and 

teenage girls with pelvic pain (Goldstein et al., 1980), and up to 

50% of women with infertility. Multiple factors have been 

implicated in endometriosis-associated infertility including 

significant alterations in the molecular markers of endometrial 

receptivity in women (Giudice et al., 2002; Kao et al., 2003; 

Giudice, 2010) and baboons (Hastings et al., 2006; Talbi et al., 

2006; Sherwin et al., 2010). 

Although retrograde menstruation occurs in 70-90% of 

women in the reproductive age group, endometriosis is only 

occurred in 10% of this population (Blumenkrantz et al., 1981; 

Eskenazi and Warner, 1997). This indicates that retrograde flow 

is not the sole source of endometriosis, and it is a consequence 

of an inherent endometrial defect or a genetic predisposition. 

Surgical removal of endometriotic lesions, as well as treatment 

with Gonadotropin Releasing Hormone (GnRH) analogs can 

improve fertility in patients with endometriosis (Surrey and 

Schoolcraft, 2003; Alborzi et al., 2004; Littman et al., 2005; 

Sallam et al., 2006). Lessey et al., reported an improvement in 

fertility in women with endometriosis who were treated with 

GnRH analogs and subsequent ablation of endometriotic foci 

(Lessey and Young, 1997). These findings support the theory 

that an inherent endometrial dysfunction is associated with 

reduced pregnancy rates in women with endometriosis. 
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The endometria of women with endometriosis appear 

different from that of disease-free women (Kao et al., 2003; 

Burney et al., 2007). Comparisons of the eutopic endometrial 

transcriptome of women with moderate and severe disease and 

those without disease provide critical insights into the underlying 

genetic signature, coupled with phases of the regular menstrual 

cycle. Recently, Aghajanova, et al., have described the 

transcriptome of eutopic endometrium from women with severe 

disease versus mild disease throughout the menstrual cycle, in 

an attempt to investigate the potential patho-physiology of 

endometriosis-related infertility (Aghajanova and Giudice, 

2011).  

To date, vast numbers of eutopic gene arrays have been 

analyzed in women with a history of established disease at 

clinical presentation. Additionally, these patients carry a heavy 

disease burden and/or a disease-load that is often poorly defined, 

due to extensive time to diagnosis. As such, it is not possible to 

clearly demonstrate that such reported aberrant gene expression 

is a product or consequence of the disease. However, the 

etiology of endometriosis and its consequences remain ill-

defined and controversial, and have not been systematically 

studied. 

Elucidating the molecular mechanisms by which the steroid 

hormones control uterine physiology is paramount to 

understanding the pathology of endometriosis. Changes in the 

epithelial and stromal compartments of the endometrium are 

mediated by estrogen (E2) and progesterone (P4). E2 stimulates 

proliferation of uterine epithelial cells while P4 is inhibitory to 
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estrogen-mediated proliferation of the epithelium (Martin et al., 

1973a; Martin et al., 1973b). P4 achieves this inhibition by 

coordinating stromal-epithelial cross-talk. Disruption of the 

steroidal control of uterine proliferation leads to pathology 

similar to that found in endometriosis and other uterine diseases. 

However, the molecular mediators of this cellular communication 

have not been clearly elucidated. Identification of the mediators 

of P4 inhibition of E2-stimulated proliferation is therefore 

necessary for the development of treatments for these conditions. 

 

3) Progesterone signaling 

 

Findings from several tissue reconstitution studies have 

stressed the importance of the role of endometrial stromal cells 

in regulating uterine function. However, evidence from studies of 

genetically engineered mice have identified a paracrine signaling 

cascade originating from the endometrial epithelium that 

regulates uterine function. This paracrine signal cascade relies 

on the ability to P4 to regulate the morphogen Indian hedgehog 

(Ihh) in the mouse uterine epithelium. Ihh, a member of the 

Hedgehog family of morphogens, was identified as a P4-

regulated gene by microarray analysis of PRKO and wild type 

mice treated with acute levels of P4 (Takamoto et al., 2002). Ihh 

is expressed in the murine uterine luminal and glandular 

epithelium. Its expression coincides with that of PR in the 

epithelium, peaking at Day 2.5 before implantation and 

decreasing after the embryo has implanted (Matsumoto et al., 

2002; Takamoto et al., 2002). It is upregulated within 6 hours of 
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P4 injection, while this upregulation fails to occur in PRKO mice, 

demonstrating the necessity of PR in Ihh signaling (Takamoto et 

al., 2002). Members of the Ihh signaling pathway, the Ihh 

receptor Patched-1 (Ptc-1) and a downstream target gene 

Chicken Ovalbumin Upstream Promoter-Transcription Factor II 

(COUP-TFII), follow Ihh expression one day later in the 

underlying stroma, suggesting a role for Ihh in epithelial-stromal 

cross-talk (Matsumoto et al., 2002; Takamoto et al., 2002). This 

data indicates that Ihh signaling originates in the epithelium and 

regulates endometrial stroma function. Mice null for Ihh (Ihh-/-) 

exhibit both embryonic and neonatal lethality due to defects in 

yolk sac vascularization and bone formation, respectively (St-

Jacques et al., 1999; Dyer et al., 2001). Conditional ablation of 

Ihh (Ihhd/d) in the uterus using the PRCre model results in female 

infertility, due to defects in embryo attachment, uterine stromal 

cell proliferation, vascularization and the ability of the stromal 

cells to undergo a decidual reaction (Lee et al., 2006). 

Conditional ablation of Ihh results in alteration in the expression 

of COUP-TFII and Egfr in endometrial stromal cells. Further 

analysis of COUP-TFII function in the mouse uterus validated 

the importance of this signaling pathway.  

COUP-TFII is a member of the steroid/thyroid receptor 

superfamily of transcription factors (Wang et al., 1989; Ritchie 

et al., 1990; Wang et al., 1991). COUP-TFII is considered a 

member of the orphan nuclear receptor subfamily of this 

superfamily, because a ligand that regulates the activity of this 

transcription factor has yet to be identified (Pereira et al., 2000). 

Mice homozygous for COUP-TFII ablation exhibit growth 
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retardation, severe hemorrhage and edema, and die at embryonic 

Day 10. These mice show defects in vascular remodeling and 

atrium development, suggesting a role for COUP-TFII in 

angiogenesis and vascular development (Pereira et al., 1999). 

The importance of COUP-TFII as a regulatory protein is 

underlined by the fact that female mice missing a single copy of 

COUP-TFII exhibit reduced fertility due in part to a defect in 

uterine function (Takamoto et al., 2005). The conditional ablation 

results in the lack of implantation and decidual reaction, as seen 

in both the Ihh and PRKO models, including a loss of stromal 

proliferation and a reduction in angiogenesis. It was found that 

the expression of stromal PR was also down-regulated in the 

COUP-TFII knockout model and epithelial ERα and SRC-1 

levels were upregulated, leading to increased expression of 

MUC1 in the luminal epithelial lining of the uterus, thus further 

confirming its importance as a regulator of P4 signaling in the 

uterus, and as an important mediator of reciprocal epithelial-

stromal cross-talk (Kurihara et al., 2007).  

The importance of the PR-Ihh-COUP-TFII signaling and 

compartmental communication becomes much clearer with the 

investigation of these mouse models. E2 secretion, though 

necessary for uterine receptivity, can cause premature closure 

of the implantation window if left unopposed by P4. This signaling 

can be seen through epithelial PR acting on Ihh expression, which 

diffuses to the stroma to upregulate COUP-TFII, which in turn 

increases stromal PR to mediate its effects through unknown 

factors that diffuse back into the epithelium to downregulate E2 

signaling by decreasing ERα, allowing implantation to occur. 
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Although all factors governing the stromal to epithelial cross-

talk regulated by COUP-TFII have yet to be identified, a single 

factor regulated by COUP-TFII which governs stromal cell 

decidualization has been identified as morphogen bone 

morphogenetic protein 2 (Bmp2) (Kurihara et al., 2007). 

Bmp2 belongs to the TGF-β superfamily first identified for 

its role in bone development. In the mouse uterus, Bmp2 is 

absent during the pre-implantation period, but begins to be 

expressed in the uterine stroma surrounding the attaching 

blastocyst. Its expression progresses from the primary decidual 

zone from which it is lost and spreads to the secondary decidual 

zone, mirroring the spatiotemporal progression of implantation 

(Ying and Zhao, 2000; Paria et al., 2001). Due to the embryonic 

lethal phenotype of the Bmp2 knockout, conditional ablation of 

the morphogen was targeted to the mouse uterus. Conditional 

ablation of Bmp2 using the PRCre mouse led to complete infertility, 

while embryos successfully attached to the luminal epithelium 

were unable to invade into the uterine stroma. Additional blocks 

in fertility were observed due to a lack of stromal cell 

proliferation and the ability to undergo artificial decidualization 

(Lee et al., 2007). Microarray analysis of mice with conditional 

ablations of Bmp2 in the uterus has identified several pathways 

including the Wnt and PR signaling pathways as being altered 

during these processes. It was observed that although PR levels 

were not affected, the activation of PR and the expression of PR 

target genes was impaired. Interestingly the expression of 

Fkbp52 is altered in these mice (Lee et al., 2007). Utilizing 

primary cultures of mouse endometrial stromal cells, Bmp2 has 
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been confirmed to be a marker of decidualization. Cells treated 

with recombinant BMP2 induced differentiation while siRNA 

targeted against Bmp2 blocked differentiation in vitro (Li et al., 

2007).  

Microarray analysis utilizing the anti-progestin RU-486 

has identified a novel stromal PR target gene, Hand2 (Bagchi et 

al., 2005). Hand2 is a member of the basic helix-loop-helix 

(bHLH) family of transcription factors. Hand2 is critical for the 

development of several tissues, including cardiac development 

(Srivastava et al., 1997), in which its loss leads to multiple 

congenital heart malformations (Tsuchihashi et al.) and other 

conditions (Firulli, 2003). Conditional knockout of Hand2 using 

the PRcre line, produces infertile female mice fail to complete 

embryo implantation (Ismail et al., 2002). Additionally, loss of 

Hand2 in the stroma results in an increase in epithelial ER 

activity as seen through increased phosphorylated ERα  and 

MUC-1 protein expression. The mechanism behind this increase 

in epithelial proliferation that acts as a block to embryo 

implantation was further elucidated by the discovery of increased 

Fgf expression in the stroma, which is known to act through its 

receptor in the epithelium. Future delineation of the PR-Hand2-

Fgf paracrine pathway may be of importance in blocking 

enhanced estrogen activity present in many gynecological 

diseases. 

Although these factors have been primarily investigated in 

the mouse, many have likewise been shown to be expressed in 

the human endometrium. IHH is expressed in the human 

endometrium and its expression is altered in the eutopic 
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endometrium during the secretory phases in women with 

moderate to sever endometriosis (Burney et al., 2007). COUP-

TFII is expressed in both endometrial stroma and endometriotic 

tissue and its role in these cells is to act as an inhibitor of E2 

biosynthesis via competition for transcriptional binding sites with 

a positive regulator of E2 synthesis, Steroidogenic factor-1 

(SF-1). Endometriosis frequently includes aberrant increases in 

the nuclear receptor SF-1 and its displacement of COUP-TFII 

has been attributed to an increase in expression of the E2 

synthesizing enzyme aromatase in these cells (Zeitoun et al., 

1999). Targeting aromatase has therefore long been proposed 

as a potential therapy for endometriosis (Bulun et al., 2000), and 

COUP-TFII may be clinically relevant in maintaining 

homeostatic control of steroidogenesis in uterine stromal cells. 

Exogenous BMP2 added to human primary endometrial stromal 

cells induces decidualization. This includes an increase in WNT4, 

confirming that WNT signaling is a downstream mediator of 

BMP2 in the human as is seen in the mouse uterus (Li et al., 

2007).  

 

4) Progesterone Receptor Signaling 

 

The ovarian steroid P4 mediates its effects through the PR, 

which belongs to the nuclear receptor superfamily of 

structurally-related receptors. As in all members of this family, 

the PR contains modular functional domains (Tsai and O'Malley, 

1994). The PR contains an N-terminal transactivating function 
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domain (AF-1), a central DNA binding domain, and a ligand 

binding domain with a second activation domain (AF-2). The 

ligand binding domain also contains the ability to bind heat shock 

proteins, which allow dimerization and nuclear translocation 

(Tsai and O'Malley, 1994; Ribeiro et al., 1995). The PR exists as 

two major isoforms, PRA and PRB, which are translated from the 

same gene but from two alternate translation start sites 

(Conneely et al., 1987). The PRB isoform contains an additional 

164 amino acids at the N-terminus and a third activation domain 

(AF-3), while a newly discovered third isoform, truncated PRC, 

is present in decidual cells and may have a role in transcriptional 

inhibition (Li and O'Malley, 2003). 

PR can regulate the transcription of target genes through 

several diverse mechanisms. The first described mechanism is 

the classical “ ligand-dependent”  mechanism. The ligand-

dependent mechanism consists of the PR, in the absence of ligand, 

being bound to heat shock proteins and immunophilins, which 

sequester the receptor in the cytoplasm. The interaction of the 

PR with these chaperones not only functions to sequester 

inactive PR, but also seems to be necessary for the receptor to 

properly function (Tranguch et al., 2007). In the presence of the 

ligand, P4 and PR dissociate from these chaperones, 

homodimerize, and subsequently translocate to the nucleus. Once 

in the nucleus, the newly-formed complex binds to DNA as a 

homodimer within progesterone response elements (PREs) 

found in the promoters of target genes, and regulates 

transcription with the cooperation of recruited coactivators (Li 

and O'Malley, 2003). PR can also regulate gene transcription 
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independent of DNA binding by ‘piggy backing”  on other 

transcription factors such as SP1/3 for the subsequent regulation 

of gene transcription (Owen et al., 1998; Gao et al., 2001; Gizard 

et al., 2005). The second mechanism of PR action is the 

“ligand-independent” mechanism. In this case, PR is activated 

in the absence of P4, by phosphorylation of membrane signaling 

kinases integrated in other cellular signaling pathways. The 

phosphorylated PR enters the nucleus and activates target genes 

(Li and O'Malley, 2003). Finally, the most recent mechanism 

identified is the “nonclassical-nongenomic” mechanism. This 

mechanism consists of ligand bound PR associating at the level 

of the cellular membrane with other receptor signaling molecules 

and mediating cross-communication between various signaling 

pathways. One such association is with the c-Src tyrosine kinase 

SH3 domain and a proline-rich motif on the PR. After binding, 

the receptors rapidly initiate many downstream kinase pathways 

including MAPK, JAK/STAT and AKT (Boonyaratanakornkit et 

al., 2008). All three mechanisms allow for the ability of PR to 

regulate uterine function at various stages of the reproductive 

cycle and pregnancy.    

 

5) Decidualization 

 

During implantation, embryos are attached to the luminal 

epithelium and invade into the stroma of the endometrium. The 

stromal cells surrounding the implanting embryo undergo a 

remarkable transformation event, under the influence of the 
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steroid hormones estrogen (E2) and progesterone (P4) (Dey et 

al., 2004). This process, known as decidualization, is an 

indispensable step for embryo implantation (Fazleabas and 

Strakova, 2002). 

 

The physiology of decidualization 

 

The mouse blastocyst reaches the uterus four days after 

fertilization and attaches to the uterine epithelium on Day 4.5 of 

pregnancy. This attachment of the blastocyst to the uterine 

epithelium initiates the process of decidualization that involves 

differentiation of the underlying fibroblastic stromal cells into 

morphologically distinct cells, termed decidual cells. Over the 

next 3 days of gestation, endometrial stromal cells surrounding 

the site of embryo attachment proliferate and differentiate 

dynamically, with polyploid status, enlargement and rounding of 

the nucleus, cytoplasmic accumulation of glycogen and lipid 

droplets, and expansion of the Golgi complex and rough 

endoplasmic reticulum occurring (Ansell et al., 1974; Gellersen 

et al., 2007). These changes are followed by transformation of 

endometrial fibroblasts into decidual cells with a secretory, 

epithelioid-like phenotype.  

In humans, endometrial preparation for pregnancy is initiated by 

tissue remodeling during the secretory phase of each menstrual 

cycle following ovulation (Maruyama and Yoshimura, 2008). In 

most mammals, decidualization is triggered by signals from the 

implanting embryo(s) but in humans, this process is under 
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maternal control and initiated around Day 23 of each cycle(de 

Ziegler et al., 1998) 

 

Function of decidual cells 

 

A variety of functions have been attributed to the decidua, 

such as providing a source of growth factors and cytokines that 

support embryo development, serving an immunoregulatory role 

during pregnancy and regulating trophoblast invasion. 

Decidualizing cells produce an abundance of extracellular matrix 

proteins, including laminin, type IV collagen, fibronectin, and 

heparan sulfate proteoglycan (Dimitriadis et al., 2005). Major 

secretory products of decidualized stromal cells are prolactin 

(PRL), insulin-like growth factor binding protein-1 (IGFBP-1) 

and tissue factor (TF) (Daly et al., 1983; Irwin et al., 1989; 

Oliver et al., 1999) 
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3. ERK1/2 signaling pathway 

 

ERK1/2 is a member of the heavily-investigated MAPK 

pathway and implicated in the regulation of cellular proliferation 

and differentiation in multiple organ systems. ERK1/2 is 

activated by the upstream Ras/Raf/MEK signaling cascade via 

phosphorylation on residues threonine 202 and tyrosine 204. 

This activated form of ERK1/2 (phospho-ERK1/2) can 

subsequently phosphorylate various transcription factors to 

regulate cellular proliferation, differentiation, apoptosis and 

inflammation (Roskoski, 2012). It has also been reported that 

EGF regulates the growth and differentiation of cultured human 

endometrial stromal cells (Irwin et al., 1991). Based on these 

findings, we hypothesize that ERK1/2 signaling, which is 

regulated by EGFR, may be a critical pathway for endometrial 

stromal cell decidualization. 

Ras proteins belong to a superfamily of low molecular weight 

GTP-binding proteins, and control cell proliferation and 

differentiation in a variety of cell types. Like other GTP-binding 

proteins, Ras exists in two states, an active GTP-bound state 

and an inactive GDP-bound state. (Kyriakis et al., 1992) Ras-

GTP exchange factors mediate the conformational changes from 

the inactive to the active state. Many different growth factors are 

able to activate Ras signaling by binding to receptor tyrosine 

kinases, resulting in autophosphorylation of tyrosine residues on 

the receptors. SH2 domain-containing tyrosine phosphatase 

(SHP) 2 and growth factor receptor binding protein (Grb) 2 then 
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bind to the phosphotyrosines on the cognate receptors and 

activate Ras through Ras-GTP exchange factors and son of 

sevenless (SOS), which is constitutively associated with Grb2. 

Activated Ras binds to many downstream effector proteins, 

including Raf serine/threonine kinases, which activate 

ERK(Crews et al., 1992; Kosako et al., 1992). This pathway 

leads to the phosphorylation and activation of numerous 

important transcription factors, including c-Jun, c-Fos, Ets, and 

Elk(Lee and McCubrey, 2002). 
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1. Introduction 

 

Since the first establishment of mouse embryonic stem cells 

(ESCs) by Evans and Kaufman (1981)(Evans and Kaufman, 

1981), much effort has been made to efficiently culture stem 

cells. Mouse embryonic fibroblasts (MEFs) have often been 

utilized for both the establishment and maintenance of ESCs and 

leukemia inhibitory factor (LIF) has routinely been used to 

maintain stem cell characteristics during in vitro culture (Wobus 

et al., 1984; A, 2007; Kern and Zevnik, 2009). The MEF-LIF 

system overcomes the disadvantages of other co-culture 

systems, which can induce karyotypic abnormalities and 

alteration of differentiation capacity (Suemori and Nakatsuji, 

1987). Nevertheless, MEFs have been only utilized for several 

sub-passage (Karatza and Shall, 1984; Conner, 2001), and 

theire preparation is complicated and time-consuming, typically 

requiring euthanization of large numbers of animals. 

 

To further improve the efficiency of current stem cell co-

culture system, we adapted it to include bone marrow stromal 

cells (BMSCs). BMSC lines can be maintained for longer periods 

of time than MEFs (more than 10 times), and can be easily stored 

following rapid freezing. Furthermore, they contain various 

promoting factors for cell vitality, which may help to maintain 

stem cell characteristics or to facilitate stem cell transformation 

of progenitor cells. The potential use of BMSCs as feeder cells 

for ESCs (in place of MEFs) has initially been addressed in 
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different species (Cui et al., 2009), while there have not been no 

substantial data on stem cell establishment and maintenance. In 

this study, we employed BMSCs as the feeder for mouse ESCs 

and examined their ability to support ESC establishment and 

maintenance. We further examined whether LIF enrichment is 

beneficial for the stem cell culture using BMSC feeder. 
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2. Materials and methods 

 

Experimental design 

 

BMSCs were isolated from mouse bone marrow by a 

standard protocol. To prevent contamination by blood and 

connective tissue, three SCA-1+/CD45-/CD11b- cell lines were 

established from the bone marrow stromal cells collected and 

subsequently classified as either low-LIF or high-LIF lines 

according to their expression of the LIF gene and secretion of 

LIF protein. Real-time PCR and ELISA was used for the LIF 

measurement. In the first series of experiments, colony-

formation by inner cell mass (ICM) cells grown on a BMSC or 

MEF (control) feeder layer in LIF-free or LIF-enriched (5,000 

or 20,000 pg/ml) growth medium was monitored. All established 

colony-forming cells were stored in liquid nitrogen at -196°C, 

and some were characterized at the 10th passage. In addition to 

the use of antibodies specific for the stem cell markers OCT4 

and SSEA1, the expression of stem cell-specific genes (Oct4, 

Nanog, Rex1, Cripto, Sox2 and Gdf3) and embryoid body (EB) 

formation were monitored. In a second series of experiments, the 

formation of cell lines after the sub-passage of ESCs was 

evaluated under various culture conditions. ESCs were co-

cultured with BMSCs secreting either low (BMSC1) or high 

(BMSC2) amounts of LIF in LIF-free medium or in medium 

supplemented with LIF at 10,000 pg/ml. BMSCs passaged 8 to 

24 times were used in this co-culture system, and ESC colony 
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formation was observed. Several randomly selected ESC lines 

were characterized at the 10th passage. The combined effects of 

feeder (MEF or BMSC) and medium (LIF-free or LIF-enriched) 

on the expression of stem cell-specific genes were further 

monitored. 

 

Animals and embryos 

 

The Institutional Review Board and Institutional Animal Care 

and Use Committee of Seoul National University approved the 

use of animals and the relevant experimental procedures 

(approval nos. SNU-050331-2 and SNU-070423-5). Animal 

management, breeding, and surgery were performed according 

to the standard protocols of Seoul National University. BMSCs 

were retrieved from 8-week-old ICR mice. To evaluate the 

influence of LIF and feeder cell line on stem cell establishment, 

B6CBAF1 blastocysts were generated and ICM cells were 

collected on day 3.5 post-mating. Separately, the effects of the 

feeder cell line on ESC maintenance were evaluated in E14 or R1 

ESCs, which had been cryopreserved after establishment and 

subsequently thawed. 

 

Preparation of MEFs and BMSCs 

 

The visceral organs, head, and extremities of fetuses were 

removed, and the remaining tissue was cut into small pieces, 

which were then incubated in trypsin-EDTA solution (Invitrogen, 

Carlsbad, CA). The fibroblasts retrieved after enzymatic 



40 

 

treatment were incubated in Dulbecco’s Modified Eagle’s 

Medium (DMEM) (Invitrogen) supplemented with 10% (v/v) 

fetal bovine serum (FBS) (HyClone, Logan, UT). The tibias and 

femurs of adult ICR mice were dissected out, and all soft tissues 

attached to them were removed. Bone marrow was removed from 

the epiphysis of each bone. The bone marrow cells were 

collected, suspended in ice-cold PBS, dispersed using a 23-

gauge needle, and treated with red blood cell lysis buffer 

(eBioscience, San Diego, CA) for 10 min at room temperature. 

The cells were then filtered through a 70-mm nylon mesh and 

washed in PBS. After their preparation, the BMSCs were plated 

on a 100-mm tissue culture dish containing DMEM 

supplemented with 10% (v/v) FBS (Hyclone) and 1% (v/v) 

penicillin-streptomycin solution. Three days after plating, non-

adherent cells were removed and discarded with the supernatant, 

while adherent cells were cultured until they reached 70-80% 

confluence. The growth medium was replaced every three days, 

and cells that were sub-passaged more than eight times were 

used in ESC culture. 

 

Characterization of BMSCs by FACS 

 

To immunophenotypically characterize the BMSCs, 1 × 106 

cells were suspended in PBS and incubated with the following 

FITC- or PE-conjugated antibodies (all purchased from BD 

Biosciences, San Jose, CA): anti-SCA1-FITC, anti-CD45-PE, 

and anti-CD11b-PE. Then the cells were washed with PBS and 

analyzed by fluorescence-activated cell sorting (FACSCaliber; 
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BD Biosciences). The data were analyzed using BD Cell/Quest 

Pro Software (BD Biosciences). 

 

Preparation of feeder cells and detection of LIF in the culture 

system 

 

To prepare the feeder cells, BMSCs and MEFs were seeded 

onto 100-mm culture dishes and treated with 16 μg/ml 

mitomycin C for 3 h. The treated cells were trypsinized and 

cryopreserved. One day prior to ESC culture, the cryopreserved 

cells were thawed and plated onto dishes coated with 0.1% (v/v) 

gelatin. To quantify secreted LIF levels, mitomycin C-treated 

cells (1×106/dish) were plated onto 60-mm culture dishes. The 

growth medium was replaced every 24 h after seeding. Culture 

supernatants were collected, centrifuged twice to remove cell 

debris, and analyzed by ELISA (R&D Systems, Minneapolis, MN). 

 

ESC establishment and characterization 

 

Blastocysts were obtained by uterine flushing on day 4 post-

mating. The zona pellucida of each blastocyst was removed using 

acid Tyrode’s solution, and the zona-free blastocysts were 

seeded onto MEF or BMSC feeder layers in 4-well culture 

dishes containing knockout DMEM (KDMEM) (Invitrogen) 

supplemented with a 3:1 mixture of FBS and knockout serum 

replacement and 1% (v/v) penicillin-streptomycin, with or 

without 500 or 2,000 U/ml LIF. After ICM colony formation was 

confirmed, the colony-forming cells were trypsinized and re-
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plated. ESC colonies that formed after re-seeding were sub-

passaged at approximately 80% confluence (every 3 or 4 days). 

To determine whether the colony-forming cells were stem cells, 

the expression of the stem cell marker proteins stage-specific 

embryonic antigen (SSEA)-1 and OCT4 and the stem cell-

specific genes Oct4, Nanog, Rex1, Cripto, Sox2, and Gdf3, as well 

as cell karyotypes and EB formation in LIF-free medium, were 

monitored (Kim et al., 2009). 

 

Chromosome analysis 

 

Chromosome numbers in ESCs established on BMSC and 

MEF feeders were counted at the 10th passage. ESCs were 

trypsinized, fixed with 70% ethanol, and resuspended in PBS 

containing 0.1% (v/v) Triton X-100 (Sigma-Aldrich, St. Louis, 

MO), 50 μg/ml propidium iodide (PI) (Sigma-Aldrich), and 

2 mg of RNase A (Roche, Basel, Switzerland). They were 

immediately analyzed by flow cytometry (FACSCaliber; BD 

Biosciences). For further karyotypic analysis, ESCs were 

suspended in 0.075 M KCl for 15 min at 37°C, then placed in 

hypotonic solution, and fixed in a 3:1 mixture of methanol and 

acetic acid. Chromosome spreads, produced by dropping 

suspensions of fixed cells onto slide glasses, were stained with 

Giemsa solution (Invitrogen). 

 

Differentiation of ESCs 

 

To confirm spontaneous differentiation of ESCs in vitro, 
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embryonic bodies (EBs) were formed in LIF-free DMEM 

containing 10% (v/v) FBS. The EBs were plated on gelatin coated 

dish. After 2 weeks of culture, EBs were stained with antibodies 

for three germ layer-specific markers. To confirm in vivo 

differentiation, 1X107 of the ESCs were injected subcutaneously 

into B6CBAF1 mice, which is the same strain with ESCs. 

Teratoma was collected 8 weeks after transplantation for 

staining with hematoxylin and eosin. 

 

Analysis of relative mRNA levels by real-time PCR 

 

ESCs maintained on BMSC or MEF feeders in medium 

supplemented with 0 or 10,000 U/ml LIF were stored at -75°C 

in RNAlater (Ambion, Austin, TX) and subsequently used for 

isolation of total RNA, which was used as the template for cDNA 

synthesis with a Superscript III first-strand synthesis system 

(Invitrogen). Expression of stem cell-specific genes was 

quantified by real-time PCR, performed using a CFX96 real-

time PCR detection system (Bio-Rad, Hercules, CA). β-actin 

was used as an internal control for normalization, and relative 

mRNA levels were calculated using the 2-ΔΔCT method (Lee et 

al., 2009). Sequence-specific primers (listed in Supplementary 

Table 1) were designed using Primer3 software (Whitehead 

Institute/MIT, Center for Genome Research, Cambridge, MA).  

 

Statistical analysis 

 

All experiments were performed three times, and a 
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generalized linear model (PROC-GLM or ANOVA) was 

employed, using SAS software (SAS, Chicago, IL), to evaluate 

inter-group differences. When ANOVA produced a statistically 

significant result, the effects of different treatments were 

compared using the least-squares method. A P value less than 

0.05 was considered to indicate statistical significance. 
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3. Results 

 

Characterization of BMSC lines 

 

We isolated the bone marrow stromal cells (BMSCs) from 

the tibias and femurs of ICR mouse. The isolated cells were 

cultured in vitro more than twenty passages with fibroblastoid 

morphology (Figure 1A). To characterize the isolated BMSCs, 

we investigated the surface marker expression with 

mesenchymal cell marker, SCA-1, and hematopoietic cell 

marker, CD45 and CD11b. All three BMSC lines were positive for 

SCA-1, but negative for CD45 and CD11b (Figure 1B).To 

investigate whether the BMSCs could be used as a feeder cells 

for mouse ES cells, the mRNA level of Lif was investigated and 

secretion of LIF was detected from the media cultured with 

BMSCs for one day.     There were significant differences 

(P<0.0079) in LIF secretion between the three 

SCA-1+/CD45−/CD11b− BMSC lines (Figure 2). Compared with 

control MEF cells, all three BMSC lines exhibited similar or 

higher LIF gene expression and LIF protein secretion. LIF 

protein levels in the conditioned media of BMSCs ranged from 

42.4 to 74.7 pg/ml. Two of the BMSC lines (BMSC-1 and 

BMSC-3) showed lower LIF gene expression and LIF secretion 

than the other (BMSC-2). These result indicated that the BMSCs 

have a potential as feeder cells for ES cell, with secretion of LIF, 

which is important for regulating pluripotency and inhibition of 

differentiation in ES cells.   
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Influence of BMSC line on ESC establishment 

 

Regardless of the feeder cell line used, LIF significantly 

increased ESC colony formation (Table 3). With BMSCs as the 

feeder, the increase in ESC establishment when LIF 

supplementation was increased from 5,000 to 20,000 pg/ml was 

significantly greater than that observed when LIF 

supplementation was increased from 0 or 5,000 pg/ml. Moreover, 

ESC formation in the presence of 20,000 pg/ml LIF was greater 

with a BMSC feeder layer than with MEFs. However, most 

blastocyst ICM cells (98-100%; P=0.8179) formed cell clumps, 

regardless of feeder cell type and LIF concentration. 

The ESC colonies established on BMSC feeders were 

passaged more than 10 times without evident morphological 

changes. Several randomly selected lines were all found to 

express the stem cell-specific genes Oct4, Nanog, Rex1, Cripto, 

Sox2, and Gdf3 (Figure 3). They were also positive for the stem 

cell marker proteins OCT4 and SSEA1. EBs, identified by the 

expression of the germ layer-specific markers S100, -

fetoprotein, and smooth muscle actin, were formed following the 

suspension culture of ESCs in LIF-free medium for as few as 4 

days. Subcutaneous transplantation of ESCs into NOD-SCIF 

mice formed teratoma consisting of cells derived from the three 

germ layers (Figure 4). There was no significant difference in 

incidence of chromosomal aneuploidy in the ESCs co-cultured in 

MEF or BMSC layer (75-90%; Figure 5). Karyotyping of ESCs 

cultured in different batches of BMSC showed that average 80% 

of ESCs maintained on BMSC feeder layers contained the normal 
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number of chromosomes (20 pairs). 

 

Influence of BMSC line on ESC maintenance 

 

A total of 132 trials were performed to evaluate the effects 

of BMSCs on ESC maintenance (Table 3). Regardless of passage 

number and culture condition, ESCs seeded individually onto 

BMSC feeder layers reformed colonies after passage. Neither 

LIF secretion activity nor BMSC passage number influenced this 

process. No difference in ESC activity was detected in randomly 

selected ESC lines, and no significant differences were found in 

stem cell-specific gene expression (P>0.1768) among ESC lines 

maintained under the different conditions (Figure 6). 
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Table 2. Oligonucleotide primer sequences and thermal cycling conditions used in real-time and reverse-

transcriptase PCR. 

Genes GenBank number 

Primer sequence 

Size (bp) Temp Sense (5’>3’) Anti-sense (5’>3’) 

-actin X03672 TACCACAGGCATTGTGATGG TCTTTGATGTCACGCACGATT 200 60 

Oct-4 M34381 GAAGCCCTCCCTACAGCAGA CAGAGCAGTGACGGGAACAG 297 60 

Nanog AY455282 CCCCACAAGCCTTGGAATTA CTCAAATCCCAGCAACCACA 255 60 

H-dac AF125536 ATTCGAGGACATGGGGAATG GGTGCTGACATCTGGATGGA 219 60 

Dnmt3b AF151973 AGTCCATCGTGTGGGAACT GGGCGGGTATAATTCAGCAA 226 60 

Tert AF051911 GGATCCTGGCTACGTTCCTG TGCCTGACCTCCTCTTGTGA 208 60 

Lif NM_008501.2 TGGGCAAAACTGATTCCTTC ACCACAGCTTCCTGGTCTGT 241 60 

Rex1 M28382 ACATCCTAACCCACGCAAAG TGATTTTCTGCCGTATGCAA 294 60 

Cripto M87321 CTTTAAGCAGGGAGGTGGTG TAAAGCCATCTGCCACAATG 195 60 

Sox2 AB108673 ACGCTCATGAAGAAGGATAA GTAGGACATGCTGTAGGTGG 345 60 

Gdf3 BC101963 CGAGTTTCAAGACTCTGACC TAGAGGACCTTCTGGAGACA 276 60 
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Figure1. Characterization of mouse bone marrow stromal cells 

(BMSCs) isolated from the femurs and tibias of adult ICR mice. 

Cell morphology was monitored at the 20th sub-passage (A). 

Scale bar = 100 μm. Cultured cells were characterized by 

fluorescence-activated cell sorting (FACS) analysis of cells 

labeled with anti-SCA1(a), -CD45(b), and -CD11b(c) 

antibodies. (B) Stromal cells were positive for SCA1 and 

negative for CD45 and CD11b. 
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Figure 2. Expression of LIF in the MEF and BMSC feeder cells. 

LIF gene expression and LIF protein secretion in mouse 

embryonic fibroblasts (MEFs) and different batches of BMSCs 

cultured in the absence of ESCs, as measured by real-time PCR 

(A) and ELISA (B), respectively. Significant differences in LIF 

gene expression, which in turn influenced LIF secretion, were 

detected between different BMSC batches. Compared with MEFs, 

one of the BMSC lines displayed significantly higher LIF gene 

expression and LIF protein secretion. 

 

  

* 
* 

P<0.0079 P<0.0001 
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Table 3. Colony formation by blastocyst-derived inner cell mass (ICM) cells cultured on feeder layers of either 

mouse embryonic fibroblasts (MEFs) or bone marrow stromal cells (BMSCs) in medium supplemented with different 

concentrations of leukemia inhibitory factor (LIF). 

 

 

 

Feeder cells 

Conc. of LIF in 

medium (pg/ml) 

No. of 

blastocysts 

seededd 

No.(%)e of ICM cells formed 

Kinds Subtypes Cell clump ESC-like colonies 

MEF - 20,000 45 45 (100) 9 (20)a 

BMSC BMSC1-low LIF 20,000 30 30 (100) 7 (23)ab 

  BMSC2-high LIF 20,000 32 32 (100) 12 (37)b 

  BMSC3-low LIF 20,000 35 35 (100) 12 (34)ab 

  BMSC2-high LIF 5,000 9 9 (100) 1(11)abc 

  BMSC3-low LIF 5,000 9 9 (100) 1(11)abc 

  BMSC1-low LIF 0 54 53 (98) 0 (0)c 
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Model effect of treatment on the number of ICM cells formed cell clump and ESC-like colonies were 0.8179 and 

0.0002, respectively. 
abcDifferent superscripts within the same column of in overall values were significant different, P<0.05. 
dBlastocysts were retrieved on day 4 of natural mating. 
ePercentage of the number of blastocysts seeded. 
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Figure 3. Characterization of embryonic stem cells (ESCs) 

established and cultured on bone marrow stromal cell (BMSC) 

feeders. ESC-specific protein and gene expression was detected 

in the established ESCs by (A) RT-PCR and (B) 

immunocytochemistry, respectively. (A) Expression of the 

pluripotent stem cell-specific genes Oct4, Nanog, Rex1, Cripto, 

Sox2, and Gdf3 was detected by reverse-transcriptase PCR. 

The ESCs were positive for DAPI (nuclear counterstain) (a), 

OCT4 (b), SSEA1(c), and bright-field image (d) show the 

typical ESC morphology.  
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Figure 4. In vitro and In vivo differentiation of ESCs established 

and cultured on bone marrow stromal cell (BMSC) feeders. (A) 

Embryoid bodies (EBs) (a) formed following the suspension of 

ESCs in leukemia inhibitory factor (LIF)-free medium for 4 days 

were plated on gelatin-coated dishes. After 2 weeks of culture, 

the EBs expressed three germ layer-specific marker proteins: 

S100 (ectoderm) (b), α-fetoprotein (endoderm) (c), and 

smooth muscle actin (mesoderm) (d). (B) In vivo differentiation 

of the ESCs was observed by subcutaneous transplantation into 

NOD-SCID mice. The hematoxylin and eosin stained teratoma 

contains cartilage (a), respiratory epithelium with cilia (b), 

stratified squamous epithelium with keratin (c), skeletal muscle 

bundles and adipocytes (d), neural tissue (e) and pancreatic 

tissue(f). Scale bar=100 µm 
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Figure 5. Morphology of mouse embryonic stem cells (ESCs) 

cultured on bone marrow stromal cells (BMSCs, B and D) or 

mouse embryonic fibroblasts (MEFs, A and C). R1 mouse ESCs 

were cultured on feeder layers of mitomycin C-treated BMSCs 

or MEFs. Cells cultured in the presence (A and B) or absence (C 

and D) of 10,000 pg/ml leukemia inhibitory factor (LIF) were 

maintained until the 10th sub-passage. No change in cell 

morphology was detected. Scale bar = 100 μm. 
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Figure 6. Expression of embryonic stem cell specific genes in 

embryonic stem cells (ESCs) cultured on bone marrow stromal 

cells (BMSCs) or mouse embryonic fibroblasts (MEFs) with or 

without LIF. Expression of the stem cell-specific genes Oct4, 

Nanog, Tert, Hdac3 and Dnmt3b in each ESC group at the 10th 

sub-passage was monitored by real-time PCR. There were no 

statistically significant differences in mRNA expression between 

ESCs cultured on MEF feeders and those cultured on BMSC 

feeders, regardless of whether LIF had been added to the culture 

medium. 
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4. Discussion 

 

The results of this study demonstrate that BMSCs can 

replace MEFs as the feeder cells in ESC culture systems. 

Although BMSCs were used in this capacity, the addition of LIF 

to the culture medium was essential for the formation of ESC 

colonies from ICM cells obtained from blastocysts. However, 

exogenous LIF was not required for the re-cloning and 

maintenance of individual, established ESCs. The expression of 

stem cell-specific genes did not vary significantly between ESCs 

maintained under different growth conditions (LIF-free vs. LIF-

enriched medium, BMSC vs. MEF feeders). The secretion of LIF 

by BMSC lines may explain why ESC maintenance does not 

depend on exogenous LIF. Use of BMSCs subpassaged more than 

20 times and minimizing of LIF enrichment contribute to 

improving the efficiency of stem cell co-culture system 

LIF is a crucial factor for the culture of ESCs, which express 

heteromeric receptors comprising gp130 and LIF receptor. The 

binding of LIF to these receptors activates JAK-STAT pathways 

responsible for stem cell establishment and maintenance 

(Heinrich et al., 2003; Kristensen et al., 2005; Okita and 

Yamanaka, 2006). As shown in the present study, the different 

BMSC lines established secreted greater amounts of LIF 

(detected concentration, 42 to 75 pg/ml), compared with MEFs. 

However, in a previous study using different MEF lines (Lee et 

al., 2009), concentrations of secreted LIF ranged from 146 to 

175 pg/ml. Thus, we cannot conclude that MEFs secrete lower 
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amounts of LIF than BMSCs. Testing of different batches of 

BMSC lines demonstrated that the similar range of heterogeneity 

was detected in LIF production. However, fluctuation of 

exogenous LIF dosages within 10,000 pg/ml did not influence 

significantly maintenance of ESC lines (Lee et al., 2009). 

Although it is inevitable to avoid heterogenicity in feeder cell 

lines of various types, the heterogenicity should be minimized for 

deriving constant culture outcome. From different viewpoint, 

exogenous concentrations of LIF as low as 40 pg/ml are 

sufficient to support ESC maintenance in the presence of feeder 

cells. The transformation of blastocyst-derived ICM cells into 

ESCs requires more LIF over 10 times compared with exogenous 

LIF requirement for ESC maintenance. 

It has previously been reported that bone marrow contains 

the cells having pluripotency (Jiang et al., 2002; Ratajczak et al., 

2008; Shin et al., 2009), which may aid the supporting role of 

bone marrow-derived cells in stem cell establishment and 

maintenance. In this study, we confirmed that BMSCs could 

provide a suitable environment for ESC maintenance, without the 

need for exogenous factors. BMSC releases soluble factors that 

stimulate self-renewal and growth of stem cells. Furthermore, 

BMSCs are more easily maintained in vitro for longer periods of 

time than MEFs (Meirelles Lda and Nardi, 2003), which is a great 

advantage for feeder cells in stem cell culture and directly 

contributes to abiding by 3R of experimental animal study. 

In previous studies (Kawasaki et al., 2000; Shintani et al., 

2008) ESCs efficiently differentiated into dopaminergic neurons 

when cultured on a BMSC feeder layer in neuronal differentiation 
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medium. In our own previous experiments (Lee et al., 2010), we 

found the changes in cell niche could occur as a result of changes 

in the major signals for stem cell maintenance, including those 

transduced by the JAK-STAT, AKT1, and Smad1/4/5 pathways. 

Having shown similar gene expression in ESCs cultured under 

various conditions in the present study, it will be necessary in 

the future to further examine the relationship between 

exogenous factors and cell niche in the regulation of stem cell 

establishment, maintenance and differentiation. 
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CHAPTER 4 
 

ERK1/2 EXPRESSION DURING 

ENDOMETRIAL DECIDUALIZATION 

IN MOUSE 
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1. Introduction 

 

Embryo implantation is a key for the successful 

establishment of pregnancy and requires crosstalk between the 

embryo and the receptive uterus. During early pregnancy, the 

endometrium undergoes cyclic changes in response to the 

ovarian steroid hormones, progesterone (P4) and estrogen (E2) 

(Fazleabas and Strakova, 2002). In response to signals released 

by the newly fertilized embryo, uterine stromal cells proliferate 

and transform from spindle-shaped fibroblastic cells into large, 

round and multinucleated decidual cells in a process known as 

Decidualization (Lee and DeMayo, 2004). Upon transformation, 

decidualized cells acquire a secretory epithelioid-like phenotype 

characterized by cytoplasmic accumulation of glycogen and lipid 

droplets, as well as expansion of both the golgi complex and 

rough endoplasmic reticulum (Gellersen et al., 2007). From a 

functional perspective, these cellular changes enable the 

production of various hormones, growth factors, and cytokines 

needed to promote uterine angiogenesis and hemostasis during 

trophoblast invasion and placenta formation (Gellersen et al., 

2007). The decidualization process also enables establishment 

of maternal immunological tolerance to fetal antigens and 

protects the conceptus from environmental insults (Brosens et 

al., 2009; Salker et al., 2010). Therefore, perturbations in the 

decidualization process generally result in either implantation 

failure or placental dysfunction.  
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Extracellular signal-regulated protein kinases 1 and 2 

(ERK1/2) are known to regulate cell proliferation and apoptosis 

in multiple cell types, including uterine endometrial cells. 

Aberrant activation of ERK1/2 has recently been implicated in 

the pathological processes of endometriosis and endometrial 

cancer. However, the function of ERK1/2 signaling during 

implantation and decidualization is unknown yet. To determine 

the role and regulation of ERK1/2 signaling during implantation 

and decidualization, we examine ERK1/2 signaling in the mouse 

uterus during early pregnancy using immunohistochemistry and 

qPCR. 
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2. Materials and Methods 

 

Animals and tissue collection 

 

Animals were maintained in a designated animal care facility 

according to the Michigan State University’s Institutional 

Guidelines for the care and use of laboratory animals. All animal 

procedures were approved by the Institutional Animal Care and 

Use Committee of Michigan State University (12/10-198-00). 

For early pregnancy studies, wild-type female C57BL/6 mice at 

8 weeks of age were mated with wild-type male mice. Uteri 

samples were collected from 0.5 day to 7.5 day of pregnancy, 

and separated into implantation site (IS) and inter-implantation 

site (IIS) on day 5.5 and 7.5 (n = 3). The morning a vaginal plug 

was observed was designated 0.5 days post-coitum (dpc). 

Artificial decidualization studies were performed as previously 

described (Franco et al., 2011). In brief, ovariectomized mice 

were injected with 100ng of Estradiol (E2) daily for 3 days. After 

two days rest, daily injections of Progesterone (P4, 1 mg) and 

E2 (6.7 ng) followed for three days. Six hours after the third 

injection of P4 plus E2, the left uterine horn was mechanically 

stimulated by scratching the full length of the anti-mesometrial 

side with a burred needle, while the right horn was left 

unstimulated as a control. Daily injections of P4 (1 mg/mouse) 

and E2 (6.7 ng/mouse) were then continued for five more days. 

The mice were sacrificed by cervical dislocation after placing the 

mice under anesthesia, Avertin (2,2,–tribromoethyl alcohol, 
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Sigma–Aldrich, St. Louis, MO). Uterine samples were collected 

on day 1 and day 5. Uterine tissues were flash frozen at the time 

of dissection and stored at -80°C. 

 

Immunohistochemistry 

 

Uterine samples were fixed in 4% paraformaldehyde and 

paraffin-embedded as previously described (Jeong et al., 2010). 

Uterine cross sections from paraffin-embedded tissue were cut 

into 5μm sections, mounted on silane-coated slides, 

deparaffinized and rehydrated in a graded alcohol series. 

Sections were pre-incubated with 10% normal serum in 

phosphate-buffered saline (PBS-pH 7.5) and then incubated 

overnight with either anti-ERK1/2 (Cell Signaling, Danvers, MA), 

or anti-phospho-ERK1/2 (Cell Signaling, Danvers, MA) 

antibodies in 10% normal goat serum in PBS. The next day, 

sections were washed with PBS and incubated with a secondary 

antibody conjugated to horseradish peroxidase (Vector 

Laboratories, Burlingame, CA) for 1 hour at room temperature 

and immunoreactivity detected using the Vectastain elite ABC kit 

according to manufacturer’s instructions (Vector Laboratories, 

Burlingame, CA). In this method, a diaminobenzamine substrate 

is applied and immunoreactivity visualized as a brown precipitate. 

 

RNA isolation and quantitative real-time PCR 

 

 Total RNAs was isolated using RNeasy total RNA isolation 

kit (Qiagen, Valencia, CA) according to manufactures’ 
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instruction. As a template for quantitative PCR, cDNAs were 

synthesized using quantitative PCR random hexamers and MMLV 

Reverse Transcriptase (Invitrogen Corp., Carlsbad, CA). 

Expression levels of Serpine1, c-Fos, Elk1, cMyc, Stat1, Ubtf, 

and, Msk1 were measured by quantitative real-time PCR 

(Applied Biosystems, Foster City, CA) using ABI pre-verified 

or sequence-specific primer-probe sets, which were designed 

using Primer3 software (Whitehead Institute/MIT, Center for 

Genome Research, Cambridge, MA). Real-time PCR results 

were normalized against the housekeeping genes, 18S RNA. 

 

Immunofluorescence staining 

 

Uterine sections from paraffin-embedded tissue were cut at 

6 μm and mounted on silane-coated slides, deparafinized and 

rehydrated in a graded alcohol series. After further washing, 

slides were exposed to anti-phospho-ERK1/2 (1:200) and 

anti-Ki67 (1:500; BD Bioscience, San Diego, CA) antibodies 

overnight at 4°C and secondary antibodies for 1 hour at room 

temperature. Washed coverslips were then mounted onto 

microscope slides with a DAPI-impregnated mounting media 

(Vector Laboratories, Burlingame, CA) to enable nuclear 

visualization and images captured with a fluorescent microscope 

(Nikon Instruments Inc., Melville, NY) using software from NIS 

Elements, Inc. (Nikon, Melville, NY).  



67 

 

3. Results 

 

ERK1/2 expression during early pregnancy in mice 

 

    To investigate the expression of ERK1/2 during early 

pregnancy, levels of total and phosphorylated ERK1/2 were 

examined in uteri of C57BL/6 female mice during early 

pregnancy. Immunohistochemical analysis of uterine cross 

sections revealed that expression of phospho-ERK1/2 was not 

detectable until 3.5 dpc. Interestingly, strong expression of 

phospho-ERK1/2 was present in sub-epithelial stromal cells at 

4.5 dpc, extended into the primary decidual zone at 5.5dpc, and 

was next observed in the secondary decidual zone on day 7.5 

(Figure 7A). However, total ERK1/2 was constitutively 

expressed in the entire uterus (Figure 7B). These results 

suggest that phosphorylation of ERK1/2 may play important role 

in decidualization during early pregnancy.  

 

ERK1/2 is activated via dual phosphorylation on specific 

tyrosine (Tyr204) and threonine (Thr202) residues by 

mitogen-activated or extracellular signal-regulated protein 

kinase kinase (MEK) (Roskoski, 2012). To determine if ERK1/2 

signaling is activated at implantation sites, we examined the 

expression of known ERK1/2 target genes in the mouse uterus 

during early pregnancy. The expression of Serpin Peptidase 

Inhibitor, Clade E member 1 (Serpine1), Signal Transducer and 

Activator of Transcription 1 (Stat1), FBJ osteosarcoma 
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oncogene (Fos), Upstream binding transcription factor (Ubtf), 

Mitogen- and Stress-activated protein kinase1 (Msk1), and a 

member of the ETS oncogene family (Elk1) were all significantly 

increased within the implantation site (IS) as compared to the 

inter-implantation site (IIS) at 5.5dpc. The levels of Serpine1, 

Stat1 and Fos were also significantly increased within the IS at 

7.5dpc as compared with IIS (Figure 8). These results suggest 

specific activation of ERK1/2 signaling at the IS occurs in a 

spatial-temporal manner.  

 

The uterus undergoes dynamic changes during pregnancy in 

mice. Uterine receptivity requires a dialogue between the 

hormonally primed maternal endometrium and the free-floating 

blastocyst. Endometrial stromal cells proliferate, avert apoptosis, 

and undergo decidualization in preparation for implantation. To 

determine if phosphorylation of ERK1/2 is associated with this 

stromal proliferation during early pregnancy, we performed 

double immunofluorescence for pERK1/2 and Ki67, a 

proliferation marker (Figure 9). Abundant expression of Ki67 

was detected in epithelial cells and some stromal cells at 2.5 dpc. 

Proliferation markedly increased within the stromal, but not 

epithelial compartment at 3.5dpc, as determined by Ki67 

immunostaining. On 4.5dpc, a time associated with initiation of 

attachment, endometrial stromal cells surrounding the blastocyst 

undergo decidual transformation. The expression of phospho-

ERK1/2 was strongly detected at decidual cells near embryo on 

4.5 dpc. However, phospho-ERK1/2 positive cells did not 

express Ki67. The expression of phospho-ERK1/2 was 
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extended into the primary decidual zone at 5.5dpc. Again, on 5.5 

dpc, Ki67 positive cells continued to be presented, but only a 

small numbers of cells co-expressed both Ki67 and phospho-

ERK1/2. H-scoring/ Image J analysis, revealed that, among 

phospho-ERK1/2 positive cells, 14.97 % of cells were both Ki67 

and phospho-ERK1/2 positive. The remaining 84.49 % cells 

were phospho-ERK1/2 positive but Ki67 negative. The 

remaining phospho-ERK1/2 negative cells were highly active 

proliferative within non-decidual region. These results indicated 

that endometrial stromal cells begin to proliferate prior to 

implantation, whereas phospho-ERK1/2 expression is initiated 

within stromal cells near the embryo at the time of implantation. 

Our results suggest that phospho-ERK1/2 expression correlates 

with decidual differentiation. 

 

   The stromal cells which surround the embryonic implantation 

site undergo a differentiation process known as decidualization, 

which is essential for the establishment of a successful 

pregnancy. To examine whether activation of ERK1/2 signaling 

occurs during decidualization, ovariectomized C57BL/6 mice 

were hormonally primed and mechanically stimulated to mimic 

embryo implantation and induce artificial decidualization (see 

Materials and Methods). Phospho-ERK1/2 was detected only in 

decidual cells on day1 and was strongly detectable on day 5 

(Figure 10A). However, total ERK1/2 was consistently 

expressed in epithelium, stroma and decidua of control and 

decidualized uterine horns (Figure 10B). These results suggest 

that ERK1/2 proteins are activated by phosphorylation during 
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decidualization process.  
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Table 4. Sequences for quantitative Real-time PCR  

 

Species Gene Sequence 

Mouse 

18s 
F GTAACCCGTTGAACCCCATT 

R CCATCCAATCGGTAGTAGCG 

Fos 
F CCTTCGGATTCTCCGTTTCTCT 

R TGGTGAAGACCGTGTCAGGA 

Msk1 
F GCCGATGAAACTGAAAGAGC 

R TGCTCATTTCCTGGGGATAC 

Stat1 
F TGGTGAAATTGCAAGAGCTG 

R TGTGTGCGTACCCAAGATGT 

Elk1 
F AGCGGCCAGAAGTTTGTCTA 

R CTGTCATTCCTGCACCCTTT 

Serpine1 
F GACACCCTCAGCATGTTCATC 

R AGGGTTGCACTAAACATGTCAG 

Ubf 
F AAGCCATGGAGATGACTTGG 

R GGAGGTTTCTTGGGTTCTCC 
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Figure 7. Expression of phospho-ERK1/2, total ERK1/2 and its 

target genes during early pregnant mice. A, B) The localization 

pattern of phospho-ERK1/2 (A) and total ERK1/2 (B) were 

examined by immunohistochemistry in uteri of C57BL/6 mice on 

0.5(a), 2.5(b), 3.5(c), 4.5(d), 5.5(e) and 7.5(f) d.p.c.  
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Figure 8. Expression of ERK1/2 target genes during early 

pregnancy mice. The expression of Serpine1, Stat1, Fos, Ubf, 

Msk1, Elk1 were examined in uteri of C57BL/6 mice on 0.5-7.5 

d.p.c. IS: implantation Site, IIS: inter-implantation Site. *, p<0.05 
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Figure 9. Relationship between phospho-ERK1/2 and 

proliferation during early pregnancy. (A) Immunofluorescence 

analysis of phospho-ERK1/2 (green; a, b, c and d) and Ki67 

(red: e, f, g and h) was performed in uteri of C57BL/6 mice on 

2.5 (a, e, i and m), 3.5 (b, f, j and n), 4.5 (c, g, k and o) and 5.5 

(d, h, l and p) dpc. Images (m, n, o and p) were merged with 

DAPI staining (i, j, k and l). (B) Higher magnification images of 

the insets. Arrowheads indicates positive phospho-ERK1/2 

cells. 
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Figure 10. Expression of phospho-ERK1/2 and total ERK1/2 in 

artificially-induced decidual uterus of mice. Expression pattern 

of phospho-ERK1/2 (A) and total ERK1/2 (B) were investigated 

by immunohistochemistry after artificially-induced 

decidualization on day 1 and day 5. Expression of phospho-

ERK1/2 was observed in stimulated horn but not in control horn. 

Total ERK1/2 was constitutively expressed both control and 

stimulated uteri on day 1 and day 5.  
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4. Discussion 

 

Our results now demonstrate that ERK1/2 also plays an 

important role in decidualization. ERK1/2 is stimulated by EGFR 

activation, through the GRB2-SOS complex and the Ras-Raf-

MEK signaling cascade (Avruch et al., 2001; Zarich et al., 2006). 

Phospho-ERK1/2 is first seen on 4.5dpc in the decidualized cells 

surrounding the embryo in mice (Figure 7). Its expression then 

expands to include the primary and secondary decidual zones on 

day 5.5 and 7.5 dpc, respectively. Our real-time PCR results 

show that the following known ERK1/2 target genes, Fos, Stat1, 

Ubtf, Elk1, Serpine1 and Msk,1 are also significantly up-

regulated on day 5.5 day at the implantation sites. Fos is an 

ERK1/2 target gene implicated in cell proliferation and 

differentiation (Chalmers et al., 2007). Our result herein 

confirmed a previous study that Fos is expressed in the mouse 

luminal epithelium and decidual zone during the early 

implantation period (Baker et al., 1992). Stat1 and Stat3 

expression have been reported in maternal decidual tissues 

(Duncan et al., 1997). Stat3 plays a pivotal role during 

decidualization (Liu and Ogle, 2002; Lee et al., 2013). However, 

unlike Stat3, decidual Stat1 appears to be present only in an 

inactive form. Although its mRNA and protein are abundant 

(Duncan et al., 1997), its role in decidualization is unclear. 

Serpine1, also known as Plasminogen Activator Inhibitor-1, is a 

primary inhibitor of fibrinolysis whose expression can be 

detected in endometrial stromal cells from the luteal phase until 

(and including) gestation (Schatz and Lockwood, 1993; 
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Lockwood et al., 1994). Other ERK1/2 target genes, Ubtf, Elk1 

and Msk1, do not yet have established roles in decidualization, 

but their increased expression patterns in the early pregnant 

mouse uterus has been well documented. Msk1 plays regulatory 

role in chromatin remodeling in the breast cancer cell (Hsu et al., 

2012), Ubtf is a known target gene for PRA in the human 

endometrial epithelial cell line (Tamm et al., 2009) and Elk-1 is 

a member of the ternary complex factor (TCF) subfamily that 

binds the serum response element found in the promoters of Fos 

and other immediate early genes (Buchwalter et al., 2004). Elk 

also upregulates PTGS2 via the PI3K and ERK1/2 pathway which 

may be important for decidualization by increasing PGE2 levels 

(Banerjee et al., 2009). This study found that all of those ERK1/2 

target genes are induced at the implantation site during 

decidualization. These results suggest that activation of ERK1/2 

target genes at implantation sites is important for implantation 

and decidualization. 
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CHAPTER 5 
 

REQUIREMENT OF ERK 1/2 

SIGNALING PATHWAY DURING 

ENDOMETRIAL DECIDUALIZATION 

IN HUMAN   
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1. Introduction 

 

Decidualization is a crucial change required for successful 

embryo implantation and the maintenance of pregnancy. During 

this process, endometrial stromal cells differenciate into decidual 

cells in response to the ovarian steroid hormones of early 

pregnancy (Fazleabas and Strakova, 2002). It is known that this 

differentiation event is linked to morphological, biochemical and 

genetic changes triggered by the receptors for the ovarian 

steroids, estrogen and progesterone(Gellersen et al., 2007). 

Previous research focused on identifying genes which are 

differentially expressed in “pre-decidualized” versus ” 

decidualized” state have contributed to our understanding of 

this process (Wetendorf and DeMayo, 2012). However, our 

knowledge of the molecular and functional mechanisms 

controlling this process and its potential associations with 

implantation and decidualization defects is still far from complete. 

Abnormal decidualization of endometrial stromal cells has 

been correlated with unexplained infertility, miscarriage and 

endometrial pathologies such as endometriosis (Ryan and Taylor, 

1997; Karpovich et al., 2005; Klemmt et al., 2006; Laird et al., 

2006). It has been reported that endometriosis patients have a 

reduced decidualization capacity. Additionally, many studies have 

demonstrated a potential link between extracellular signal-

regulated kinase 1/2 (ERK1/2) signaling and endometriosis, 

(Velarde et al., 2009; Yotova et al., 2011; Mormile and Vittori, 

2012). Specifically, ERK1/2 has been shown to influence cAMP-
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dependent cell cycle regulation in cultured human endometrial 

stromal cells (hESCs) and phospho-ERK1/2 is aberrantly 

increased in hESCs derived from women with endometriosis 

(Klemmt et al., 2006; Velarde et al., 2009). Additional studies 

have directly linked the enhanced proliferation and survival of 

hESCs derived from women with endometriosis (as compared 

with healthy controls) with abnormal activation of the ERK1/2 

signaling pathways (Yotova et al., 2011). However, the function 

of ERK1/2 signaling during decidualization and how this may be 

altered in women with endometriosis is not known.  

     ERK1/2 is a member of the well-known MAPK pathway and 

implicated in the regulation of cellular proliferation and 

differentiation in multiple organ systems. ERK1/2 is activated by 

the upstream Ras/Raf/MEK signaling cascade via 

phosphorylation on residues threonine 202 and tyrosine 204. 

This activated form of ERK1/2 (phospho-ERK1/2) can 

subsequently phosphorylate various transcription factors to 

regulate cellular proliferation, differentiation, apoptosis and 

inflammation (Roskoski, 2012). It has also been reported that 

EGF regulates the growth and differentiation of cultured human 

endometrial stromal cells (Irwin et al., 1991). Based on the above 

evidences, we hypothesize that ERK1/2 signaling, which is 

regulated by EGFR, may be one critical pathway for endometrial 

stromal cell decidualization. 

  In the present study, we investigated the role of ERK1/2 

during decidualization in cultured human primary endometrial 

stromal cells. We observed that activation of ERK1/2 signaling 

coincided with the onset of decidualization in human. Inhibition of 
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ERK1/2 phosphorylation by U0126, a specific MEK inhibitor, was 

significantly decreased decidualization process. Our results 

indicate that the regulation of ERK1/2 activity is required during 

the endometrial stromal cell decidualization process. 
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2. Materials and Methods 

 

Primary human endometrial stromal cell cultures and in vitro 

decidualization 

 

Human primary endometrial stromal cells (hESCs) were 

obtained from The Michigan State University’s Center for 

Women’s Health Research Female Reproductive Tract 

Biorepository with MSU Biological Institutional Review Board 

approval. All samples were obtained with written informed 

consent from pre-menopausal women undergoing hysterectomy 

for benign indications (prolapse, uterine fibroids) who had not 

been on any hormonal therapies for a minimum of 90 days prior 

to surgery. Diagnosis and endometrial dating of all samples was 

confirmed via pathological analysis. Primary endometrial stromal 

cells were isolated from pure endometrial tissue by collagenase 

digestion as previously described (Kim et al., 1998). In brief, 

endometrial tissue was minced and digested twice at 37°C in 

buffered saline supplemented with 0.5% collagenase (Sigma-

Aldrich, St. Louis, MO) and 0.002% DNase (Sigma-Aldrich, St. 

Louis, MO) prior to filtration through 70uM sterile sieves to 

exclude epithelium. The remaining hESCs cell were allowed to 

attach on cell culture treated flasks and grown in phenol red–free 

RPMI-1640 medium (Gibco, Grand Island, NY) containing 0.1 

mM sodium pyruvate (Gibco, Grand Island, NY), 10% fetal bovine 

serum (FBS; Gibco, Grand Island, NY) depleted of steroids by 

pre-treatment with dextran-coated charcoal (Sigma Aldrich, St. 
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Louis, MO) (Charcoal-stripped FBS; CS-FBS), and 1% penicillin 

streptomycin (P/S; Gibco, Grand Island, NY). To induce in vitro 

decidualization, cells were washed with PBS and transferred to 

OPTI-MEM medium (Gibco, Grand Island, NY) containing 2% 

CS-FBS, 10nM estradiol (E2, Sigma-Aldrich, St. Louis, MO), 

1mM medroxyprogesterone acetate (MPA; Sigma-Aldrich, St. 

Louis, MO), 50 μM cAMP (Sigma-Aldrich, St. Louis, MO), and 

1% P/S. Differentiation medium was changed every 48 hours and 

treatment lasted for 6 days. For MEK inhibitor treatment, 10 μM 

of U0126 (Cell Signaling, Danvers, MA) was added to the 

differentiation medium on day 3 of differentiation. All results 

from hESCs in vitro studies were confirmed using primary human 

endometrial stromal cells obtained from at least three 

independent biological replicates (n=3)  

 

Western blot analysis 

 

Cellular proteins were extracted using lysis buffer (1M Tris, 

0.5M EDTA, 5M NaCl, 10% NP40) in distilled water 

supplemented with both a protease inhibitor cocktail (Roche, 

Indianapolis, IN) and a Phosphatase inhibitor cocktail (Sigma 

Aldrich, St. Louis, MO). Ten μg of protein lysate was 

electrophoresed using SDS-PAGE and transferred onto 

polyvinylidene difluoride membrane (Millipore Corp., Bedford, 

MA, USA). Casein (0.5 % v/v) was used to block the membrane 

prior to exposure to anti-ERK1/2 (Cell Signaling, Danvers, MA), 

anti-pERK1/2 (Cell Signaling, Danvers, MA), anti-C/EBPβ 

(Santa Cruz Biotechnology, Santa Cruz, CA), anti-pC/EBPβ 
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(Cell Signaling, Danvers, MA) or anti-Actin (Santa Cruz 

Biotechnology, Santa Cruz, CA) antibody immunoblotting. 

Immunoreactivity was visualized by incubation with a 

horseradish peroxidase-linked secondary antibody followed by 

exposure to ECL reagents according to manufacturer’s 

instructions (GE Healthcare Biosciences, Piscataway, NJ). 

 

Immunofluorescence staining 

 

hESCs were grown on glass coverslips to 90 % confluency 

and subjected to decidualization treatment as described above. 

Upon completion of treatment, coverslips were washed with PBS, 

fixed with 4% paraformaldehyde for 30min at room temperature 

and permeabilized with 0.1% of Triton X-100 (Sigma-Aldrich, 

St. Louis, MO). After further washing, hESCs were exposed to 

primary antibodies overnight at 4℃ and secondary antibodies for 

1 hour at room temperature. Washed coverslips were then 

mounted onto microscope slides with a DAPI-impregnated 

mounting media (Vector Laboratories, Burlingame, CA) to enable 

nuclear visualization and images captured with a fluorescent 

microscope (Nikon Instruments Inc., Melville, NY) using 

software from NIS Elements, Inc. (Nikon, Melville, NY). 

 

RNA isolation and quantitative real-time PCR 

 

Total RNAs was isolated using RNeasy total RNA isolation 

kit (Qiagen, Valencia, CA) according to manufactures’ 

instruction. As a template for quantitative PCR, cDNAs were 
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synthesized using quantitative PCR random hexamers and MMLV 

Reverse Transcriptase (Invitrogen Corp., Carlsbad, CA). 

Expression levels of IGFBP1, PRL, FOS, STAT1, ATAT3 and 

MSK1 were measured by quantitative real-time PCR (Applied 

Biosystems, Foster City, CA) using ABI pre-verified or 

sequence-specific primer-probe sets, which were designed 

using Primer3 software (Whitehead Institute/MIT, Center for 

Genome Research, Cambridge, MA) (Supplementary Table 1). 

Real-time PCR results were normalized against the 

housekeeping genes, 18S RNA.  

 

Statistical Analysis 

 

Statistical analyses were performed using one-way ANOVA 

analysis followed by Tukey’s post hoc multiple range test or 

Student’s t tests using the Instat package from GraphPad (San 

Diego, CA). p < 0.05 was considered statistically significant. 
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3. Results 

 

ERK1/2 expression in human endometrial stromal cells 

(hESCs) during in vitro decidualization 

 

    To examine whether ERK1/2 is activated during human 

endometrial stromal cell differentiation, we used a well 

characterized in vitro model (Kim et al., 1998) to induce 

decidualization in cultured human primary endometrial stromal 

cells (hESCs) by treating the cells with estrogen, progesterone 

and cAMP. hESCs were fibroblast-like morphology. After in 

vitro decidualization hESCs enlarged and became round in shape, 

typical of the decidual transformation (Figure 11A). Quantitative 

PCR analysis revealed significantly increased expression levels 

of the decidualization marker genes (IGFBP1, PRL) after 

treatment (Figure 11B). To investigate phospho-ERK1/2 levels 

during this process, western blot analysis was conducted on 

protein lysates from control hESCs or hormone-treated hESCs 

on day 0, 1, 3 and 6 of in vitro decidualization. Results show 

increased expression of phospho-ERK1/2 on the first 3 days of 

treatment, and then tapered slightly on day 6 (Figure 12). 

ERK1/2 is primarily located in the cytoplasm of resting cells, 

although overexpression of ERK1/2 can result in both 

cytoplasmic and nuclear localization (Lenormand et al., 1993). 

Upon activation, ERK1/2 translocates from the cytoplasm to the 

nucleus, where it binds to and transcriptionally activates 

downstream target genes (Chen et al., 1992; Lenormand et al., 
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1993). Therefore, we examined localization of total and 

phospho-ERK1/2 throughout decidualization.  

Immunofluorescent staining of both control and artificially 

decidualized hESCs showed that total ERK1/2 was consistently 

expressed in decidualized as well as non-decidualized cells 

(Figure 13B). However, strong nuclear localization of phospho-

ERK1/2 was detected on day 3 compared to day 0 and day 1 

during in vitro decidualization (Figure 13A). These results 

indicate that nuclear accumulation of phospho-ERK1/2 is 

induced during in vitro decidualization of hESCs.  

 

Impact of pERK1/2 inhibition during in vitro decidualization  

in hESCs. 

 

    To examine whether activation of ERK1/2 is required for 

human endometrial stromal cell decidualization, we inhibited 

phosphorylation of ERK1/2 using a known MEK inhibitor, U0126, 

during in vitro decidualization of hESCs. Successful inhibition of 

ERK1/2 phosphorylation was confirmed by Western blot analysis 

and immune staining. Results show that total ERK1/2 levels were 

unchanged, whereas phosphorylation levels of ERK1/2 were 

significantly reduced in decidualized stromal cells treated with 

U0126. (Figure 14A). Nuclear accumulation of phospho-ERK1/2 

was not detected in the inhibitor-treated cells on either day 3 or 

day 6 (Figure 14B). To determine whether ERK1/2 

phosphorylation is required for decidualization, the expression of 

decidual marker genes, IGFBP1 and PRL was examined. After 

treatment of inhibitor, the expression of IGFBP1 and PRL were 
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significantly reduced on day 6 as compared with the vehicle-

treated controls (Figure 15). These results suggest that 

activation of ERK1/2 is required to induce decidualization in 

hESCs. 

 

The expression of ERK1/2 target genes following inhibition  

of ERK1/2 phosphorylation during in vitro decidualization   

 

To determine if downstream target genes of ERK1/2 are 

altered by inhibition of ERK1/2 phosphorylation during in vitro 

decidualization of hESCs, we examined the expression profiles 

of the following ERK1/2 target genes, FOS, MSK1, STAT1, 

STAT3 by qPCR. As shown in Figure 16, levels of FOS, MSK1, 

STAT1, STAT3 were significantly reduced in decidualized 

hESCs treated with U0126. CCAAT/enhancer binding protein β 

(C/EBP β) is a novel mediator of the biological actions of E2 and 

P4 in the uterus during early pregnancy (Mantena et al., 2006; 

Liang et al., 2010). C/EBPβ is required for decidualization in 

mice (Mantena et al., 2006; Liang et al., 2010), non-human 

primates (Kannan et al., 2010) and humans (Wang et al., 2010; 

Wang et al., 2012). It is a critical regulator of hESCs proliferation 

and differentiation (Fan et al., 2011; Wang et al., 2012) and a 

known substrate of ERK1/2 (Buck et al., 1999; Fan et al., 2009). 

To determine whether C/EBPβ expression is altered by 

inhibition of ERK1/2 phosphorylation during decidualization, we 

examine levels of total and phospho-C/EBPβ in decidualized 

hESCs in the presence or absence of U0126. Western blot 

analysis showed that phospho-C/EBPβ levels increased during 



90 

 

decidualization on day 3 and day 6 but its levels were reduced in 

lysates from hESCs treated with U0126 as compared to vehicle-

treated control (Figure 17). The results of immunofluorescense 

staining showed that levels of nuclear phospho-C/EBPβ 

expression were reduced in decidualized hESCs treated with 

U0126 compared to vehicle treatment (Figure 18A). However, 

total C/EBPβ levels in hESCs were not changed by treatment 

U0126 (Figure 18B). These results suggest that activation of 

ERK1/2 plays an important role in the decidualization process via 

phosphorylation of C/EBPβ. 
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Table 5. Sequences for quantitative Real-time PCR 

 

  

Species Gene Sequence 

Human 

18s 
F GTAACCCGTTGAACCCCATT 

R CCATCCAATCGGTAGTAGCG 

IGFBP1 
F CTATGATGGCTCGAAGGCTC 

R TTCTTGTTGCAGTTTGGCAG 

PRL 
F CATCAACAGCTGCCACACTT 

R CGTTTGGTTTGCTCCTCAAT 

FOS 
F AAGGAGAATCCGAAGGGAAA 

R CTTCTCCTTCAGCAGGTTGG 

MSK1 
F CATTAGGCAGTCGCCATTTT 

R GAGGGCAAGCACAATCTCTC 

STAT1 
F TGGTGAAATTGCAAGAGCTG 

R AGACTGCCATTGGTGGACTC 

STAT3 
F TCACTTGGGTGGAGAAGGAC 

R GCTACCTGGGTCAGCTTCAG 
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Figure 11. Induction of in vitro decidualization in hESC. (A) 

Morphological change of hESCs was observed during in vitro 

decidualization on day 0 (a), day 1 (b), day 3 (c) and day 6 (d). 

(B) Expression of decidualization marker genes, IGFPB1 and 

PRL, was examined during in vitro decidualization. 
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Figure 12. Expression of ERK1/2 dring in vitro decidualization of 

hESCs. In vitro decidualization was induced by treatment 

estrogen, progesterone and cAMP during 6days. Samples were 

harvested at 0, 1, 3 and 6 day of induction. Protein level pERK1/2 

and ERK1/2 were examined by western blot. Activated ERK1/2 

were increased first 3days of induction and slightly reduced at 

day6.     
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Figure 13. Immunofluorescence (IF) staining for expression of ERK1/2 during in vitro decidualization of hESCs. During 

in vitro decidualization localization and expression of phosphor-ERK1/2(A) and total ERK1/2(B) were observed. In 

vitro decidualization was induced by treatment estrogen, progesterone and cAMP for 6days. Samples were harvested 

at 0, 1, 3 and 6 day of induction. Phospho-ERK1/2 were translocated into nucleaus at day3 of decidualization. Total 

ERK1/2 were consistently expressed for 6 days of induction. 
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Figure 14. Inhibition of ERK1/2 phosphorylation during in vitro differentiation in hESCs. ERK1/2 phosphorylation was 

inhibited by treatment of U0126 on day 3 of in vitro decidualization. Inhibition of ERK1/2 phosphorylation was 

confirmed by western blot (A) and immunofluorescence staining (B).

A 
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Figure 15. Effect of inhibition of ERK1/2 phosphorylation during 

in vitro differentiation in hESCs. The expression of 

decidualization marker genes, IGFBP1 and PRL, was significantly 

decreased after treatment with U0126 on day 3 after exposure 

to decidualization hormone. *, p<0.05  

IGFBP1 PRL 

* 
* 
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Figure 16. Expression of ERK1/2 target genes during in vitro 

decidaulization with or without U0126 treatment. The expression 

of ERK1/2 target genes, Fos, MSK1, STAT1 and STAT3 was 

significantly decreased by inhibition of ERK1/2 phosphorylation 

during in vitro decidualization. *, p<0.05 
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Figure 17. Expression level of phospho- C/EBPβ during in vitro 

decidaulization with or without U0126 treatment. 

Phosphorylation of C/EBPβ and total C/EBPβ was evaluated by 

western blot. During the decidualization, levels of phospho-

C/EBPβ were relatively low in the U0126 treated group.  
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Figure 18. Immunofluorescence (IF) staining for expression of C/EBPβ during in vitro decidualization of hESCs with 

or without U0126 treatment. The levels of phospho-C/EBPβ(A) were reduced in hESCs treated with U0126 during 

decidualization. However, total C/EBPβ(B) were constantly expressed in hESCs treated with U0126 during in vitro 

decidualization.   
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4. Disscussion 

 

It is well established that initiation of decidualization is 

dependent upon increased levels of the second messenger cyclic 

adenosine monophosphate (cAMP), a ubiquitous second 

messenger molecule generated from ATP by adenylate cyclase 

(Brosens et al., 1999) as well as progesterone signaling. 

However, this process is complex, occurs at multiple levels, and 

its mechanism is still largely unknown. There have been multiple 

studies attempting to identify steroid-regulated pathways 

related to stromal cell differentiation during embryo implantation 

(Ramathal et al., 2010; Zhang et al., 2012; Zhao et al., 2013). 

However, to the best of our knowledge, this is the first study to 

identify a role for ERK1/2 in decidualization. This study also 

shows that activation of ERK1/2 phosphorylation is important for 

decidualization in the human stroma cells. During in vitro 

decidualization of hESCs, we observed peak induction of ERK1/2 

activity on day 3, followed by a tapering in activity on day 6 

(Figure 12). When we treated hESCs with a specific ERK1/2 

inhibitor on day1 of artificial decidualization, there was no 

difference in expression of decidualization marker genes as 

compared with non-treated hESCs (data not shown). However, 

when we blocked activation of ERK1/2 on day 3, decidualization 

of hESCs was reduced as indicated by suppression of PRL and 

IGFBP1 expression (Figure 15). This result suggests that the 

timing of ERK1/2 activation is important during endometrial 

decidualization.  
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It has been reported that CCAAT/ enhancer binding protein 

(C/EBPβ) is critical regulator of endometrial stromal cell 

proliferation and decidualization (Kannan et al., 2010; Ramathal 

et al., 2010; Wang et al., 2010; Wang et al., 2012). In this study, 

we found that inhibition of ERK1/2 phosphorylation during in 

vitro decidualization resulted in a concommittant reduction in 

C/EBPβ phosphorylation (Figure 17, 18). This suggests that 

C/EBPβ is regulated by ERK1/2 during endometrial 

decidualization in hESCs. We also found that ERK1/2 target 

genes (FOS, MSK1, STAT1, and STAT3) were significantly 

down-regulated following U0126 treatment on day 6 of in vitro 

decidualization. 

In summary, we found that ERK1/2 is highly expressed 

during decidualization in human. Inhibition of phospho-ERK1/2 

suppresses decidualization of hESCs as evidenced by decreased 

expression of the decidual marker genes (IGFBP1 and PRL). 

This study suggests that activation ERK1/2 during 

decidualization results in the phosphorylation of C/EBPβ, an 

important gene previously shown to be implicated in the 

regulation of decidualization (Pohnke et al., 1999; Christian et al., 

2002). These findings have direct implications for our 

understanding of implantation and may reveal new therapeutic 

targets for the treatment of endometrial pathologies and 

infertility.    
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In this study, we investigated the supportive role of stromal 

cells in embryonic stem cell (ESC) culture. We sought to develop 

a method for using BMSCs as feeder cells for the establishment 

and culture of stem cells, based on the ease of manipulation of 

BMSCs as feeder cells and their expression of the LIF gene. 

 

As described in Chapter 3, we determined that several 

different BMSC lines secreted between 42 and 75 pg/ml of LIF. 

LIF plays a pivotal role as an extrinsic factor for ES self-renewal. 

LIF binds to heterodimer receptors, the LIF receptor (LIFR) and 

gp130. After binding, tyrosine kinase Janus kinase (JAK) 

phosphorylates tyrosine residues of LIFR and GP130. STAT3 is 

then activated, and translocates into the nucleus where it 

functions as a transcription factor for several target genes 

inclduing myc, fos and klf4 (Niwa et al., 1998). The secretion of 

LIF by BMSC lines may explain why ESC maintenance does not 

depend on exogenous LIF. The use of BMSCs sub-passaged 

more than 20 times minimizes LIF enrichment and contributes to 

improving the efficiency of the stem cell co-culture system. No 

significant difference in morphology or the expression of several 

stemness-related genes was detected between BMSC and MEF 

co-cultures. These results demonstrate that BMSCs can be a 

viable substitute for MEF as feeder cells for mouse ESCs, which 

may further optimize the stem cell culture systems while 

reducing the need for animal euthanasia. In previous studies 

(Kawasaki et al., 2000; Shintani et al., 2008), ESCs were found 

to efficiently differentiate into dopaminergic neurons when 

cultured on a BMSC feeder layer in neuronal differentiation 
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medium. Therefore, further studies are required to determine 

aspects of the differentiation properties of ESCs cultured with 

BMSC and MEF feeders.   

 

In Chapters 4 and 5, we investigated the properties of 

stromal cell differentiation. We examined the role of the ERK1/2 

signaling pathways during the differentiation of uterine stromal 

cells. ERK1/2 is a member of the MAPK pathway and is 

implicated as a critical regulator of cellular proliferation and 

differentiation in multiple organ systems. ERK1/2 is activated by 

the upstream Ras/Raf/MEK signaling cascade via 

phosphorylation on residues threonine 202 and tyrosine 204. 

This activated form of ERK1/2 (phospho-ERK1/2) can 

subsequently phosphorylate various transcription factors to 

regulate cellular proliferation, differentiation, apoptosis and 

inflammation (Roskoski, 2012).  

 

In the results of Chapter 4, phospho-ERK1/2 is first seen at 

4.5 dpc in the decidualized cells surrounding the embryo in mice. 

Its expression then expands to include the primary and 

secondary decidual zones at 5.5 and 7.5 dpc, respectively. Our 

real-time PCR results show that the known ERK1/2 target genes, 

Fos, Stat1, Ubtf, Elk1, Serpine1 and Msk1 are also significantly 

up-regulated on Day 5.5 at the implantation sites. 

 

In hESCs, we found that ERK1/2 is highly expressed during 

decidualization. Inhibition of phospho-ERK1/2 suppresses 

decidualization of hESCs, as evidenced by decreases in 
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expression of the decidual marker genes (IGFBP1 and PRL). Our 

evidence also suggests that activation of ERK1/2 during 

decidualization results in the phosphorylation of C/EBPβ, an 

important gene previously shown to be implicated in the 

regulation of decidualization. These findings have direct 

implications for our understanding of implantation and may reveal 

new therapeutic targets for the treatment of endometrial 

pathologies and infertility. 

 

Future studies are needed to determine the precise 

mechanisms by which ERK1/2 regulates its target gene 

expression for localized and systemic responses through in vivo 

ChIP-seq analyses that will identify ERK1/2 binding sites in the 

mouse uterus in vivo. Through these future studies, new 

knowledge will be gained to aid not only the development of novel 

treatments of female infertility, but also for the treatment of 

uterine disorders, such as endometriosis and endometrial cancer, 

which are associated with altered ERK1/2 signaling. 

 

In conclusion, we have verified that stromal cells can be 

utilized as feeder cells for the successful culture of mouse 

embryonic stem cells, and have investigated signaling pathways 

activated during stromal cell differentiation. The results obtained 

from this study have implications for the understanding of 

stromal cells and their relevance in a number of human diseases. 
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SUMMARY IN KOREAN 

 

기질세포인 Stromal cell은 세포내에서 다양한 성장 호르몬과 

cytokine을 분비하여 다른 기능성 세포를 지지해주는 구조와 역할

을 가지는 세포이다. 본 실험에서는 마우스 배아줄기세포의 배양시

스템을 보다 효과적으로 하기 위하여 기존에 지지세포로 사용하던 

mouse embryonic fibroblast (MEF) 대신 골수유래 기질세포(bone 

marrow stromal cell, BMSC)를 지지세포로 사용하였다. MEF의 경

우 제한적인 계대 배양(3번)으로 인하여 세포확보를 위하여 많은 

마우스의 희생과 시간이 소비된다. BMSC의 경우 중간엽 줄기세포

로 불리기도 하며 20번 이상의 계대배양이 가능함으로 마우스의 희

생과 세포회수에 들이는 시간을 절약하므로 마우스 배아줄기세포 

배양시스템을 보다 효율적으로 할 수 있다. BMSC를 마우스 배아줄

기세포의 지지세포로서 활용하기 위하여 마우스 배아줄기세포 배양

에 필수적인 Luekemia inhibitory factor(LIF)의 분비량 측정하였

을 때 MEF와 비슷하거나 더 많은 양의 LIF를 발현함을 확인 하였

다. BMSC와 MEF에서 배양된 마우스 배아줄기세포간에는 형태학적 

차이가 없었으며 분화능과 전능성 유지에 관련된 유전자의 발현에

도 유의차가 없음을 확인하였다. 또한 마우스 배아줄기세포의 유지 

시에는 추가적인 LIF의 첨가 없이 지지세포에서 분비되는 LIF의 양

으로도 전능성과 분화능을 유지가 가능함을 확인하였다. 하지만 마

우스 배아줄기세포의 확립 시에는 추가적의 LIF의 첨가가 필수적이

며 지지세포의 LIF분비가 많은 경우 효율이 더 좋지는 것을 확인하

였다. 이러한 결과를 통해 BMSC가 배아줄기세포의 지지세포로 이

용 가능함을 검증함으로 보다 효율적인 배양시스템을 확립 할 수 

있었다. 

 



140 

 

    기질세포의 또 다른 특징은 호르몬 및 시그널에 의하여 필요 

시에 특정세포로 분화하여 기능세포로서의 역할을 하는 것이다. 골

수유래의 기질세포의 경우 중간엽 세포로의 분화가 가능하여 자궁

내막의 기질세포의 경우 임신의 착상과 유지에 필수적인 Decidual

세포로 분화가 가능함이 보고되어 왔다. 본 실험에서는 자궁내막의 

기질세포가 Decidual 세포로 분화하는 신호기전을 연구하였다. 

Extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) 

시그널은 세포의 증식과 분화에 관련하는 것으로 알려져 있으나 자

궁내막 기질세포의 분화와 관련하여서는 아직 밝혀진 바가 없다. 본 

연구에서는 먼저 마우스 모델을 이용하여 Decidualization이 나타나

는 초기임신단계의 자궁에서 ERK1/2 단백질이 발현되고 그에 따른 

하위유전자들의 발현이 높아지는 것을 확인하였다. 또한 사람의 경

우에도 자궁내막의 in vitro Decidualization시 ERK1/2의 활성화가 

이루어지는 것을 western blot을 통해 확인하였고 형광면역염색을 

통하여 활성화된 ERK1/2 단백질이 핵으로 이동하여 하위 유전자를 

활성화 시키는데 관여하는 것을 관찰 할 수 있었다. ERK1/2 의 활

성화가 decidualization과정에서 필수적인지 알아보기 위하여 

ERK1/2의 활성화를 차단시켰을 때 차단되지 않은 그룹의 세포에 

비하여 decidualization의 마커 유전자의 발현이 낮아졌으며 이에 

따라 ERK1/2가 decidualization에 관여함을 알 수 있었다. 

Decidualization 유도시 ERK1/2의 하위유전자를 보았을 때 자궁내

막에서의 기능이 잘 알려진 유전자 중 하나인 C/EBPβ가 ERK1/2

의 변화에 따라 활성이 변화함을 알 수 있었다. 따라서 마우스와 사

람의 임신초기 ERK1/2 시그널이 C/EBPβ의 활성을 조절하여 

decidualization의 유도에 관여한다는 것을 밝혀낼 수 있었다. 

 

본 연구를 통하여 기질세포가 in vitro 상에서 지지세포로서의 

역할을 할 수 있음을 검증하였으며 기질세포의 분화 시 관여하는 
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시그널을 연구함으로 기질세포의 대한 이해와 활용을 높이는데 

기여하였다. 
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