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ABSTRACT OF THE DISSERTATION 

 
 

The Role of miRNAs in Cell Fate Decisions in Osteogenesis 
 
 

by 
 
 

Devon Duron Ehnes 
 

Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental Biology 
University of California, Riverside, December 2016 

Dr. Nicole zur Nieden, Chairperson 
 
 
 Bone is a complex mineralized tissue that functions as a structural support for the 

body, as well as in mineral storage and homeostasis. Its development is as complex as 

it’s function, with multiple molecular cues governing several aspects of its development 

and maintenance. Multiple previous studies over several decades have shown that 

failure to maintain tight regulation of these cues results in varying degrees of bone 

malformation, most frequently of the craniofacial variety. Various reports have cited a 

fundamental importance of both non-canonical and canonical Wnt signaling in regulating 

osteogenesis. Multiple studies have also revealed the importance of temporal-spatial 

regulation of their expression in promoting proper bone development. 

MicroRNAs (miRNAs) are small non-coding RNAs that are able to negatively 

regulate protein expression, serving as a regulatory mechanism in a variety of 

developmental processes and diseases. They function by binding to the 3’ Untranslated 

Region of target mRNAs to induce mRNA degradation or translational inhibition. They 

are crucial for early embryonic differentiation, as studies have shown that embryonic 

stem cells that cannot generate miRNA exhibit impaired differentiation.  
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The work presented in this dissertation focuses on two miRNAs that have not 

been previously characterized in osteogenesis: miR-690 and miR-361. These miRNAs 

were selected from a screen based on their differential patterns of accumulation in 

response to osteogenic factors, and their ability to positively regulate osteogenesis. 

Using embryonic stem cells as a model for early embryonic development, we observed 

that both miRNAs were capable of affecting Wnt signaling. We also noted a correlation 

of miRNA expression with accelerated and/or sustained expression of genes that are 

associated with neural crest specification or differentiation. These studies have 

established (i) that miR-690 supports osteogenesis by directly regulating Ctnnb1 during 

differentiation from the mesenchyme; and (ii) that miR-361 promotes osteogenesis by 

directly regulating the non-canonical Wnt inhibitor Prickle during mesenchymal 

commitment. This research presents novel possibilities in miRNA-mediated regulation of 

early osteogenic development, specifically with regard to regulation of Ctnnb1.  
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Chapter 1: General introduction 

 

1.1 Abstract 

Interest in bone development goes as far back as nearly a century (Mayer, 1919), but 

studies did not progress beyond surgical case studies, primarily of osteogenesis 

imperfecta, until the 1950s (Bauer, 1954). Over the last 50 years progress in 

understanding the molecular process has been slow given the complicated and diverse 

nature of the signaling governing bone development and regeneration. In more recent 

years, the comprehension of the embryonic origins of bone has begun to expand, though 

our current studies with regard to the molecular mechanism of bone development are 

widespread (zur Nieden et al., 2003; Kokabu et al., 2016; Chen et al., 2013; Ehnes and 

Price et al., 2015; Ehnes and Geransar et al., 2015). 

This dissertation seeks to clarify some aspects of early development leading to 

osteogenesis. Specifically, it investigates the role of Wnt/β-catenin signaling in early 

development and how that signaling pathway is regulated. It introduces two small non-

coding regulatory miRNAs as candidates in the early cell fate decisions that ultimately 

procure osteoblasts. The use of stem cells as a model, in vitro differentiation of 

osteoblasts, and the molecular control of the process including Wnt signaling and 

miRNA control of the pathway will be discussed herein.  

1.2 Osteogenesis 

Bone tissue is a specialized form of connective tissue. The skeleton, which is 

composed of cartilage and bone, is essential for providing a scaffold for muscle tissue, a 

protective vessel for organs, and serves as a reserve for calcium, magnesium and 
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phosphate ions that are required for bone homeostasis. The most important cell types in 

bone metabolism are the osteoblasts, which are bone cell precursors, and the 

osteoclasts, which are directly involved in bone remodeling (zur Nieden, 2011). Given 

the complexity of the organ, there are several things to consider when investigating its 

development, including early fate decisions governing osteogenesis, different types of 

ossification, and the different possible origins of bone tissue. 

1.2.1 Early fate decisions controlling bone development 

 During early embryogenesis, the embryo undergoes gastrulation, or specification 

of the three germ layers, which sets up the overall plan for the rest of the development of 

the organism (McClay, 1991). This plan helps to moderate the interaction of various 

factors that support the specification and migratory events necessary to promote 

mesenchymal commitment and later ossification that is essential to proper bone 

development (Heisenberg and Solnica-Krezel, 2008). The early fate decisions that 

control this process differ depending on the embryonic origin of bone. 

1.2.2 Mesoderm-derived bone 

Mesoderm-derived skeleton includes both axial skeleton, which comprises the 

parietal skull and trunk bones, and the appendicular skeleton, while includes the limbs 

and pelvic bones (Winslow et al., 2007). Patterning for both of these types of bone 

begins early, with mesoderm cells migrating along the anterior-posterior axis of the 

developing embryo. For axial patterning, a portion of mesoderm known as pre-somitic 

mesoderm, which is specified and maintained by an extensive cross-talk and cycling of 

Notch, Wnt, and Fibroblast Growth Factor (FGF) signals, begins to delaminate and 
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migrate to either side of the neural tube to form somites (Kobayashi and Kronenberg, 

2014). In addition to axial skeleton, somites give rise to striated muscle and dorsal 

dermis, so for bone development, cells continue to rely on tempo-spacial expression of 

the aforementioned pathways for proper segmentation. Following segmentation, somites 

are patterned along the dorsal-ventral axis by secreted signals from the notochord, 

neural tube, and ectoderm, to give rise to the sclerotome, a section of the somite that will 

ultimately give rise to the axial skeleton (Larsen, 2001).  

The limb buds arise a little differently. Instead of pre-somitic mesoderm, limb 

buds arise from cells delaminating from the lateral plate mesoderm, forming a 

condensed group of mesodermal cells that begins to bulge, a structure known as the 

limb bud (Hall and Miyake, 2000). As development progresses and cells in the limb bud 

differentiate into mesenchyme and undergo mesenchymal condensation, signals 

secreted from the preliminary limb bud give rise to two more “centers of control” that will 

direct patterning of the limbs: the apical ectodermal ridge (AER) and the zone of 

polarizing activity (ZPA). The AER is a portion of thickened epithelium at the apex of the 

limb bud that is responsible for promoting distal outgrowth of the limb mesenchyme and 

to direct further patterning as the limb extends. The ZPA is located at the posterior part 

of the limb bud and secretes signals including Hox cluster genes, Sonic Hedgehog 

(SHH), and FGF to instruct the patterning in the anterior-posterior axis (Saunders, 1998; 

Todt and Fallon, 1987).   

1.2.3 Neural crest-derived bone 

The neural crest is a temporary population of cells that arises from the ectoderm. 

It has broad lineage capabilities, giving rise to melanocytes, smooth muscle, peripheral 
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and enteric neurons and glia, and craniofacial cartilage and bone (Huang and Saint-

Jeannet, 2004). Neural crest is induced as the embryo gastrulates at the border of the 

neural plate and the non-neural ectoderm (Simões-Costa and Bronner, 2015), and 

subsequently specifies into different progenitor populations (Ziller and Smith, 1982). The 

osteogenic development of the craniofacial neural crest, which is the only type of neural 

crest known to contribute to the skull, depends upon signals from both the epithelial cells 

located on the surface of the endoderm and the mesenchyme (Tribulo et al., 2003). 

Because the craniofacial skeleton is so complex, there are a variety of signals that direct 

this patterning. Hox genes have been shown to play a very crucial role in this process, 

directing the patterning along the anterior-posterior axis (Bhatt et al., 2013). Based on 

the regions (and thus the cell fates) specified by this patterning, allowing cranial neural 

crest cells to delaminate and migrate in region-specific, separate streams to the 

pharyngeal arches, where they continue to differentiate. Similar to mesoderm-derived 

bone, FGF, Notch, and Wnt signals, as well as bone morphogenetic protein (BMP), 

participate in both the early patterning, and at later developmental time points, for 

mesenchymal commitment (Mishina and Snider, 2014; Noisa and Raivio, 2014; LeLievre 

et al., 1975; Rawadi et al., 2004).  

1.2.4 Endochondral versus Intramembranous Ossification 

Ossification is often synonymous with osteogenesis, referring to the deposition of 

new bone matrix in adult bone remodeling. However, during early fetal development, this 

word takes on a slightly different meaning, referring to the arrangement of immature 

mesenchymal cells in preparation for osteoprogenitor differentiation (Donoghue and 
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Sansom, 2002, Cao et al., 2016). There are two types of ossification in the vertebrate 

skeleton: intramembranous and endochondral. 

1.2.4.1 Endochondral Ossification 

 Endochondral ossification is an essential process in the primary formation 

of long bones, as well as the growth and extension. The unique characteristic of 

endochondral ossification is its dependence on the growth model of cartilage. That is to 

say that ossification relies on continuous and extensive proliferation of chondrocyte 

intermediates in order to achieve bone growth and elongation (Karsenty and Wagner, 

2002). Endochondral ossification happens in two waves, beginning with what are called 

centers of ossification. The first center of ossification appears in the diaphysis (shaft 

region) of the hyaline cartilage of the developing skeleton and allows for the formation of 

the periosteum and the bone collar, and allows for the induction of mineralization. The 

second ossification center appears at the epiphysis (ends of bone) after birth, and is 

responsible for bone elongation as the organism grows (Hojo et al., 2010).  

1.2.4.2 Intramembranous Ossification 

 Unlike endochondral ossification, intramembranous ossification does not 

require a chondrocyte intermediate. This process is primarily found in craniofacial bone 

development, but also contributes to the development of other flat bones such as the 

collarbone (Netter, 1987). It is also thought to play a preferential role in healing fractures 

in all types of adult bones. This process begins with the expansion and condensation of 

mesenchymal cells, forming a structure called a nidus. Once formation of the nidus is 

complete, the cells begin to differentiate into osteoprogenitors, then ultimately to osteoid 

tissue and then to mineralized tissue. Groups of mineralized osteoid tissue will 
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eventually fuse in to bone trabeculae, upon which bone can continue to grow. The bone 

that results from this early growth is known as woven bone, but is replaced by stronger 

lamellar bone just prior to birth. In adults, this same process is found in healed fractures, 

where woven bone is deposited to heal the fracture and is ultimately replaced by 

lamellar bone (Hall, 2005).  

1.2.5 Signaling pathways regulating osteogenesis 

In keeping with the complexity of bone itself, transcriptional regulation of 

osteogenesis is diverse to say the least. Some regulators are more well-studied, and 

nearly all regulators play context- and temporally-dependent roles in fetal and adult 

osteogenesis. Notch signaling, in addition to its role in embryonic patterning that leads to 

the specification of the neural crest and the mesoderm, has been found to play two 

possible roles in bone development. Studies in early osteogenesis show that Notch may 

be necessary to promote chondrocyte hypertrophy during trabecular bone formation 

(Ramasamy et al., 2014), while studies at later stages show it can inhibit osteoblast 

differentiation (Sethi et al., 2012; Canalis et al, 2016), instead promoting osteoclast 

differentiation (Jin et al., 2016; Ashley et al., 2015).  

Transforming growth factor beta (TGFβ) and bone morphogenetic protein (BMP) 

has implication both in developmental osteogenesis and adult fracture repair and bone 

homeostasis. It has both canonical and non-canonical arms, which play different roles. 

Canonical TGFβ/BMP has been associated with the control of osteoblast proliferation 

and matrix synthesis (Oreffo et al., 1989), intramembranous and endochondral 

ossification (Chen et al., 2012), and the control of bone resorption (Yasui et al., 2011), 

while non-canonical TGFβ/BMP is associated with proliferation, early differentiation, and 
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commitment to the osteoblastic lineage (Matsunobu et al., 2009). BMPs are known to 

complex with SMAD proteins, which target Runt-related transcription factor 2 (Runx2) 

and Osterix, required for matrix mineralization (Watanabe et al., 1999; Zhang et al., 

2000).  

FGFs are powerful mitogens typically associated with early neural patterning 

along the anterior-posterior axis (Christen et al., 1997). However, studies have shown 

that disruption of FGF or its receptor causes a plethora of congenital bone defects 

(Szebenyi et al., 1995; Iseki et al., 1999; White et al., 2005). FGF signaling has been 

shown to activate extracellular signal–regulated kinase (ERK), p38, c-jun N-terminal 

kinase (JNK), protein kinase C (PKC), and phosphatidylinositide 3-kinase (PI3K) 

pathways to transduce cell signaling in osteoblasts (Deng et al., 2008). They are also 

thought to induce alkaline phosphatase (ALP) activity and the expression of Runx2 

(Woei Ng et al., 2007) and osteocalcin (Ocn) (Deng et al., 2008). It has also been shown 

to have an effect on both endochondral and intramembranous ossification, likely due to 

its ability to crosstalk with BMP signaling (Jin et al., 2012). 

Wnt signaling is the focus of this dissertation and will be discussed at length later 

in this introduction. Briefly, both canonical and non-canonical Wnt signaling have been 

found to be necessary throughout bone differentiation (zur Nieden et al., 2007, Nemoto 

et al., 2012), and play roles in both early embryonic development including patterning, 

mesoderm and neural crest specification and differentiation, osteoprogenitor 

commitment, and matrix mineralization, making it among the most crucial element for 

proper bone formation. 
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1.3 Wnt signaling: A crucial element to successful osteogenesis 

Wnt signaling pathways are a group of signal transduction pathways that are 

controlled by Wnt, a family of highly conserved secreted signaling ligands. Wnt was first 

identified in the early 1980s in Drosophila melanogaster by Christiane Nüsslein-Volhard 

and colleagues, as they were looking to identify genes that affected axis polarity in early 

embryonic development (Fig 1.1). Because it caused a wingless (Wg) phenotype in 

offspring lacking the functional gene, it was fittingly named. Around the same time, Roel 

Nusse and colleagues were looking to identify genes that had oncogenic effects when 

mutated, and identified a gene the dubbed integration-1 (int1). It was discovered in 1987 

Figure 1.1: Wnt Signaling. There are three arms of the Wnt signaling pathway: canonical or beta-catenin-
dependent Wnt signaling, the Wnt ligand binds to the Frizzled membrane receptor, recruiting Disheveled, 
which sequesters members of the beta-catenin destruction complex, allowing beta catenin to accumulate and 
translocate to the nucleus to transcriptionally co-activate downstream targets. Non-canonical Wnt signaling 
does not rely beta-catenin. When the Wnt ligand binds to the frizzled receptor, Disheveled is also recruited, 
activating downstream cascades that govern cell polarity and differentiation.  CatnB, beta-catenin. From 
Davis and zur Nieden NI, 2008. 
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that these genes are homologues, and it began to be identified as its current 

nomenclature Wnt (Rijsewijk et al., 1987).  The importance of Wnt signaling in bone 

development was first introduced by Endo and colleagues in 1992.  

There are three characterized Wnt pathways: the canonical Wnt/β-catenin 

pathway, the non-canonical planar cell polarity pathway, and the non-canonical 

Wnt/calcium pathway. The unifying factor between these pathway is that the activating 

mechanism for each involves the binding of one of the Wnt family of ligands to one of the 

family of FRIZZLED membrane proteins. For the purposes of this thesis, I will focus only 

on canonical Wnt signaling and non-canonical planar cell polarity signaling.  

1.3.1 Canonical Wnts 

The Wnt/β-catenin signaling pathway regulates a variety of cell fate decisions, 

including those involved in cell cycle control, differentiation, proliferation, and cell polarity 

(MacDonald et al., 2009). The functionality of the pathway revolves around the 

regulation of transcriptional coactivator β-catenin (CTNNB1). The Wnt ligand is a 

secreted glycoprotein that, during the “on” state in canonical Wnt signaling, binds the 

FRIZZLED receptor protein, activating the cascade that results in the displacement of 

the complex organizer axis inhibition protein 2 (AXIN2) from the destruction complex. 

This complex is comprised of AXIN2, Glycogen Synthase Kinase 3 β (GSK-3β), a 

serine-threonine protein kinase that facilitates the phosphorylation and subsequent 

ubiquitination of CTNNB1, and Adenomatous Polyposis Coil (APC), which binds to 

CTNNB1 to sequester it in the complex (Yamulla et al., 2014; Mosimann et al., 2009; 

Davis and zur Nieden, 2008). Disruption of the complex allows the CTNNB1 to 

accumulate in the cytoplasm and ultimately translocate into the nucleus where it binds 
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as a coactivator to the LEF/TCF family of transcription factors, and thus activating 

transcription of downstream targets (Nusse et al., 1992), which include CyclinD1 

(required for progression through G1 phase in cell cycle), Axin2, Runx2, Snail (an 

ectodermal repressor in mesenchyme), and T-brachyury (a transcription factor that 

defines axis polarity and mesenchyme), among others (Nusse, 2010). In the absence of 

the Wnt ligand, the cascade is in the “off” state, allowing for the formation of the AXIN2-

APC-GSK3β complex, destabilizing CTNNB1 and preventing the activation of target 

genes. Previous studies have shown that canonical Wnt signaling is required for both 

mesenchymal commitment and to differentiate mesenchymal progenitors to osteoblasts 

(Komori et al., 2010). Studies have also demonstrated that the absence of CTNNB1 

results in the formation of chondrocytes instead of osteoblasts (Hill et al., 2005), 

highlighting the importance of this cascade in osteogenesis.  

1.3.2 Non-Canonical Wnts 

Recent research has also shed light on the previously ambiguous role of non-

canonical Wnt signaling in bone development. Non-canonical Wnt signaling, operating 

independently of CTNNB1, has also been found to be an important regulator of 

osteogenesis. For instance, Boland et al. (2004) found that treatment of hMSCs with 

Wnt5a (one of several Wnt ligands known to mediate non-canonical Wnt activity) 

promoted in vitro osteogenic differentiation. Since adipocytes and osteoblasts arise from 

the same mesenchymal precursors, this raises the possibility that the WNT5A signal 

causes these cells to differentiate towards the osteoblastic lineage at the expense of 

adipogenesis. While non-canonical Wnt signaling has been generally viewed as 

separate from canonical signaling, recent studies suggest a cross talk between these 
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pathways. Several investigators have supported a model of mutual antagonistic 

functions between the canonical and non-canonical Wnt pathways (Westfall et al., 2003; 

Topol et al., 2003; Baksh et al., 2007). WNT5A was found to rapidly inhibit transcriptional 

activity of a LEF/TCF reporter in human embryonic kidney cells, although this inhibition 

appeared to be dependent on the Frizzled receptor composition of the cells (Mikels and 

Nusse, 2006; Nemeth et al., 2007).  

1.4 Stem Cells 

Stem cells are unspecialized cells that give rise to various specialized cells into the body. 

They are also able to divide indefinitely, a characteristic known as self-renewal 

(Nakahata and Ogawa 1982; Mountford et al., 2008). These properties make these cells 

ideal for both developmental and regenerative studies (Tuch, 2006). There are multiple 

sources and different types of stem cells that are currently used in studies. This work will 

discuss embryonic and adult stem cells.  

1.4.1 Adult Stem Cells 

 Adult stem cells are somatic cells that also exhibit stem cell characteristics of 

self-renewal and lack of specialization. They are found in various tissues after 

development, from cord blood stem cells after birth, to mesenchymal stem cells in the 

bone marrow. In vivo, they are responsible for regenerating their respective organs 

throughout the life of the organism.  Unlike pluripotent embryonic stem cells, adult stem 

cells have limited differentiation capacity, with each different type of adult stem cell able 

to differentiate in to a limited number of mature adult cells. Additionally, they are derived 

from adults, alleviating many of the ethical issues associated with embryonic stem cells 

(Young and Black, 2004). 
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1.4.2 Embryonic Stem Cells 

Embryonic stem cells (ESCs) are derived from the inner cell mass of a pre-

implantation blastocyst. They are pluripotent, meaning they can be differentiated into any 

type of cell from any of the three germ layers, and they have the capacity to self-renew, 

which means that they will indefinitely make copies of themselves (Thompson et al., 

1998). Because of these characteristics, stem cells are of immense interest for use in 

therapeutics and regenerative medicine in a variety of illnesses from severe 

degenerative disorders like multiple sclerosis, to full or partial organ regeneration (Wu et 

al., 2007). They also serve as an excellent model for developmental diseases, 

gestational toxicity testing, and genetic disorders (Tandon and Jyoti, 2012; Ma et al., 

2015). 

Undifferentiated mouse embryonic stem cells must be cultured in the presence of 

Leukemia Inhibitory Factor (LIF), which activates janus kinase/signal transducer and 

activator of transcription 3 (JAK/STAT3) signaling, allowing for self-renewal (Smith et al., 

1988). When cultured in the presence of LIF, murine ESCs have a distinct morphology in 

which the colonies formed are tight and round. Studies have shown that cultures that 

lack LIF fail to form these colonies and are more likely to spontaneously differentiate  

(Burdon et al., 2002).  

Pluripotent embryonic stem cells express some classical markers that maintain 

them in this state. In general, these markers include OCT-4, a homeodomain 

transcription factor involved in the formation of the inner cell mass in the blastocyst, 

Nanog, a transcription factor necessary to maintain pluripotency via upregulation of 

downstream factors, and SOX-2, a transcription factor thought to be involved in 
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pluripotency via control of the promoter of the OCT-4 gene, Pou5f1 (Yasuda et al., 2006; 

Kirchoff et al., 2000). Research has shown that the absence of these factors results in 

differentiation, loss of the ability to self-renew, and failure of the blastocyst to develop 

properly (Rodda et al., 2005).  

Embryonic stem cells introduce a plethora of ethical issues surrounding the 

destruction of human embryos. The moral dilemma arises because use of embryonic 

stem cells forces the choice between the duty to alleviate human suffering and the duty 

to value human life, which differs with how an individual defines when life begins. Efforts 

to overcome these ethical problems have been made in the form of the creation of 

induced pluripotent stem cells and manipulation of adult stem cells in lieu of embryonic 

stem cells (de Miguel-Beriain, 2015). 

1.4.3 In vitro Differentiation of Osteoblasts from ESCs 

The key to a successful and robust in vitro differentiation is to mimic the in vivo 

process as much as possible. Studies surrounding bone development have identified 

three chronological stages: proliferation, extracellular matrix deposition and expression 

of ALP, and a mineralization phase. The zur Nieden lab has shown that as differentiation 

progresses through these stages, a very specific pattern of gene expression is expected. 

Toward the end of the proliferative phase, differentiating cells begin to express the 

transcription factor RUNX2, which induces the deposition of collagen type I.  This 

deposition recruits osteopontin and osteonectin, which have an affinity for calcium ions 

and hydroxyapatite, two crucial factors in starting the mineralization process. These 

factors continue into the beginning of the next stage, when Runx2 and another bone-

specific transcription factor Osterix are upregulated. These initiate the expression of later 
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markers including Bone Sialoprotein (Bsp), which is required for mineralization, and later 

Ocn (zur Nieden et al., 2003). OCN is a protein unique to mineralized osteoblasts, and 

has been implicated in bone remodeling and calcium ion homeostasis.  

1.4.3.1 Biochemical factors 

In vitro differentiation of murine ESCs to osteoblasts can be triggered by the 

addition of specific factors. There have been various protocols with varying degrees of 

efficiency aimed at manipulating either the aforementioned signaling pathways, and 

using various factors. The first attempt at differentiating mouse ESCs toward the 

osteoblast lineage was carried out in 2001 by Buttery and colleagues. Their group was 

able to produce osteoblasts by two methods. The first was by supplementing serum-

containing media with ascorbic acid, β-glycerophosphate, and either dexamethasone, a 

steroid known to activate Cbfa1 expression, or retinoic acid, which is poorly understood, 

but is thought to upregulate BMP signaling. The second method was by co-culture with 

fetal murine osteoblasts, which proved effective, resulting in a 5-fold increase in 

osteoprogenitors compared to controls. However, the research in this thesis follows the 

protocol descried in zur Nieden et al., 2003, using ascorbic acid, 1α,25-OH2 vitamin D3, 

and β-glycerophosphate (zur Nieden et al., 2003), all present in the natural 

microenvironment of osteoblasts (Duplomb et al., 2007), and which has been shown to 

significantly increase levels of mineralized calcium in differentiated stem cells (Fig 1.2A). 

1.4.3.2 Culture Strategies 

There are several methods by which to induce differentiation. One of the primary 

strategies to derive differentiated tissue from mouse ESCs is the formation of embryoid 

bodies (EBs), or 3-dimensional aggregates of pluripotent cells mimicking the morphology 
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of a developing embryo (Philips et al., 2001; zur Nieden et al., 2003). Two methods have 

been used for EB formation: suspension culture on non-adherent plates and the hanging 

drop method. The former involves plating cells on non-adherent plates and allowing the 

suspended cells to spontaneously aggregate. The hanging drop protocol (Fig 1.2B) 

involves plating uniformly sized drops of cells suspension on the lid of a petri dish, 

inverting it, and allowing the cells to aggregate in the apex of the drop. This method 

allow for the formation of uniformly sized EBs, allowing for more consistent differentiation 

between cell clusters. This is the method employed in the research presented in this 

thesis.  

 

 

 

 

Figure 1.2: In vitro Osteogenic Differentiation via hanging drop protocol. (A) Use of osteogenic factors 
ascorbic acid, 1α,25-OH2 vitamin D3, and β-glycerophosphate results in increased ALP activity on day 11 
compared to controls, and a marked increase in mineralized calcium on day 30 (n=5±SD, *P>0.05). (B) 
Pluripotent embryonic stem cells are dissociated and redistributed into a suspension. The cell suspension is 
replated on the lid of a petri dish in small droplets and the lid inverted. Gravity will draw the cells into that 
apex of the drop, forming an embryoid body. On day 5, embryoid bodies are dissociated and plated as a 
monolayer in media containing osteogenic factors, then allowed to differentiate for 30 days. NC, neural crest; 
MS, mesenchyme; OP, osteoprogenitor; OB, osteoblast; OC, osteoclast; ALP, alkaline phosphatase. 
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1.4.4 The importance of Wnt signaling in controlling ESC differentiation 

Several studies have shown that canonical Wnt signaling is important from the 

earliest stages of embryonic development. Liu and colleagues demonstrated embryos of 

mice null for Wnt3a produced embryos that did not form the primitive streak (1999). 

Further studies showed that it plays a role in anterior-posterior patterning that leads to 

primitive streak and mesoderm formation (Barrow et al., 2007; Gadue et al., 2006). At 

later stages, canonical Wnt signaling is necessary for gastrulation because it activates 

expression of Brachyury, which has a conserved role in gastrulation and mesodermal 

development (Arnold et al.,2000). Though most studies indicate that β-catenin promotes 

primitive streak and mesoderm formation, recent studies have also linked it with 

repression of placodal development in the ectoderm, in favor of neural crest induction 

(Leung et al.,2016). The importance of non-canonical Wnt arises during following 

primitive streak formation. Studies have shown that Wnt5a is upregulated in the primitive 

streak to allow for migration and patterning during gastrulation (Hardy et al., 2008). 

Further studies have revealed an importance for temporal regulation of CTNNB1 for 

appropriate cell fate determination from embryonic stem cells (zur Nieden et al., 2007), 

showing that though early upregulation is required to promote primitive streak formation, 

subsequent downregulation is required for efficient osteogenesis. Furthermore, studies 

by Ding and colleagues in 2012 used a TopFlash luciferase reporter to demonstrate that 

artificial elevation of Ctnnb1 via LiCl between days 3-5 in vitro resulted in increased 

calcium deposition, while LiCl treatment at early days decreased deposition. More recent 

studies (Keller et al., 2016) have also demonstrated the importance of time-specific 

regulation of non-canonical Wnt signaling. This study found that supplementation with 

non-canonical Wnt5a between days 5-7 of in vitro differentiation of ESCs significantly 
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enhanced osteogenic yield, while activation of the canonical signal during that same time 

period had the opposite effect. Moreover supplementation with rWnt3a following days 5-

7 of the differentiation yielded improved osteogenesis, suggesting that the pro-

osteogenic effect of rWnt5a may be facilitated by its modulation of the canonical Wnt 

signaling pathway. These studies highlight the importance of oscillation of CTNNB1 

expression in controlling cell fate decisions at several stages of early development. 

Successful in vitro differentiation relies on mimicking these patterns.  

1.5 MicroRNAs as novel developmental regulators 

MicroRNAs (miRNAs) are short 22-23 nucleotide pieces of RNA involved in 

suppressing gene expression in a variety of fundamental processes including 

development (Van Wynsberghe, 2011). They were first discovered in C. elegans in 1993 

when Lee and colleagues observed a small RNA that exhibited negative post-

transcriptional regulation of a gene called lin-14, which they named lin-4. Since their 

discovery, a plethora of information regarding the involvement of these small RNAs has 

surfaced.  Included are their implications in embryonic development and disease 

regulation, namely in diseases such as cancer and diabetes, in addition to other 

disorders, as well as their presence across species from C. elegans to mammals to 

plants (Pritchard et al., 2012).  

Several studies suggest that miRNAs are primarily involved in the regulation of 

differentiation. One of the most convincing shows that mouse ESCs null for Dicer are 

viable and pluripotent, but fail to differentiate (Kanellopoulou et al., 2005). Likewise, 

when pluripotent cells null for Dgcr8 were placed in differentiating conditions, they also 

failed to completely downregulate pluripotency markers and display limited expression of 
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lineage-specific genes (Wang et al. 2007). This line also exhibits much slower cell 

division than wildtype cells under conditions that maintain pluripotency. As studies 

regarding miRNAs in development have progressed, researchers have found miRNAs 

necessary for proper gastrulation (Rosa et al., 2009; Choi et al., 2007), as well as the 

proper development of neural tissues (Krichevsky et al. 2006; Delaloy et al. 2010), 

muscles (Kwon et al. 2005; Zhao et al. 2005), hematopoietic derivatives (Garzon and 

Croce, 2008; Chen et al. 2004), and bone tissue (Li et al. 2008; Xu et al. 2016).  

1.5.1 miRNA Biogenesis 

In the mammalian genome, miRNAs account for 1–3% of genes. They are 

transcribed by RNA polymerase II to generate a large stem-loop structure called the 

primary miRNA (pri-miRNA), which can vary in size (Cai et al., 2004). In the nucleus, the 

stem-loop is cleaved by a complex comprised of DROSHA, an RNase, and its cofactor 

DGCR8, to produce the precursor miRNA (pre-miRNA) containing the hairpin loop (Denli 

et al., 2004). The pre-miRNA is transported to the cytoplasm by the nuclear transport 

receptor EXPORTIN5, which recognizes the overhang left by DGCR8, and the nuclear 

G-protein RAN-GTP (Bohnsack et al., 2004). In the cytoplasm, DICER, another RNase, 

cuts both strands of the pre-miRNAs at the base of the stem-loop, producing a short 

duplex molecule containing the miRNA (Schneider, 2011). In the last step of miRNA 

biogenesis, one strand of this duplex is degraded, while the remaining mature miRNA is 

incorporated into the RNA induced silencing complex (RISC), which contains Argonaute 

(Ago), the catalytic unit of the complex (Schwarz et al., 2003; Du et al., 2005) (Figure 

1.3). The miR-RISC complex then finds the target mRNA by binding to the “seed region” 

at the 3’ end of the target mRNA. This region is approximately 2-8 nucleotides on the 
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mRNA. Complementarity can vary greatly, but in order for a miRNA to be a strong target, 

it should bind at least 6 nucleotides. The binding of the miRNA and RISC complex to the 

target mRNA results in translational repression or mRNA degradation, and thus, 

silencing of the target gene (Pasquinelli, 2012).  

 

 

 

Figure 1.3: MiRNA Biogenesis. Primary (pri) miRNAs are transcribed from the non-coding regions and 
processed by the endonuclease complex Drosha-Dgcr8. The resulting hairpin loop is transported out of the 
nucleus by Exportin5. In the cytoplasm, another endonuclease Dicer removes the loop and the targeting 
strand is incorporated into the RNA-induced silencing (RISC) complex, which guides the miRNA to the 3’-
untranslated region (UTR) of its target to induce either translational inhibition or target cleavage. 
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1.5.2 Bioinformatic Prediction of miRNA targets 

Since the inception of regulatory studies involving miRNAs, researchers have 

been interested in developing methods for predicting the accurate target genes for 

miRNAs and a considerable number of methods has been identified so far. These 

methods vary, ranging from small-scale genetic methods to high-throughput biochemical 

processes for target sequence isolation (Thompson et al, 2011). The recognized 

advantage of the genetic methods is that they establish a direct relationship between the 

identified target gene, as well as a specific physiological process in the cell. This 

becomes logistically problematic when considering that each miRNA regulates 

thousands of targets. Conversely, targets can be regulated differently depending on time 

or stage of development and type of tissue (Ekimler and Sahin, 2014). To address the 

immensity of the network of miRNA-target relationships, scientists have turned to 

developing bioinformatic methods to narrow down the pool of potential targets by 

measuring binding potential of miRNAs to 3’-UTR or targets in silico. Computational 

methods have been based on algorithms that take into account physical properties of 

miRNA regulation, including Watson-Crick complementarity between the miRNA and the 

3' UTR of the target mRNAs and evolutionary conservation (Hamzeiy et al., 2014). Early 

versions of these methods generated many false positive predictions, though more 

recent advances in algorithm development have led to more accurate predictions. 

Several databases exist to check for miRNA targets, but the most popular are 

targetscan.org and mirdb.org, and microrna.org. The TargetScan algorithm searches for 

perfect complementarity in the seed region and beyond, using the complementarity 

found outside the seed region to eliminate false positives (Lewis et al., 2005). This works 
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well for prediction of strong targets, though the algorithm overlooks potential targets that 

do not have exact complementarity, but could still have a binding effect. miRdb was the 

first to employ a machine learning approach (Wang and El Naqa; 2008). Their algorithm 

used thousands of publically available microarray data to “train” the algorithm in what to 

identify as a “target”. This method was able to include both non-conserved targets as 

well as those that were not 100% complementary. Though a step in the right direction, it 

still left many possibilities and no way to narrow down what were most likely true targets. 

Currently the most reliable and comprehensive database is the miRanda database at 

microrna.org (Betel et al., 2008). It uses the miRSVR score (Betel et al., 2010), a 

regression method for predicting likelihood of target mRNA down-regulation from 

sequence and structure features in microRNA/mRNA predicted target sites. The 

algorithm ranks target sites using a “downregulation score”, allowing for efficient in silico 

target screening prior to in vitro testing. 

1.5.3 miRNAs in Embryonic Stem Cells 

MiRNAs have been associated with diverse cellular processes, but have been 

notably linked with a major role in controlling embryonic development. Expression 

profiles of miRNAs in ESCs are different from other tissues, thereby suggesting their 

involvement in self-renewal and pluripotency. For example, the miR-290 cluster is a well-

studied group of 11 miRNAs, for which several studies have demonstrated an 

importance in regulation of embryonic maintenance and development (Benetti et al., 

2008; Sinkkonen et al., 2008). For example, one research group noted increased 

expression of this cluster during the pre-implantation stages of development. This 

expression persisted in undifferentiated ESCs, but was diminished after differentiation 
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(Houbaviy et al., 2003; 2005). Another group showed that the systemic deletion of this 

cluster resulted in the death of the embryos (Ambros et al., 2007). Additionally, a study 

conducted by Bernstein and colleagues in 2003 demonstrated depleting DICER, thus 

preventing miRNA processing, resulted in arrested development during gastrulation 

before the body plan was fully laid out, supporting the importance of miRNAs in early 

vertebrate development. Similarly, disruption of Dicer in growing oocytes in mouse 

caused failure to progress through the first cell division of the morula stage, suggesting 

that maternal miRNAs might be essential at the stage of zygotic development (Tang et 

al., 2007). 

Aside from the miR-290 cluster, studies regarding miRNAs in embryonic stem 

cells have widely suggested that miRNAs play a role in promoting differentiation (Zhou et 

al., 2016; Jin et al., 2016; Zhang et al., 2016), indicating that ESCs do not require 

miRNAs until differentiation. For example, ESCs derived from Dicer-null mice exhibited 

normal pluripotent phenotype and normal epigenetic signature (Murchison et al., 2005), 

but were incapable of differentiation (Kanellopoulou et al., 2005, (Figure 1.4). Studies 

involving the other endonuclease involved in biogenesis, Dgcr8, showing that it was 

crucial for supressing ESC self-renewal to allow for differentiation (Wang et al., 2010). 

However, there is one family of miRNAs, miR-290, that has been shown to be highly 

expressed in pluripotent ESCs (Gruber et al., 2014). Studies have demonstrated that this 

family is capable of targeting Hox genes (Kanellopoulou et al., 2015). It has also been 

identified as a regulator of glycolytic metabolism by targeting Mbd2, a gene that reads 

CpG islands and promotes epigenetic modifications that control glycolysis and aid in cell 

reprogramming (Cao et al., 2015). There has been one other study in rabbits that 

identified evolutionarily conserved miR-302 as highly expressed in ESCs in pre- 
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implantation blastocysts, though its role and targets have not been characterized 

(Maraghechi et al., 2013). 

 

 

1.5.4 miRNAs in Osteogenesis 

In the 20 years that we have been aware of the importance of miRNAs in 

development, the bulk of the studies have been focused primarily on their misregulation 

in various cancers (Dong et al., 2016; Xin et al., 2016; Okato et al., 2016; Zhang et al., 

2016), and very few have been associated with specific mechanisms related to 

osteogenesis. The first evidence of miRNA involvement in bone development came in 

2008 when Mizuno and colleagues identified miR-125b as a negative regulator of 

osteogenic differentiation, demonstrating its control of ALP activity and cell proliferation. 

Since this first study, several subsequent studies have been published identifying 

miRNAs involved in many aspects of the complex process of osteogenesis, though the 

Figure 1.4: miRNAs in embryonic stem cells. Stem cells null for Dicer exhibit differentiation defects, 
demonstrated by the inability to downregulate Oct4 and Nanog. From Kanellopoulou et al., 2005 



24 

great majority of them are heavily focused on TGF/BMP signaling and their up- and 

downstream participants. For example, Li and colleagues showed that miR-133 and 

miR-135 inhibit BMP2-induced osteogenic differentiation by directly targeting Runx2 and 

Smad5 (Li et al., 2008). In 2009, Mizuno followed up the miR-125b study with one in 

which they identified miR-210 as a regulator of TGFβ/Activin signaling pathway during 

osteoblastic differentiation. Still other studies have found that miR-26a, a miRNA that 

was found to gradually increase its expression from initial differentiation through 

osteoblast maturation, is involved in osteogenic differentiation by modulating Smad1, 

which is thought to control cell proliferation and early cell fate decisions (Luzi et al., 

2008). Furthermore, miR-141 and its homolog miR-200a are involved in BMP-2-induced 

preosteoblast differentiation by regulating craniofacial mesenchyme marker Dlx5 (Itoh et 

al., 2009). There are also studies associated specifically with later stages of bone 

development like miR-93 and miR-31 which have been found to mediate osteoblast 

mineralization by regulating osterix expression (Baglio et al., 2013). There are also 

miRNAs that negatively regulate osteoblast differentiation, such as miR-204/miR-211 by 

targeting Runx2 (Huang et al., 2010). 

1.5.5 MiRNAs regulating Wnt signaling during osteogenesis 

Of the dozen or so miRNAs that have thus far been associated with a role in 

bone development, only a few have been linked with either a direct or indirect 

modulation of Wnt signaling during this process, commonly targeting negative regulators 

of the signaling pathway. MiR-26a was found to target serine-threonine kinase and direct 

negative regulator of CTNNB1, GSK3β, promoting the osteogenic differentiation from 

bone marrow-derived mesenchymal stem cells, while miR-142-3p was found to target 
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Apc, another direct negative regulator of CTNNB1 (Hu et al., 2013).  The 

aforementioned miRNAs regulate an already active signaling cascade, but they are also 

capable of preventing cascade initiation. Such is the case with miR355-5p, which was 

found to promote canonical Wnt signaling by antagonizing Dickkopf-1, which prevents 

canonical Wnt signaling activation (Zhang et al., 2011). 

1.6 Previous data supporting dissertation research 

Early bone development has been widely studied (Provot and Schipani, 2005; 

Chung et al., 2001; Sammons et al., 2004), but several of the specifics, including the 

molecular basis of crucial early fate decisions such as mesenchymal specification and 

cell migration, remain unclear.  

We know that miRNAs have been previously identified in osteogenesis, however 

they have been exclusively associated with later stages of osteogenesis such as 

osteoprogenitor expansion, matrix mineralization, and osteoblast maturation. While 

these stages are important parts of proper bone development, they tend to have more 

bearing in bone remodeling in adults (Dong et al., 2012; Schoolmeesters et al., 2009). 

However, the most severe defects result from a failure of mesenchymal progenitor 

populations to develop (Olsen et al., 2000), differentiate (Sanford et al., 1997; Yuan et al., 

2016), or migrate (Uccelli et al., 2008; Ringe et al., 2005), and current research is 

lacking with regard to miRNAs that regulate these early fate decisions.  

In order to identify miRNAs that were differentially regulated in response to pro-

osteogenic factors our lab previously undertook a miRNA microarray analysis using 

osteogenically differentiating ESCs (Fig 5A). Several miRNAs were identified and further 

screened for their ability to regulate osteogenesis, and of the handful that demonstrated 
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an osteogenic effect, two stood out: miR-361 and miR-690. Upon overexpression, they 

showed the highest and second highest increase in mineralization over scramble 

controls (Fig. 5B). Investigation of predicted targets using the miRanda bioinformatic  

 

 

database revealed several predicted targets of interest, which were screened. Using a 

p2FP TurboGFP vector (Fig 6A), miR-361 was identified to target the 3’-UTR of Prickle 

(Fig 6B). MiR-361 is encoded in an intronic region of the gene Chm, which encodes a 

Rab escort protein, but whose direct function is not well understood (Fig 6C), and the 3’-

UTR of Prickle exhibits moderate conservation (Fig 6D). Similarly, using a luciferase 

reporter system known as pmirGLO (Fig 7A), miR-690 was found to directly target 

Ctnnb1 (Fig 7B). MiR-690 is expressed in an intronic region of Fgf12, a gene which has 

Figure 1.5: miRNA Screen. (A) Cells differentiated from days 0 through 8 were screened for several 
miRNAs. (B) miRNAs were selected based on their regulation in response to the addition of osteogenic 
factors on day 5 (n=3±SD, *P>0.05, One Way ANOVA).  
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been identified in the analysis of several diseases, but whose direct function has not 

been characterized (Fig 7C). The 3’-UTR of Ctnnb1 where miR-690 binds exhibits 

sequence conservation across several species (Fig 7D). 

 

 

 

Figure 1.6: Prickle target verification for miR-361. (A) To confirm whether miR-361 directly targets 
Prickle a p2FP plasmid was used. It contains both JRed, which is constitutively active to confirm 
transfection and TurboGFP, which reports on the whether or not the miRNA binds the 3’UTR. (B) 
Cotransfection of the p2FP cloned with the 3”UTR and pSuper expressing miR-361 resulted in almost 
complete silencing of TurboGFP (n=3±SD, ***P>0.001). (C) miR-361 is expressed in the gene Chm, 
encoding RAB ESCORT PROTEIN-1. (D) The 3’UTR of Prickle is widely conserved across species. 
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1.7 Aims of Dissertation  

There is a well-established relationship with Wnt/β-catenin signaling and bone 

development (Day et al., 2005; Lin et al. 2009; Hill et al., 2005), and an understanding 

that there is a need for its phasic temporal regulation (Keller et al. 2016; Krause et al., 

2012; zur Nieden et al., 2007), but what specifically modulates this regulation is yet 

Figure 1.7: Ctnnb1 target verification for miR-690. (A) To confirm whether miR-690 directly targets 
Ctnnb1 a pmirGLO luciferase reporter system was used. It constitutively expresses luciferase, which is 
interrupted when a miRNA binds to the 3’UTR of the target. (B) Luciferase activity was diminished 60% 
when the pmirGLO vector containing the 3’UTR of Ctnnb1 was cotransfected with a pSuper vector 
expressing miR-690 (n=3±SD, ***P>0.001). (C) miR-690 is encoded in the non-coding region of FGF12, 
whose function is yet unknown. (D) The 3’UTR of Ctnnb1 is widely conserved across species. 
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unclear. There are several studies indicating that various factors including miRNAs and 

other signaling pathways are capable of regulating the Wnt signaling pathway (Kennell 

et al., 2008; Wodarz and Russe, 1998), but little is known about what specifically 

regulates beta catenin.  

The research presented here aims to elucidate the molecular consequences of 

overexpression of the two most pro-osteogenic miRNAs previously identified, miR-361 

and miR-690, how they regulate early gene expression, specifically early Wnt signaling, 

and promote successful osteogenesis using ESCs as a model in vitro system.  
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Chapter 2: Stem Cells for Osteodegenerative Diseases: Current Studies and 
Future Outlooks 

 

2.1 Abstract   

As the worldwide population grows and life expectancies continue to increase, 

degenerative diseases of the bones, muscles, and connective tissue are an increasing 

problem for society.  Current therapies for osteodegenerative disorders such as hormone 

replacement therapies, Calcium/Vitamin D supplements, and oral bisphosphonates are 

often inadequate to stop degeneration and/or have serious negative side effects.  Thus, 

there is an urgent need in the medical community for more effective and safer treatments.  

Stem cell therapies for osteodegenerative disorders have been rigorously explored over 

the last decade and are yielding some promising results in animal models and clinical trials.  

Though much work still needs to be done to ensure the safety and efficacy of these 

therapies, stem cells represent a new frontier of exciting possibilities for bone and cartilage 

regeneration.   

2.2 Introduction/Current Treatments 

Bone and cartilage related diseases affect millions of people annually, and once 

injured, these tissues do not regenerate themselves as other organs do (zur Nieden et al., 

2005). Osteoporosis and osteoarthritis are the most prolific afflictions, affecting more than 

200 million and 151 million people worldwide, respectively.  Both disorders are more 

common in women, the elderly, and the obese.  Moreover, because low bone density is 

such a rapidly growing problem, the U.S. Surgeon General predicts that by 2020, over half 

of all Americans will have weak bones and/or osteoarthritis. They present as a 

degeneration of bone mass or cartilage over time, often resulting from faulty interaction 
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between osteoclasts, osteoblasts, and chondrocytes, making for weak, brittle bones 

(Kanis, 2007). These disorders compromise overall quality of life and could lead to further 

complications during or after the healing process. For example, due to slower healing time 

and decreased mobility, an elderly patient sustaining a bone fracture is four times more 

likely to die within three months than a patient with healthy bones (van der Jagt-Willems 

et al., 2012). Furthermore, patients who experience fractures resulting from these 

diseases (very commonly hip fractures) must undergo surgery, and the implants used can 

often become infected, leading to additional surgeries and secondary infection (Konan et 

al., 2013). This highlights the need for both research that could help us identify 

preventative measures against osteodegenerative disorders and the need for improved 

treatment of injuries resulting from the onset of these afflictions.   

Current treatment options for osteodegenerative disorders are limited, and none 

give a definitive solution to the problem. One promising treatment used prior to 2002 was 

Hormone Replacement Therapy (HRT), in which postmenopausal women given estrogen 

showed great improvement in bone density. However, in 2002, Isaksson et al. published 

a landmark study revealing a correlation of HRT and an increased incidence of breast 

cancer and heart disease in patients taking this treatment. Following the cessation of this 

treatment, options have been extremely limited, comprising Calcium/Vitamin D 

supplementation and the use of oral bisphosphonates, which have a putative connection 

with an increased risk for esophageal cancer, though there are insufficient studies to 

confirm this as of now (McClung et al., 2013; Janovská et al., 2012). The advent of tissue 

engineering from stem cells has begun to provide possible solutions and therapies for 

formerly devastating diseases and injuries in a variety of organs, and we now look to 

examine their potential as a remedy for osteodegenerative afflictions.  
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2.3 Different Types of Stem Cells and Therapies   

Stem cells are a promising tool for the field of regenerative medicine, because of 

their abilities to self renew and differentiate into multiple lineages.  There are several 

different sources of stem cells and each subset has unique properties.  

2.3.1 Adult Stem Cells 

Adult stem cells are classified as multipotent meaning that although they can 

differentiate into a range of progenitors, their fate is locked into a particular subset of 

lineages and they cannot make cells outside those lineages.  These cells are found in 

different stromal niches throughout the body and have been isolated from bone marrow 

and peripheral blood (Anasetti et al., 2012; Pittenger et al., 1999), muscle (Seale et al., 

2001), adipose tissue (Gaustad et al., 2003; Fadel et al., 2011), synovium (Utsunomiya et 

al., 2013), and periosteum (Chang et al., 2012) of the mesoderm, the intestine (Lopez-

Garcia et al., 2010) of the endoderm, and the skin (De Rosa et al., 2012), deciduous teeth 

(Volponi et al., 2013), and nerve tissue (Hess et al., 2008) of the ectoderm (Lodi et al., 

2011). Adult stem cell populations are thought to originate during embryonic development, 

localize to niches within the tissue, and remain there in a dormant state until they are 

needed to replace cells from their downstream lineages in the body.  When they are 

needed, cues from the surrounding environment will bias them to differentiate into the 

necessary lineage (Lodi et al., 2011; Smart and Riley, 2008).  This ability of stem cells to 

differentiate into a diverse array of phenotypes depending on the surrounding environment 

makes them an attractive tool for physicians and researchers searching for new 

treatments for degenerative disorders. Because stem cells can be harvested from a 

person’s  own  body,  cultured   to  adopt   the  preferred   lineage,  and   injected  back   into   the  
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injured area, they do not carry the risks of graft versus host disease or tissue rejection that 

are of concern with other transplant type technologies.   

The osteogenic disorder that adult stem cells have shown the best promise of treating thus 

far is osteoarthritis.  Adult stem cell therapies for osteoarthritis have been thoroughly 

researched for over 20 years and recently several clinical trials have attempted to improve 

symptoms of osteoarthritis using hematopoietic or mesenchymal stem cells (MSCs).  Both 

of these cell types are of mesodermal lineage, and hematopoietic stem cells (HSC) can 

be derived from peripheral blood, bone marrow, thymus, and the placenta.  They express 

CD34 along with other hematopoietic markers and are capable of producing all cells of the 

blood and immune system.  MSCs are found in muscle, adipose, synovial, and periostial 

tissues and express the markers CD105, CD90, and CD73, but not CD45, CD34, or CD14.  

They produce non-hematopoietic mesodermal tissues such as bone, cartilage, and 

adipose tissue.   Though originally the proliferative capacity and chondrogenic activity of 

MSCs from osteoarthritic patients was called into question (Murphy et al., 2002), more 

recent studies have shown that MSCs from osteoarthritic patients show no significant 

differences from healthy MSCs with regard to proliferative capacity or chondrogenic 

activity (García-Álvarez et al., 2011; English et al., 2007; Dudics et al., 2009).  In addition, 

injection of MSCs into animal models of osteoarthritis have slowed progression of the 

disease and prevented the occurrence of posttraumatic arthritis (Diekman et al., 2012; 

Toghraie et al., 2011).  Recently, a clinical trial attempted using injections of autologous 

fat pad stem cells into the knees of osteoarthritic individuals showed promising results; the 

condition of the patients was significantly improved and no major side effects were 

reported (Koh et al., 2012; Koh et al., 2013).  These results indicate that MSCs could 

represent a promising treatment for osteoarthritic conditions, but further tests are needed 
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to assess whether the nature of the osteoarthritic environment into which the cells will be 

injected will support their viability and differentiation before conclusions can be made 

about the appropriateness of this treatment for individual patients.  Currently, there are 20 

different clinical trials underway testing various aspects of stem cell therapies for 

osteoarthritis (NIH clinical trial database); hopefully, valuable information can be gained 

from these and other future studies that will bring us one step closer to developing a safe 

and effective stem cell treatment for osteoarthritis.   

One concern about using MSCs to treat osteoarthritis is the large correlation 

between obesity and osteoarthritic conditions.  According to the Center for Disease 

Control, obesity greatly increases the risk of developing osteoarthritis, and 2 out of 3 obese 

individuals will develop an osteoarthritic condition during their life 

(http://www.cdc.gov/features/osteoarthritisplan).  In addition, obese individuals with 

osteoarthritis are almost twice as likely as individuals of a healthy weight to develop end 

stage disease within 20 years (Athritis Foundation).  Taken together, these statistics 

demonstrate that there is a huge need for better treatments to combat osteoarthritis in the 

obese.  When MSCs from obese patients were compared to MSCs from non-obese 

patients, they showed decreased proliferation, premature senescence, and increased 

cytokine expression (Roldan et al., 2011).  In addition, capacity to differentiate into 

chondrogenic, osteogenic, and adipogenic pathways was impeded by increased levels of 

free fatty acids and dysregulation of the Wnt, Notch, and Hedgehog signaling pathways 

(Roldan et al., 2011; Wu et al., 2012).  These results suggests that treatment with 

autologous MSCs may not be well suited for obese individuals and that new and better 

therapies are needed to address the specific issues of this rapidly growing, high risk 

population.   
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Another hurdle that must be overcome if MSCs are going to be used to treat 

osteoarthritis is the susceptibility of these cells to high levels of endogenous cytokines.  

Several studies have shown that the high levels of inflammatory cytokines present in the 

joints of osteoarthritic patients can impair the differentiation of MSCs and even after long 

periods of in vitro culture, chondrocytes differentiated from MSCs are susceptible to IL-1β  

damage after injection (Wu et al., 2012; Heldens et al., 2012; Boeuf et al., 2012).  Though 

the MSCs themselves have the ability to differentiate normally, it appears that the inflamed 

niche plays a huge role in their lineage commitment and final fate.  Thus, just as cells 

released from the body itself are not adequate to control the pathology and symptoms of 

osteoarthritis, injected stem cells may also suffer defects in efficacy, because of the 

dysregulated nature of the osteoarthritic environment.  In the future, it may be necessary 

to pair stem cell therapies with other treatments that help to stabilize the inflammation in 

the injured area in order to obtain the best possible results from MSC therapy.   

Along with osteoarthritis, adult stem cell therapies have also been suggested for 

osteoporosis.  Though there are fewer studies on stem cell remedies for osteoporosis than 

for osteoarthritis, strides are being made in recent years toward developing stem cell 

remedies for this disorder.  Hematopoietic stem cells (HSCs) differentiated into 

osteoblasts were shown to home to the bone marrow and improve bone deposition, 

mineral density, and micro architecture in mice (Aggarwal et al., 2012), and when 

senescent mesenchymal progenitor cells were replaced with younger ones in aged mice, 

skeletal aging associated with osteoporosis was significantly reduced (Singh et al., 2013).  

Mesenchymal stem cells with a ligand attached that caused them to preferentially home 

to bone caused increased osteogenic differentiation, bone mass, and trabecular bone 

formation in mouse models, suggesting that researchers are starting to be able to 
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overcome the decreased ability of MSCs to make osteoblasts in older age (Guan et al., 

2012).  In human clinical trials, patients suffering from idiopathic osteoporosis, who were 

treated with cord blood HSCs, showed increased levels of insulin like growth factor 1, 

which has been shown to promote bone mineral density (Li et al., 2012).  Though these 

results are encouraging, there has yet to be a human study done that illustrates improved 

bone density after adult stem cell treatment.  In order to evaluate the potential of adult 

stem cells to treat osteoporosis, more studies confirming the positive results in rodent 

models and human studies testing the best cells to use and way to administer them must 

be done.  Research on adult stem cell therapies for osteoporosis is in its infancy as few 

studies can be found addressing the topic before 2012, and this field shows great potential 

for knowledge expansion in the near future.   

2.3.2 Pluripotent Stem Cells 

While adult stem cells present great therapeutic promise given their patient-

specific and tissue specific nature, they do possess a few limitations. They are difficult to 

locate and to isolate, and are not found in all tissues in the body. Their rarity coupled with 

an inefficient in vitro expansion potential makes it difficult to use them in therapy, as large 

numbers of cells are required for transplantation. Consequently, pluripotent stem cells may 

represent a better option for treating osteogenic disorders. Pluripotency describes the 

capability of the cells to differentiate into any type of cell from any of the three germ layers. 

Furthermore, these cells have the capacity to self-renew, or indefinitely make copies of 

themselves (Robertson et al., 1997). Because of these characteristics, pluripotent stem 

cells are of immense interest for use in therapeutics and regenerative medicine in a variety 

of illnesses from severe degenerative disorders like multiple sclerosis to full or partial 



49 

organ regeneration. They express some classical markers that maintain their 

characteristic abilities including Oct-4, a homeodomain transcription factor involved in the 

formation of the inner cell mass in the blastocyst, Nanog, a transcription factor necessary 

to maintain pluripotency via upregulation of downstream factors, and Sox-2, a transcription 

factor thought to be involved in pluripotency via control of Oct-4. Research has shown that 

the absence of these factors results in differentiation, loss of the ability to self-renew, and 

failure of the blastocyst to develop properly (Rodda et al., 2005). There are two types of 

pluripotent cells being used in research: induced pluripotent stem cells and embryonic 

stem cells. 

2.3.3 Induced Pluripotent Stem Cells 

Induced pluripotent stem cells (iPSCs) are a type of pluripotent stem cell artificially 

derived from a somatic cell by expressing a defined set of factors to induce expression of 

a specific set of genes (Fig 2.1). This was first done by Shinya Yamanaka and Kazutoshi 

Takahashi in mouse cells in 2006 (Takahashi et al., 2006) and in human cells in 2007 

(Takahashi et al., 2007).  Each time their studies demonstrated that cells derived by these 

methods were capable of chimera formation, teratoma formation, and in vitro 

differentiation into all germ layers, all required capabilities in order to be classified as 
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pluripotent.  Also, they expressed characteristic endogenous factors of pluripotent cells 

including Oct-4, Sox-2, and Nanog.  
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Figure 2.1: Schematic of induced pluripotent stem cell induction. Fibroblasts are harvested from the 
skin and reprogrammed by inducing expression of Oct 3/4, c-myc, Klf-4, and Sox-2 within the cells, 
typically by viral integration. Pluripotency of resulting cells is verified by standard assays including their 
ability to make chimeric mice, to form teratomas, and to differentiate in vitro into cells of all three germ 
layers. 



51 

One of the main advantages of iPSCs is the lack of ethical concern since their 

derivation does not result in the destruction of an embryo. Combined with the patient-

specific aspect of iPSC-derived cell lines, many researchers have shifted their work toward 

understanding how to differentiate iPSCs into various cells types for therapeutic use, 

mainly in early-onset neurological and metabolic disorders (Egashira et al., 2013). 

However, iPSCs currently present copious shortcomings that have thus far prevented 

them from being an ideal candidate for routine medical usage. Elevated rates of mutation 

and prohibitively high costs, which are concerns with any stem cell based therapy, are 

especially problematic with iPSCs and will be discussed in more detail later on.  In addition, 

studies have shown that iPSCs maintain epigenetic memories from their somatic origin 

(Polo et al., 2010; Kim et al., 2011; Kim et al., 2010), which often dictates their behavior, 

including their propensity to develop into specific cell types (Hu et al., 2010; Kattman et 

al., 2011). This introduces a new level of complexity because scientists must determine 

which iPSCs will work best for their particular disease model before they can begin to carry 

out meaningful research. In an attempt to address this issue, studies have been done 

using bone marrow-derived and adipose tissue-derived mesenchymal stem cells to create 

iPSCs, (Ohnishi et al., 2012), and these cells were able to differentiate into all three germ 

layers. Although promising, the study is quite preliminary and does not address whether 

the osteogenic potential of these iPSCs is any better than that of iPSCs derived from non-

mesenchymal tissues. Moreover, studies have been conducted that have demonstrated 

that fibroblast-derived iPSCs are capable of differentiating into a mesenchymal-like state, 

and later into osteoblasts (Feng et al., 2010), but these studies fail to address whether the 

process is efficient enough to be useful for clinical purposes.  Studies involving the use of 
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iPSCs to treat a specific osteodegenerative disease are rare if non-existent at this point in 

time, and it is clear that much work is needed in this field before human trials can begin.    

2.3.4 Embryonic Stem Cells  

Embryonic Stem Cells (ESCs) are pluripotent cells derived from the inner cell mass 

of a pre-implantation blastocyst, which in vivo will give rise to the embryo proper.  Since 

their discovery in 1981 (Evans and Kaufman, 1981; Martin, 1981), these cells have shown 

immense promise as a tool for disease treatment and tissue regeneration. One of the most 

appealing characteristics of ESCs is their natural plasticity that allows researchers, under 

the correct conditions, to produce high yields of specific cell types, at the desired stage of 

maturity. The derivation of differentiation techniques for ESCs has allowed researchers to 

study their therapeutic potential in the research setting, some of which have progressed 

to clinical trials (http://clinicaltrials.gov).  

Beyond their future promise in the clinic, ESCs also serve as an ideal model for 

osteodegenerative research in the laboratory because defined protocols exist that allow 

researchers to differentiate each of the three cell types involved in these disorders so that 

scientists are able to easily study their interaction in vitro (zur Nieden et al., 2005; zur 

Nieden et al., 2003).  Many osteogenic disorders result in decreased bone density 

resulting from the imbalance between bone resorption and bone formation. Osteoporosis, 

for example, results from a combination of excessive bone resorption and inadequate 

bone formation, impairing the ability of the bone to reach peak bone mass (Raiz, 2005). 

Similarly, osteoarthritis is characterized by a loss in articular cartilage in the joints resulting 

from a molecular imbalance that causes chondrocyte degradation instead of cartilage 

differentiation (Sovani et al., 2013). ESCs give scientists the ability to study the molecular 
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mechanisms of both osteoclasts, which resorb bone, and osteoblasts, which reform the 

bone, in one dish specified from a very early common precursor. Understanding bone 

formation at the molecular level will allow scientists to characterize osteodegenerative 

diseases more specifically, which may open the door for better drug development to treat 

patients with the disease. It will also enhance the prevention of these afflictions by 

enabling researchers and doctors to collaborate in designing better screening processes 

and common markers to identify patients whose genetic makeup or lifestyle behaviors 

render them more susceptible to these diseases prior to their onset. If individuals with a 

predisposition for an osteogenic disorder can be identified early enough in life before onset 

of symptoms, it could be possible to design proactive therapies and dietary supplements 

to prevent them from ever developing an osteogenic disorder.   

In addition to their use as a model, ESCs, like their adult stem cell counterparts, 

have the capacity to regenerate tissues. Because they are grown in vitro rather than 

developing in the body, ESCs must be cultured to obtain a desired progenitor state before 

they are useful as a regenerative agent.  To address this concern, several research groups 

have focused on developing standard protocols for growing transplantation quality cells in 

culture and efficiently differentiating them into a desired lineage.  Specific differentiation 

of ESCs can be directed by manipulating culture conditions and the microenvironment to 

mimic conditions found during in vivo embryogenesis (Valdimarsdotter et al., 2005; Morali 

et al., 2000; Hwang et al., 2009). During in vivo embryogenesis, the cells of the inner cell 

mass initiate early differentiation into three primary germ layers: ectoderm, mesoderm, 

and endoderm through gastrulation (Lu et al., 2001) and the osteogenic lineage is derived 

from the mesoderm or mesenchymal cells of the ectodermal neural crest (Keller and zur 

Nieden, 2011). Differentiation of ESCs in vitro by removing the feeder cell layer or soluble 



54 

differentiation inhibiting agents that are typically added to undifferentiated ESCs and 

allowing the cells to aggregate on low adhesion plates (Kurosawa et al., 2007), or form 

embryoid bodies (EBs) (Itskovitz-Eldor et al., 2000) have become standard methods in 

most stem cell laboratories.  More recently, several groups have identified specific factors 

such   as   β-glycerophosphate, ascorbic acid, dexamethasone, retinoic acid and 1,25-

hydroxy vitamin D3, that can be applied to preferentially induce in vitro osteogenic, 

chondrogenic, or osteoclastic lineage differentiation from spontaneously derived cells 

within the EB (Rudnicki et al., 1987; Buttery et al., 2001; Kawaguchi et al., 2005; Woll et 

al., 2006; Bielby et al., 2005; zur Nieden et al., 2003; Warotayanont et al., 2009; 

Arpornmaekilong et al., 2009).  Because pure cell populations are a necessary 

prerequisite to any study that would utilize ESC derivatives in human patients, studies 

such as these are a necessary first step to harnessing the power of ESCs for future clinical 

use.   

Along with pure populations, large numbers of cells are also needed for clinical 

treatments.  To meet this need, several research groups have focused on the 

enhancement of mesenchymal progenitors, either from the mesoderm or ectoderm, in 

order to obtain a greater number of osteoblasts per culture. This has been accomplished 

by co-culture with hepatic cells or by the use of conditioned medium from hepatic cells or 

hepatocarcinoma cell lines (Rathjen et al., 1999; Mummery et al., 2002; Hwang et al., 

2006), as these cells are part of the visceral endoderm, which plays an important role in 

inducing mesoderm formation in vivo (Lu et al., 2001). Further studies have drawn upon 

the knowledge that craniofacial bone is derived from the neural crest during development 

and have investigated the propensity of neural crest stem cells to differentiate into bone 

(Lee et al., 2007), an advancement that could prove very useful in the treatment of calvarial 
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defects and head trauma injuries. As the ability to culture large numbers of cells in a short 

period of time becomes a reality, ESCs are an increasingly viable option for tissue 

regeneration.   

Because treatments for bone disorders must stabilize the injured area while 

allowing for regeneration of dead or damaged cells, a scaffolding mechanism is a 

necessary component of any viable treatment for disorder such as osteoporosis.  Several 

recent studies have attempted to develop viable scaffolds for implantation with ESCs. 

Expression of osteogenic markers such as alkaline phosphatase and osteocalcin were 

greatly enhanced in human ESC cultures on 3D PLGA scaffolds in comparison with the 

same cells cultured in a 2D environment (Tian et al., 2008). Furthermore, self- assembling 

peptide structures made of commercially available peptides such as RAD16-I peptide or 

Peptide Hydrogel were used to encapsulate ESC-derived EBs and the entrapped cells 

within these hydrogels differentiated into osteoblast-like cells (Garreta et al., 2006). 

Moreover, successful bone tissue formation by ESC-derived osteoblasts was achieved in 

studies involving the subcutaneous implantation into immuno- deficient mice (Kim et al., 

2008) of bone morphogenetic protein (BMP)-inoculated 3D scaffolds composed of PLGA 

and hydroxyapatite, as delivery vehicle for generating bone-like tissue in vivo.  

Though ESCs are currently far behind their adult stem cell counterparts with regard 

to usefulness in the clinic, huge strides have been made in the last decade toward making 

these cells a viable option for regenerative medicine. Considering that human ESC 

therapies were only conceived within the last two decades and that public funding for 

research using them has been restricted for considerable portions of their existence, the 

field has made remarkable progress in a short period of time.  Publications utilizing ESCs 
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for research have grown at an exponential rate over the last decade, and with so many 

people studying their possible clinical use, it is only a matter of time before ESC treatments 

for osteo- and other degenerative disorders are successful in animal models and make 

their way into the clinic.  Currently, ESC treatments for osteodegenerative disorders are 

in their infancy, and within the next few years this field will experience tremendous growth 

and could possibly overtake adult stem cells as the best clinical option for treating patients.  

There are, however, large obstacles to widespread clinical use of ESCs that must be 

overcome, and these will be expanded upon below (Table 1).   

2.4 Conclusion and Future Perspectives 

 Though ESCs may, in the future, lead to new therapies for osteodegenerative 

disorders, there are still many issues to be worked out concerning these technologies.  

Ethical concerns over the origin of these cells must be appeased so that governments will 

be more open to providing research funds for ESC studies and the public will need to have 

a more favorable opinion of these technologies. In the United States, the federal 

government currently regulates funding for research involving ESCs, with state 

legislatures also having another measure of control.  Outside of America, countries vary 

widely in their acceptance of ESCs.  The European Union has no official stance on the 

issue, and European countries tend to take one of four positions: permissive, permissive 

with restrictions, restrictive, or no positions because of ambiguity in government rulings 

(Druml, 2009).  Likewise, Asian countries also differ considerably in their policies, with 

China having the most permissive stances in the world (Dhar and Hsi-En Ho, 2008).  As 

society evolves and people live longer, it will become more important to examine moral 

beliefs that prohibit scientific advances leading to cures for degenerative conditions.   
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Culturing of ESCs must also become more cost effective, as presently many of the 

sera and growth factors used in culture and differentiation are so expensive that cost 

prohibits use in the clinic (Prescott, 2011).  Additionally, because therapies of this nature 

are still considered experimental, most insurance companies do not cover the costs 

(http://heinonline.org/), meaning that for the average patient, this kind of treatment is out 

of reach.  Furthermore, many of these cells are still cultured in serum or matrices derived 

from non-human mammals, which presents another challenge because of the introduction 

of animal byproducts into the human body that must be overcome before clinical use. In 

addition, new methods must be developed that will improve the purity of populations of 

cells derived from stem cells, so that patients can be assured that they are receiving only 

the cells they need and not undifferentiated cells that may lead to cancer later in life.  In 

2009, a boy treated for a neurodegenerative disorder with fetal stem cells developed 

tumors in his brain and spinal cord that were found to have originated from the 

transplanted cells (Amariglio et al., 2009).  Though the safety practices in the clinic where 

the treatment were performed have been called into question, this study highlights the 

potential dangers of stem cell therapies. Indeed, ESCs mutate at a very high rate (Gore 

et al., 2011; Sverdlov et al., 2013), and unless these mutations can be controlled, the risk 

of cancer may outweigh the potential benefits of these cells in regenerative medicine.   

Whereas adult stem cells have been used to treat various disorders since 1959 (Thomas 

et al., 1959), the potential value of ESCs was not realized until the 1980s and it is only 

within the last fifteen to twenty years that stem cell therapies have been seriously 

considered as treatment options.   

Because the field is so new and many characteristics of ESCs remain poorly 

understood, more preliminary studies in animal models addressing safety concerns are 
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needed to perfect the science of stem cell differentiation before clinical use is truly feasible.   

These cells hold tremendous potential for treating osteodegenerative disorders, but 

foundational basic research leading to near complete understanding of their 

characteristics and differentiation potential must be completed before moving on into the 

clinical phase of research.  The breadth of knowledge concerning stem cell properties and 

abilities is constantly increasing at a very high rate.  Already, researchers are 

experimenting with completely animal free culture conditions for stem cell expansion 

(Escobedo-Lucea et al., 2012), a necessary prerequisite to widespread clinical use.  

These obstacles should be completely overcome in the near future.  Within the next 

decade, it is completely feasible that scientists will have mapped the cellular and 

transcriptional pathways controlling the self-renewal and differentiation of these very 

special cells.  Armed with this newfound knowledge, researchers will be able to carefully 

control the renewal function of stem cells so that they can be transplanted into patients 

without the concern of causing a tumor.  In addition, studies will better define the optimal 

microenvironment for stem cell differentiation so that mesenchymal cells can be more 

robustly differentiated from pluripotent stem cells and patients can be pretreated with 

supplements that will ensure survival and proper integration of stem cells into the 

surrounding tissue.  Finally, stem cell culture will become more refined so that mass 

production at low cost is possible, so that these treatments are accessible to all patients 

in need, and not just those who are extremely wealthy.   
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2.5 Executive Summary 

2.5.1 Need for Stem Cell Therapies 

Current therapies for osteodegenerative disorders, which are increasing in 

incidence rapidly as people live longer and become more obese, are inadequate and 

prone to devastating side effects; therefore, new treatments for these disorders are 

urgently needed. Stem cell therapies are an attractive option as a possible remedy for 

osteodegenerative disorders.   

2.5.2 Adult Stem Cells 

Over the last decade, many promising advances have been made concerning adult 

stem cells for the treatment of osteogenic disorders, but the inflammatory 

microenvironment of niches in the most at risk populations must be controlled if these 

remedies are to be used widely in the clinic.   

2.5.3 Pluripotent Stem Cells 

Though induced pluripotent stem cell therapies are attractive because of their patient 

specificity and lack of ethical concerns, these technologies are in their infancy and must 

be further developed in order to be realistic options for medical applications.   

Embryonic Stem cells may, in the future, be the ideal treatment for osteogenic 

disorders, but problems related to tumor formation, animal contamination, and high cost 

must be worked out before they will become common in the clinical setting.   
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Table 2.1: Comparison of embryonic, induced pluripotent, and adult stem cells 

 ESCs iPSCs Adult Stem Cells 

Ethical Concerns High, generations 
of ESCs involves 
the destruction of 
an embryo 

None, derived from 
reprogrammed 
adult tissue 

None, derived from 
adult tissues 

Therapeutic 
Capacity 

Promising, ESCs 
have the most 
potential in 
differentiating into 
cell types of all 
three germ layers 

Promising but 
limited. iPSCs tend 
to maintain a 
‘memory’  from  their  
original tissue and 
have a propensity 
to differentiate into 
cells of that lineage 

Promising, but 
limited. Adult cells 
are limited 
throughout the 
body and are 
difficult to isolate 
and purify  

Limitations Teratoma 
formation, 
differentiation 
efficiency, 
possibility of 
immune rejection 

Teratoma 
formation, 
differentiation 
efficiency, use of c-
myc to reprogram 
cells 

Number of cells are 
limited, difficult to 
culture ex vivo, 
limited 
differentiation 
capacity, not 
alltissued have 
adult stem cells 

Clinical Trials Just beginning Not yet approved in 
the USA, approved 
abroad 

Widespread 
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Chapter 3: MiR-690 promotes osteogenesis by controlling Ctnnb1 
expression during early embryogenesis  

 

3.1 Abstract 

MicroRNAs (miRNA) are small non-coding RNAs with greatly recognized 

regulatory potential for development. They have been extensively characterized in 

relation to a variety of developmental processes and diseases. Though their potential for 

regulating bone development is aptly recognized, it often relegated to more indirect 

regulators of osteogenesis such as SMADs, which control osteogenesis by modulating 

BMP signals. This study examined one particular miRNA, miR-690, a relatively 

uncharacterized miRNA, and its role as a positive regulator of osteogenesis through 

direct modulation of Wnt/beta-catenin signaling. Our results showed that miR-690 

directly targeted Ctnnb1, a well-characterized and crucial regulator of bone development, 

and that overexpression of miR-690 resulted in enhanced mineralization of cultures by 

day 30. Studies at earlier developmental time points showed that, following a brief initial 

downregulation, miR-690 resulted in an accelerated upregulation of CTNNB1 around 

three days after transfection. We also observed that early overexpression of miR-690 

resulted in decreased BRACHYURY expression, and consequently an increase in PAX7 

expression, but defective osteogenesis, demonstrating that miR-690 regulates cell fate 

decisions following gastrulation. Finally overexpression of miR-690 enhanced expression 

of genes associated with neural crest migration and differentiation, introducing a novel 

role of miR-690 in mesenchymal differentiation during neural crest-derived osteogenesis. 

Our data suggest that miR-690 promotes osteogenesis by controlling the phasic 

expression to CTNNB1 and thus its downstream targets.  
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3.2 Introduction 

Documented interest in bone development began in the early 20th century, when 

many surgeons began to characterize a common congenital bone disease known as 

osteogenesis imperfecta (Bauer, 1954). With the dawn of genetic studies in the 1950s, 

researchers have been able to identify several diverse factors involved in osteogenesis, 

(zur Nieden et al., 2003; Kokabu et al., 2016; Chen et al., 2013; Ehnes and Price et al., 

2015; Ehnes and Geransar et al., 2015), but this diversity engenders an abundance of 

molecular complexity, making it difficult to establish a definitive developmental signature 

for osteogenesis. Given the multifarious signaling pathways identified and conflicting 

findings of the studies, a definitive understanding of how bone develops remains 

obscure. 

For example, some studies find that active Notch signaling inhibits osteoblast 

differentiation (Sethi et al., 2012; Canalis et al, 2016), instead promoting osteoclast 

differentiation (Jin et al., 2016; Ashley et al., 2015). Still others cite Notch as essential for 

bone development, maintaining that it is necessary for bone fracture repair (Wang et al., 

2016), although they acknowledge that the mechanism by which this occurs is unclear.  

Also contributing to the uncertainty is the inherent complexity of the signaling pathways 

themselves. Another level of complexity stems from the wide network within a single 

signaling pathway. For example, Transforming Growth Factor beta/Bone Morphogenetic 

Protein (TGFβ/BMP) signaling has both canonical and non-canonical arms that are 

involved in a variety of developmental processes (Miyazono et al., 2000; MacDonald et 

al., 2009) including bone development. Canonical TGFβ/BMP has been associated with 

the control of both intramembranous and endochondral ossification (Chen et al., 2012) 
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as well as the control of bone resorption (Yasui et al., 2011), while non-canonical 

TGFβ/BMP is associated with proliferation, early differentiation, and commitment to the 

osteoblastic lineage (Matsunobu et al., 2009). Other pathways identified with significant 

roles in bone development include fibroblast growth factor (FGF) (Mukherjee et al., 

2005; Sasaki et al., 2006), Indian Hedgehog (Ihh) (Zhang et al., 2005), and other 

hedgehog signaling pathways (Briggs et al., 2016) that are capable of extensive cross-

talk with each other.  

One of the most well studied pathways after BMP signaling in osteogenesis is 

Wnt signaling. Wnt signaling also has a certain level of complexity, with both canonical 

and non-canonical Wnt signaling necessary throughout bone development (zur Nieden 

et al., 2007, Nemoto et al., 2012). Canonical Wnt relies on a transcriptional co-activator 

called beta-catenin (Ctnnb1) that plays crucial roles in regulating embryonic patterning 

and development of a variety of cells types during early embryogenesis (Heasman et al., 

1994; Fagotto et al., 1997; Undi et al., 2015; Kobayashi et al., 2015; Libro et al., 2016), 

and has been shown to regulate a variety of cell fate decisions, including those involved 

in cell cycle control, differentiation, proliferation, and cell polarity (MacDonald et al., 

2009). While both canonical and non-canonical Wnt play an important role in 

osteogenesis, several studies over the last two decades have demonstrated the 

fundamental importance of Ctnnb1 during nearly every stage of bone development and 

homeostasis, from patterning in the embryo, to control of bone remodeling, to fracture 

repair (Baron and Rawadi, 2007). Several early studies indicated that Ctnnb1 was 

expressed in bone tissue (Hunter et al., 2001; Monaghan et al., 2001), however there 

were no studies to indicate a direct role for Ctnnb1 in osteoblastogenesis. To determine 

whether this relationship existed, researchers expressed stabilized CTNNB1 in 
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mesenchymal stem cells and found an increase in expression of alkaline phosphatase 

(ALP), which hydrolyzes pyrophosphate into inorganic phosphates to serve as 

intracellular signaling molecules (Langenbach and Handschel, 2013), along with a 

cellular morphology consistent with BMP-2-induced osteogenesis (Bain et al., 2003). 

Further studies examining the in vivo role of Ctnnb1 in osteogenesis found that 

conditional deletions of Ctnnb1 in head and limb mesenchyme resulted in an inhibition of 

osteoblast formation and produced skeletal tissue comprised primarily of cartilage (Day 

et al., 2005). These studies suggested a role for beta-catenin in promoting an 

osteoblastic lineage commitment as opposed to a chondrocytic one. At later stages 

following lineage commitment, beta-catenin is directly responsible for regulating the 

expression of Runx2 (Dong et al., 2006), a master osteoinductive transcription factor that 

controls the metabolism and mineralization of bone via expression of osteoblast-specific 

Osteocalcin, which, incidentally, is also regulated by beta-catenin (Kahler and 

Westendorf, 2003). While the aforementioned short-term studies noted that gain-of-

function Ctnnb1 studies resulted in more osteoblastic lineage commitment, long-term 

studies noted that gain-of-function Ctnnb1 gave the same impaired bone phenotype as 

loss-of-function studies (Hill et al. 2005), highlighting not only the importance of beta-

catenin itself, but the importance of its tempo-spatial regulation. 

In addition to the definitive role Ctnnb1 plays in osteoblast lineage commitment, 

evolutionary studies have shown that Ctnnb1 is broadly conserved as a necessary 

component in promotion of both ectomesenchyme (Holland et al., 2005) and 

mesodermal (Brunet et al., 2013) identity, the two embryonic tissues from which the 

skeleton is derived. Moreover, recent studies have indicated that beta-catenin is a 

necessary component in the regulation of osteoclast precursor proliferation (Wei et al., 
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2011), but is also capable of preventing osteoclast maturation to control bone mass 

(Spencer et al., 2005; Glass et al., 2006), indicating the overall importance of beta-

catenin regulation in proper bone development and maintenance, and highlighting the 

complexity of the signaling that governs it. 

Another important discovery in the molecular regulation of bone development has 

been the implication of miRNAs as essential players during the developmental process. 

MiRNAs are a class of short 22-23 nucleotide single-stranded non-coding RNAs involved 

in suppressing gene or protein expression in a variety of fundamental processes 

including development (Van Wynsberghe et al., 2011). MiRNAs were identified in the 

last 20 years (Lee et al., 1993), and a role for miRNAs in bone development was only 

identified in 2008 (Suomi et al.; Mizuno et al., 2008). However, most studies have been 

focused on misregulation in various cancers (Dong et al., 2016; Xin et al., 2016; Okato et 

al., 2016; Zhang et al., 2016), and the few that have been associated with specific 

mechanisms related to osteogenesis are linked with BMP2-mediated osteogenesis. For 

example, miR-135 targets Smad5, which codes for a transcriptional modulator, and 

thereby inhibits BMP-2-induced osteogenesis (Li et al., 2008), while miR-141 and its 

homolog miR-200a are involved in BMP-2-induced pre-osteoblast differentiation by 

downregulating the craniofacial mesenchyme marker Dlx5 (Itoh et al., 2009) in a stage 

specific fashion. There are also studies associated with later stages of bone 

development like miR-93 and miR-31 which have been found to mediate mineralization 

by regulating expression of Osterix, a transcription factor that promotes expression of 

Collagen1a1 (Col1a1), among other osteoinductive factors (Yang et al., 2012; Baglio et 

al., 2013). There are also miRNAs that negatively regulate osteoblast differentiation, 

such as miR-204/miR-211 by targeting Runx2 and Osteocalcin (Huang et al., 2010).  
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Of the handful miRNAs currently been associated with a role in bone 

development, only a few have been linked to Wnt signaling, primarily with its negative 

regulation. Some are able to antagonize active Wnt signaling. For example, miR-26a 

was found to target the serine-threonine kinase glycogen synthase kinase beta (Gsk3β), 

a direct inhibitor of beta-catenin, promoting the osteogenic differentiation from bone 

marrow-derived mesenchymal stem cells (Wang et al., 2015), while miR-142-3p was 

found to target adenomatosis polyposis coli (Apc), another negative regulator of 

CTNNB1 (Hu et al., 2013). Others are capable of indirectly regulating canonical Wnt, 

such as miR355-5p, which was found to promote canonical Wnt signaling by targeting 

the canonical Wnt antagonist Dickkopf-1 (Zhang et al., 2011).  

Given the multiplicity of the information available, and the circuitous mechanisms 

of several miRNAs currently associated with early bone development, we sought to 

identify miRNAs that were responsible for controlling the early commitment of cell 

populations with subsequent osteogenic potential.  A prior screen using a miRNA 

microarray and lysates from osteogenically differentiating ESCs identified 27 

differentially expressed miRNAs at time points during which ESCs undergo gastrulation 

(d3) and neural crest induction (d3-9) (see chapter 1). The research presented here 

examines one particular miRNA, miR-690, which was the second most potent mRNA 

upon overexpression and which directly controls Ctnnb1 (chapter 1). MiR-690 has 

previously been identified in several screens (Tang et al., 2009; Sephic et al., 2011, 

Hunsberger et al., 2013), but remains relatively unstudied. This past year, Yu and 

colleagues acknowledged the osteogenic potential of miR-690, though their studies 

focused on the indirect upregulation of miR-690 via NF-κB regulation. The results 

presented in this chapter confirm the positive osteogenic effect of miR-690 on murine 
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embryonic stem cells as a model for embryonic development. This study represents the 

first investigation into its control of early differentiation events by directly targeting 

Ctnnb1. 

 

3.3 Materials and Methods 

3.3.1 Cell culture  

D3 Murine embryonic stem cells (ESCs) (American Culture Type Collection) 

were expanded in monolayer cultures containing Dulbecco’s Modified Eagles Medium 

(DMEM) (Gibco) supplemented with 4.5 g/L D-glucose, 15% fetal calf serum (FCS) 

(selected batch, Sigma-Aldrich), 50 U/mL penicillin, 50 μg/mL streptomycin, 1% Minimal 

Essential Medium (MEM) non-essential amino acids (Gibco), 0.1 mM β-mercaptoethanol 

(Sigma-Aldrich), and 1000 U/mL leukemia inhibitory factor (LIF) (Gibco) to maintain 

pluripotency. To initiate differentiation, cells were dispersed as a single cell suspension 

by treatment with 0.25% Trypsin/EDTA (Cellgro), and switched to a media containing 

15% FCS lacking LIF supplementation in a hanging drop system as described by Heuer 

et al. (1993). On day 5, embryoid bodies were trypsinized and replated as a monolayer, 

at a concentration of 50,000 cells/cm2 in the presence of 10 mM β-glycerophosphate and 

25 μg/mL ascorbic acid (25 μg/mL), and 5 × 10−8 M 1α, 25(OH)2 vitamin D3 (zur Nieden 

et al., 2003).  

Dgcr8-/- ESCs (Wang et al., 2007) were a kind gift from Dr. Robert Blelloch 

(University of California, San Francisco). H9 human embryonic stem cells (hESCs) from 

WiCell were cultured in Matrigel pre-coated plates with mTeSR (Stem Cell 

Technologies). Confluent cells were passaged with accutase. Differentiation was 
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initiated from overgrowing cultures for 4 days after which osteogenic supplements as 

described above were added on day five of differentiation. Medium was changed every 

two days. 

Human bone marrow-derived mesenchymal stem cells (hMSCs; Extem 

Biosciences) were from a 26-year-old Caucasian male (Lot No. 60515) and cultured on 

uncoated plastic in media comprised of 15% FCS (Atlanta Biosciences), 50 U/mL 

penicillin, 50 μg/mL streptomycin (Gibco), and 10 μg/mL basic fibroblast growth factor 

(bFGF) in DMEM/F-12 Nutrient Mixture (Stem Cell Technologies), as described by Doan 

et al. (2012). To induce differentiation, hMSCs were allowed to grow to 70% confluency 

and then switched to osteogenic medium. 

O9-1 murine neural crest stem cells (Ishii et al., 2012) were a kind gift from Dr. 

Robert Maxson (University of Southern California) and were cultured on Matrigel-coated 

plates in a medium comprised of 15% FBS, 0.1 mM nonessential amino acids, 1 mM 

sodium pyruvate, 55  μM β-mercaptoethanol, 100 U/mL penicillin, 100 μg/mL 

streptomycin, and 2  mM L-glutamine in DMEM, and supplemented with 25 ng/mL bFGF 

and 1,000  U/mL LIF. To induce differentiation, O9-1 cells were allowed to grow to 50% 

confluency and then switched to osteogenic medium. 

 

3.3.2 pmirGLO target expression vector cloning and transfection 

To generate miRNA expression plasmids, the pSuper vector system 

(Oligoengine) was used according to the manufacturer’s protocol. Oligonucleotides 

containing the mature miRNA sequence for miR-scr (as a control) and miR-690 

(EuroGenTech) were cloned into the pSuper plasmid according to manufacturer protocol. 

Briefly, the oligonucleotides contained the specific target sequence, and either a Bgl II 
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(forward primer) or a Hind III (reverse primer) restriction site, and a sequence that 

facilitates the resulting transcript to fold back on itself to form a 19bp stem-loop structure. 

For cloning, 3 mg/ml of the forward and reverse primer were annealed in annealing 

buffer, by heating them for 5 minutes at 95°C and then stepwise cooling to room 

temperature. The annealed oligonucleotides were subsequently ligated into the Bgl II 

and Hind III restriction sites in the multiple cloning site of the pSuper.neo vector 

(Brummelkamp et al., 2002).  

Cells were transiently transfected using the Qiagen Effectene Transfection Kit, 

using 1 µg of DNA per 7.5 x 106 cells. Effectene reagent was used at a ratio of 1:10 

DNA-Effectene reagent. Transfection occurred either on day 5 of differentiation or during 

routine passage to determine the 24- and 48-hour effects of miRNA overexpression. For 

stable transfections, 1 µg of linearized plasmid was used as above and stable clones 

selected using neomycin (zur Nieden et al., 2005). Stable integrants were identified with 

a PCR screen for the neomycin gene as described (zur Nieden et al., 2005).  

To verify if miR-690 directly targeted Ctnnb1, we used the pmirGLO vector 

(Promega). The vector was prepared according to manufacturer protocol.  Briefly, the 3’-

untranslated region (UTR) sequence of beta-catenin was obtained from the NCBI 

database and modified to be flanked by Hind III restriction sites. This sequence was then 

used to design specific RT-PCR primers using the Primer3 online primer design software. 

The fragment was then PCR amplified using a 3-step/32-cycle protocol. Both the 

pmirGLO vector and the 3’-UTR fragment of Ctnnb1 was digested with Hind III (New 

England BioLabs) restriction enzyme and the oligos were diluted to 4 ng/µL and mixed 

with 50 ng of linearized plasmid and T4 DNA ligase (10 µg/µL), and incubated overnight 

at 16˚C. Resulting plasmid was transformed into JM109 chemically competent cells by 
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heat shocking the cells for 2 minutes at 42˚C. Transformed cultures were streaked on 

agar plate containing ampicillin. Resulting colonies were inoculated into lysogeny broth 

(LB) for expansion, and isolated using a Maxi-prep Plasmid Purification Kit (Qiagen).  

Plasmid was co-transfected into HeLa cells with either pSuper-miR-690 or pSuper-miR-

scr and luciferase activity was monitored using the Promega Luciferase Assay Kit, 

according to manufacturer instructions.  

3.3.3 Biochemical determinations 

Cells were rinsed in Phosphate Buffered Saline (PBS) and lysed in 

Radioimmunoprecipitation Assay (RIPA) buffer [150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% 

sodium dodecyl sulfate (SDS), 1% Triton X-100, 1% deoxycholate, and 5 mM 

Ethylenediaminetetraacetic acid (EDTA) containing protease inhibitors (Halt Protease 

Inhibitor, Thermo Fisher Scientific). Using the DC Protein Assay Kit (Biorad), an aliquot 

of lysate was mixed with the colorimetric substrate, incubated for 15 minutes, and the 

absorbance measured at 750 nm. To assess calcium concentration, the lysate was 

exposed to the calcium-reactive reagent Arsenazo III (Genzyme). Absorbance was 

measured immediately at 650 nm and normalized to corresponding protein concentration 

to yield a result units of mg Ca2+/mg protein (Davis et al., 2011). ALP measurement, an 

aliquot of RIPA lysate from collected samples was exposed to p-Nitrophenylphosphate, 

an ALP substrate (Sigma-Aldrich). Absorbance at 405 nm was taken immediately, and 

again after a 30 minute incubation at 37˚C. ALP activity was normalized to the 

corresponding protein concentration (Davis et al., 2011). Levels of inorganic phosphate 

in mineralized cultures were measured using a Piper Assay Kit (Invitrogen). Cell lysates 

and potassium phosphate (KH2PO4) standards were incubated with Amplex Red reagent 

for 30 minutes at 37˚C and the absorbance measured at 565 nm.   
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3.3.4 Von Kossa and Alizarin Red S staining 

Alizarin Red S and Von Kossa Stains were used to visualize mineralized calcium in fixed 

cultures. For Alizarin Red S staining, cells were washed with 1x PBS (without Ca2+/Mg2+), 

to remove residual medium, then fixed with methanol/acetone (7:3) at −20°C for 30 min. 

Fixed cells were rinsed with PBS and overlaid with 2% (w/v) Alizarin Red S for 10 

minutes at room temperature, and then extensively washed with one wash each of 

descending alcohol concentrations (100%, 90%, 80%, 70%) and a final time with 1xPBS. 

For Von Kossa staining, cells were fixed as described above and overlaid with 5% (w/v) 

silver nitrate for 60 minutes in direct sunlight. Cells were then washed with deionized 

H2O and imaged using a standard inverted microscope without phase contrast. 

 

3.3.5 Protein preparation, SDS-PAGE, and western blot analysis  

In preparation for protein collection, cells were pretreated with sodium 

orthovanadate (Na3VO4) (tyrosine phosphatase inhibitor, 1 mM) for 30 minutes and 

washed with 1X PBS prior to lysis. For whole cell protein lysates, cells were lysed with 

RIPA (10 mM Tris pH 7.2, 10 mM sodium chloride, 0.1% sodium dodecyl sulfate, 1% 

Triton X-100, and 1% sodium deoxycholate) supplemented with 10 mM NaF, 1 mM 

Na3VO4, 1 mM PMSF, and 1x protease inhibitor cocktail (Sigma-Aldrich) and 1x 

phosphatase inhibitor cocktail (Thermo Fisher). For fractionated protein lysates, cells 

were lysed using the Thermo Scientific Nuclear and Cytoplasmic Extraction Reagent Kit 

(NE-PER), according to kit instructions. Lysis buffers were supplemented with 1 mM 

Na3VO4 and 1x phosphatase inhibitor cocktail. Cytoplasmic and nuclear protein extract 

concentrations were measured with the DC protein assay kit (BioRad). SDS-PAGE gels 

were prepared at a 10%/6% acrylamide concentration for separation/collection, 
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respectively. Protein samples were prepared using 30 μg of protein and 1x Laemmli 

loading buffer with bromophenol blue dye in a total volume of 30 µl. Gels were run at 

160V for 3 hours. Proteins were transferred to a Polyvinylidene fluoride (PVDF) 

membrane (Roche) overnight at 4°C, 30V. Transferred membranes were blocked 

overnight at 4˚C in 5% milk/PBS solution, incubated overnight with the corresponding 

primary antibodies (see table 1) and subsequently incubated with the appropriate HRP-

conjugated secondary antibody (Cell Signaling Technologies) for 2 hours at room 

temperature. Antibody binding was detected using SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Scientific).  

 

3.3.6 RNA isolation, RT-PCR, and real-time quantitative PCR 

Total RNA was isolated using the Quick RNA Kit (Zymo Research) according to 

the manufacturer's instructions with on-column DNase I digestion. The amount of RNA 

was determined using a UV-Vis spectrophotometer, and 625 ng total RNA was used as 

a template for cDNA synthesis with 80 U RevertAid Reverse Transcriptase (Thermo 

Fisher) in a total reaction volume of 25 μL containing 0.5 mM dNTPs, 50 U RiboBlock 

RNase inhibitor (Thermo Fisher), and 3 µg/µL random primer (Thermo Fisher) in 1x 

reaction buffer containing 20 mM MgCl2. Aliquots of 25 ng of cDNA were used for 

amplification performed with specific primers (see table 2) and amplified using a program 

of 10 min at 25˚C, 50 min at 42˚C, and 15 min at 70˚C. PCR reactions were run in a 3-

step, 38-cycle (45s at 94˚C, 45s at 60˚C, 60s at 72˚C, each cycle) PCR program, with 

the exception of Gapdh, which was run on a 3 step, 34-cycle program. Products were 

visualized on 3% agarose gels containing 0.1 μg/ml ethidium bromide. Quantitative real-

time PCR analysis was performed in a BioRad MyQ5 detector. The accumulation of 
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reaction products during PCR was monitored by measuring the increase in fluorescence 

caused by the binding of SYBR® Green (BioRad) to double-stranded DNA. Reaction 

mixtures were set up as suggested by the manufacturer. Samples were run in a BioRad 

MyQ5 thermocycler using  

 

a 2-step/40cycle program. Target gene Ct values were calculated using the delta delta 

Ct method (Livak and Schmittgen, 2001), and were standardized against Gapdh 

expression. 

 

3.3.7 Flow cytometry 

Cells were detached from culture by treatment with 0.25% Trypsin/EDTA 

(Cellgro). After neutralizing the enzyme and washing, live cells were suspended and 

permeabilized in 0.1% Triton-X for 15 minutes at room temperature where necessary, 

then washed and incubated for 30 minutes at 37˚C with 1 µg of primary antibody (see 

table 1). Cells were washed again following primary antibody incubation and then 

incubated with 0.5 µg of Alexafluor-conjugated secondary antibody (Life Technologies, 

see table 1). Both antibodies were diluted in a PBS/10% FBS solution. Following 

incubation, cells were washed in 1x PBS, spun down, and resuspended in a sorting 

solution containing 1% FCS in 1X PBS and filtered. Cells were analyzed using a 

standard three-channel flow cytometer (BD). Cells were gated using corresponding 

samples that were stained with secondary antibodies only, and 10,000 events per 

sample were registered.  
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3.3.8 Immunocytochemistry 

Cultures were fixed with 2% paraformaldehyde (PFA) in PBS for 30 minutes at 

4°C. Unspecific binding was blocked with 10% FBS, 0.5% bovine serum albumin (BSA) 

in 1x PBS for 30 minutes at room temperature. Primary antibodies (see table 1) were 

used at 10 μg/mL. Cells were overlaid with the first antibody in blocking solution and 

incubated at 4°C over night. The secondary antibodies (Life Technologies, see table 1), 

the corresponding IgG (H+L) Alexa Fluor-conjugated (Invitrogen), and the 4',6-

diamidino-2-phenylindole, dihydrochloride (DAPI) nuclear stain (Thermo Fisher) were 

diluted at 1:200 and 1:100 respectively, in blocking solution and applied to the cells for 

2 hours at room temperature. Cells were imaged with a Nikon Ti-S fluorescent 

microscope. 

 

3.3.9 Sequence alignment and bioinformatics 

Several databases were used to check for miRNA targets including 

targetscan.org and mirdb.org, however the most reliable and comprehensive database 

was the miRanda database at microrna.org (Betel et al., 2008). They use the miRSVR 

score (Betel et al., 2010), a regression method for predicting likelihood of target mRNA 

down-regulation from sequence and structure features in microRNA/mRNA predicted 

target sites. The algorithm ranks target sites using a “downregulation score”, allowing for 

efficient in silico target screening prior to in vitro testing.  

Clustal Omega (Sievers et al., 2014) is a completely rewritten and revised 

version of the widely used Clustal series of programs for multiple sequence alignment 

that uses the mBED algorithm for calculating guide trees, allowing for very large 

alignment problems to be addressed on personal computers. The accuracy of the 
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program is due to the usage of the HHalign method for aligning profile hidden Markov 

models. This program was used to generate conservation profiles of the 3’UTR of the 

target and the miRNA between several species.  

 

3.3.10 Statistical analysis 

Quantitative data are presented as mean ± standard deviate (±SD). Comparison of two 

groups was made using Student’s t-test for unpaired data. Comparison of more than two 

groups was conducted using One-Way ANOVA. A p-value of above or equal to 0.05 was 

considered significant, where p≤0.05 is assigned one star, p≤0.01 is assigned two stars, 

and p≤0.001 is assigned 3 stars. 

 

3.4 Results 

3.4.1 Overexpression of miR-690 results in enhanced mineralization by day 30 

In order to determine how miR-690 might be involved in osteogenesis, we 

transiently transfected differentiating cells with a plasmid that constitutively expressed 

miR-690 (miR-690t). As part of the initial screen that identified miR-690, we observed an 

endogenous downregulation of the miRNA on day 3 of differentiation (Fig 3.1A, compare 

Chapter 1, Fig 1.7). In order to investigate how that expression pattern might be 

important to later osteogenesis, we overexpressed miR-690 on day 3 to abrogate the 

endogenous downregulation. Compared to control cells, cultures in which miR-690 was 

overexpressed on day 3 exhibited much fewer black mineralized cells (Fig 3.1B). This 

decreased mineralization was confirmed by a 50% decrease in ALP activity (Fig.3.1C), 

and a more than 80% decrease in mineralized calcium (Fig. 3.1D).  

When we overexpressed miR-690 at a later time point (day 5), we observed a 



   82 

very apparent increase in mineralization in the cultures as early as day 15 of 

differentiation, recognizable as a greater presence of dark black spots in the images (Fig 

3.1D), which are caused by mineralized cells that do not let light pass through the 

sample (zur Nieden et al., 2007). Cells stained for Alizarin Red S (ARS) and Von Kossa 

(VK), which bind mineralized calcium similarly show either increased black staining (VK) 

or increased red staining (ARS). The observed increase was confirmed by a quantifiable 

and significant increase in mineralized calcium by day 30 compared to wildtype cultures, 

and a decrease in alkaline phosphatase activity (Fig 3.1E), a phenotype expected in 

mature osteoblasts (Hillsley and Frangos, 1997).   

To investigate whether the observed effect could be attributed to miR-690 only 

and not its interplay with other microRNAs, we employed a cell line null for the 

endonuclease Dcgr8, effectively incapacitating all miRNAs in the cell. In these cells, we 

saw a 276% increase in mineralization in cells that overexpressed miR-690 (Fig 3.1D, 

lower panel, Fig 3.1F) compared to untransfected Dgcr8-/- cells. However, Dgcr8 null 

ESCs are unable to reach calcification levels close to wildtype cells upon miR-690 

overexpression, which may suggest that additional pro-osteogenic microRNAs are at 

play in WT cells.  

 

3.4.2 MiR-690 targets several members of the Wnt signaling pathway 

MiRNAs function via selective base pairing to the 3’-UTR of their target mRNA, and, in 

conjunction with a silencing complex, trigger inhibition of gene function (Rana, 2007). 

Interaction between the miRNA and target sequence do not have to be perfectly 

complementary, requiring only 2-8 base pairs, and thus allowing for the miRNA to target 

hundreds of transcripts, and complicating the identification of which targets are being 
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affected by the miRNA of interest in a specific developmental aspect. In order to identify 

which genes might be affected by miR-690 during osteogenesis, we used the miRanda 

database (microRNA.org), a comprehensive database based on an algorithm that 

incorporates current knowledge of miRNA target interactions to predict binding 

possibilities. Moreover, the algorithm employs a machine learning method called a 

miRSVR downregulation score that ranks the predicted target sites, thus also predicting 

the extent of their downregulation capabilities and their likelihood as an actual target 

such that a miRSVR score of -2.0 would indicate complete downregulation. 

 

 

 

Figure 3.1: Overexpression of miR-690 on day 5 results in enhanced mineralization by day 30. (A) 
Endogenous miR-690 expression as found with a Combimatrix miRNA array. (B) Photographs of murine 
ESCs transfected on day 2 to abrogate miR-690 down-regulation. (C, D) Calcium content and ALP activity 
measured on day 30, n=5±SD. **P>0.01, *P>0.05 Student’s t-test versus control. (E) Morphology of cultures 
upon miR-690 transfection on day 5 captured on day 30. (F, G) Calcium and ALP assays corresponding to 
images in (E), n=5±SD. *P>0.05 Student’s t-test versus control, ΔP>0.05 Student’s t-test versus WT. FC, fold-
change; WT, wildtype.  
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Initial searches in the miRanda database, which bioinformatically predicts miRNA 

targets, returned 7,490 possible targets for miR-690, ranked from lowest miR-SVR score 

(greatest target potential) to highest. Among these 7,490 possibilities, Ctnnb1 and Axin2, 

two major players in Wnt Signaling and important for osteogenesis (Yan et al., 2009; 

Davis and zur Nieden, 2008) were ranked 17 and 40 respectively (Fig 3.2A). Twenty-four 

hours following transient overexpression of miR-690 in undifferentiated cells yielded a 

significant 20% decrease in Ctnnb1 expression, but a 3-fold increase in Axin2 

expression despite a strong miR-SVR score, suggesting either that Axin2 is could be a 

direct target of miR-690, but that potential feed-back mechanisms (Lustig et al., 2002; 

Jho et al., 2002) attempt to counteract a loss in protein, or that it is not a direct target.  

 

 

 

 

 

Figure 3.2: Target prediction for miR-690. (A) Using the bioinformatic target prediction tool 
microrna.org, a search for predicted targets of miR-690 brings up 7,490 possibilities. We identified 
Ctnnb1, Axin2, and Akt2 with miR-SVR scores of -1.400, -1.2996, and -0.0.0128, respectively. (B) In 
undifferentiated cells, mRNA levels for predicted targets were measured with quantitative PCR 24- and 
48-hours after transient overexpression of miR-690, n=3±SD. *P>0.05 Student’s t-test versus control. (C) 
Western blots for CTNNB1 confirmed down-regulation of the protein, vs. ACTINB, beta-actin.  
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Additionally, although Akt2 ranks 4,534 out of 7,490 among the predicted targets 

on the miRanda database, we observed a 28% decrease in Akt2 expression (Fig 3.2B), 

suggesting that Akt2 may be a direct target despite a lower miR-SVR score. However, 

while Akt2-null mice exhibit bone defects (Peng et al., 2003), molecular studies show 

that AKT2 plays an important role osteoclast activity and bone resorption (Kaneshiro et 

al., 2014; Chen et al., 2013), making it a poor candidate for early development studies. 

Consequently, we moved forward with beta-catenin. In conjunction with the decrease in 

Ctnnb1 mRNA, there was a decrease in the transcriptionally active form of CTNNB1 (75 

kDa, Lade et al., 2012) at the protein level, compared to control samples (Fig 3.2C). This 

data highlights Ctnnb1 as a strong potential target for miR-690 during osteogenesis. 

 

3.4.3 Transient miR-690 overexpression down-regulates overall CTNNB1, but 

enhances its subsequent nuclear accumulation  

Previous studies have shown that effective osteogenesis is achieved when levels 

of Ctnnb1 fluctuate during early bone development in order to allow first for gastrulation, 

then again later for mesenchymal commitment (zur Nieden et al., 2007; Ding et al., 

2012). To further investigate the effect of miR-690 on Ctnnb1 during differentiation we 

assessed protein levels in early osteogenesis. As a confirmed direct target of miR-690 

(Chapter 1, Figure 1.7), beta-catenin is expected to be downregulated 24 hours after 

transfection (see Fig 3.2). Compared to wildtype cells, we observed nearly an 80% 

decrease in levels of CTNNB1 in whole cell lysates (Fig 3.3A). However, since the 

importance of CTNNB1 lies with its ability to serve as a transcriptional coactivator in the 

nucleus, we studied early nuclear CTNNB1 and detected increased levels of CTNNB1 

starting from day 7, with levels peaking at day 8 to about 10-fold over controls (Fig 3.3B).  
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3.4.4 Stable miR-690 expression yields enhanced osteogenesis over wildtype cells  

MiRNA regulation during development is similar to that of protein coding genes in 

that their expression must be tightly controlled in a temporal-spatial manner (Sayed and 

Abdellatif, 2011; Neilson et al., 2007). Because a typical transient transfection only 

results in expression of a transfected gene for about 24-96 hours, we examined the 

effect on osteogenesis if that temporal regulation was disrupted. To accomplish this, we 

generated an ESC line that stably expressed miR-690 (miR-690s) at more than 2-fold 

endogenous levels (Fig 3.4A) and appeared phenotypically undifferentiated (Fig 3.4B). 

Expression levels of Pou5f1 and absence of lineage genes confirmed the 

undifferentiated state when these were cultured with LIF (data not shown). An 

examination of how stable overexpression of miR-690 affected predicted targets,  

 

Figure 3.3: MiR-690 ultimately leads to an increase in beta-catenin. (A) Western blot for CTNNB1 
shows that overexpression of miR-690 on day 5 of differentiation resulted in an 80% decrease in levels of 
CTNNB1 on day 6 in the whole cell. (B) Western blots for CTNNB1 across differentiation days 5-9 on 
nuclear protein lysates. Bottom panels depict densitometry analysis of gels in top pictures. ACTINB, Beta-
Actin; TBP, TATA Binding Protein; untrans, untransfected; WT, wildtype. 
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Figure 3.4: Stable overexpression of miR-690 during differentiation results in upregulation of 
Ctnnb1 and enhanced mineralization. (A) The miR-690s ESC line stably overexpressed miR-690 at 
nearly 2.5-fold endogenous levels. (B) In the undifferentiated state their morphology equaled that of naïve 
pluripotent cells. (C) Quantitative PCR (n=3±SD) analysis of bioinformatically predicted targets showed an 
upregulation in all targets, as much as 700% in Ctnnb1, ***P>0.001, Student’s T-test versus WT. (D) 
Upregulation of CTNNB1 protein confirmed by Western blot. (E) Morphology of miR-690s ESCs on day 
30 of the osteogenic protocol. (F) Accelerated upregulation of ALP activity by day 11 as measured on day 
30, which translated into increased calcium and inorganic phosphate by day 30; all n=5±SD, *P>0.05, 
**P>0.01 Student’s t-test versus WT. (G) RT-PCR for genes associated with osteoblasts (lbsp) and pre-
osteoblasts (Col1a1, Spp1). ACTINB, beta-actin; ALP, alkaline phosphatase; Col1A1, collagen type I; 
Ibsp, bone sialoprotein; Spp1, osteopontin; WT, wildtype. 
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 (discussed in Figure 3.2B) produced a very interesting result: a significant increase in 

mRNA levels of all targets (Fig 3.4C), as much as 700% for Ctnnb1, a pattern reflected 

at protein levels (Fig 3.4D).  

When differentiated according to the protocol described above miR-690s cells 

differentiated much more efficiently than wildtype controls (Fig 3.4E), in that they 

mineralized over 58% more than the control, and showed presence of inorganic 

phosphates (Fig 3.4F). ALP activity was increased as early as day 11, which is the 

earliest point that we observe osteoprogenitors (zur Nieden et al., 2003) and this 

persisted out to day 30 at which point a 271% increase was noted (Fig 3.4F), potentially 

suggesting a lack of maturation in the miR-690s ESCs. This notion supported by the fact 

that mRNA levels for the mature osteoblast gene bone sialoprotein (Ibsp) were lower in 

miR690s ESCs, but the pre-osteoblast-specific Col1a1 and Spp1 were higher (Fig 3.4G).   

Analysis of stable miR-690 overexpression on CTNNB1 protein levels in 

differentiated cells showed an upregulation of nuclear CTNNB1 by day 7 that persisted 

through day 9 at levels 2-5 times that of WT cells (Fig 3.5A), which is in line with what 

we observed after transient overexpression of miR-690 (compare Fig 3.3B). The major 

difference between the miR-690t and miR-690s cells however was that CTNNB1 levels 

in miR-690s ESCs were elevated more above the control than in miR-690t cells and that 

miR-690s ESCs lacked the initial overall drop in CTNNB1 between d5 and d6 observed 

in WT and miR-690t ESCs. 

As mentioned in Chapter 1, several early cell fate decisions in both mesoderm 

and neural crest can direct these early populations into mesenchyme that will ultimately 

give rise to osteoprogenitors. In an effort to understand which of these early 

developmental populations is affected by miR-690 to lead to a pro-osteogenic effect, we  
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looked at early gene expression in the stable lines (Fig 3.5B). We observed a decrease 

in FoxA2 (endoderm, axial mesoderm), goosecoid (mesendoderm) , and Mesp2 

(paraxial mesoderm) (Fig 3.5B), suggesting that in miR-690s ESCs there is a loss of 

Figure 3.5: Stable overexpression of miR-690 enhances CTNNB1 expression and promotes 
expression of genes associated with neural crest development. (A) Western Blots for nuclear 
CTNNB1 show that stable overexpression of miR-690 in differentiated cells showed an upregulation of 
CTNNB1. (B) RT-PCR for early genes shows decrease in FoxA2 (axial mesoderm), and Mesp2 
(somitogenesis), and Gsc (mesendoderm) but an increase in p75 expression and an extended expression 
of Pdgfrα, both of which are found in migratory neural crest. (C) RT-PCR for neural crest genes show 
early attenuation of Sox1, a marker of neuroepithelial progenitors, coupled with extended expression of 
neural plate border specifiers Zic1 and Msx2, but no notable change in expression pattern for Twist1 (a 
neural crest specifier). TBP, TATA binding protein; FoxA2, Forkhead Box A2; Gsc, Goosecoid; Mesp2, 
mesoderm Posterior BHLH Transcription Factor 2; Pdgfrα, platelet derived growth factor alpha; Gapdh, 
Glyceraldehyde 3-phosphate dehydrogenase; WT, wildtype.   
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endodermal and paraxial mesoderm derivatives (Fynes et al., 2014; Qin et al., 2014).  

Instead, expression of Pdgfrα and p75, which are both found in migratory neural crest 

(Lee et al., 2004; Smith and Tallquist, 2010; McCarthy et al., 2016) was delayed.  

To further investigate the possible role of miR-690 in neural crest, we looked at 

several other genes associated with various stages of neural crest development (Fig 

3.5C). In cells stably overexpressing miR-690 we observed enhanced and earlier 

expression of Zic1, a neural plate border specifier gene, coupled with greater and 

extended expression of Msx2, which plays a role in border formation and subsequently 

in mesenchymal differentiation of neural crest cells. However, there was no notable 

change in expression pattern for Twist1 (a neural crest specifier). In cells stably 

overexpressing miR-690, Sox1, a marker of neural progenitors was attenuated. Together, 

this data supports a role for miR-690 in neural crest development, possibly differentiation.  

 

3.4.5 MiR-690 may be involved in neural crest development 

To further investigate the relationship between miR-690 and neural crest 

development, we analyzed the levels of BRACHYURY, which is known to induce 

mesoderm formation (Klymkowsky et al., 2010) and inhibit neural crest induction, and 

PAX7, which is required for neural crest induction (Basch et al., 2006) in cells 

overexpressing the miRNA at d3, which abrogated mineralization (compare Fig 3.1A, B). 

Wildtype cells transfected with miR-690 at day 3 exhibited an overall decrease in T-

BRACHYURY positive cells and an increase in PAX7 positive cells (Fig 3.6A). This is an 

expected result, since CTNNB1 is known to directly activate expression of Brachyury 

(Arnold et al., 2000). However, mesodermal differentiation by Brachyury is achieved at 

the expense of neural crest, so an increased neural crest population should result in 



   91 

efficient osteogenesis; a phenotype not observed (Fig 3.1B). It is known that beta-

catenin is necessary for neural crest development (Leung et al., 2016), so the failure of 

these cultures to mineralize despite increased PAX7 suggests that miR-690 may not be 

important for neural crest induction, but is important for neural crest development 

following induction.  

As discussed in Chapter 1, there are several stages in the development of neural 

crest-derived tissues, including induction, which refers to the formation of neural crest  

 

 

 

 

 

Figure 3.6: miR-690 promotes differentiation of mesenchymal stem cells but not neural crest stem 
cells. (A) Transient overexpression of miR-690 on day 3 resulted in an increase in PAX7+ (neural crest) 
population, at the expense of mesodermal BRA+ cells. (B) Osteogenic differentiation of neural crest stem 
cells overexpressing miR-690 show no significant difference in mineralization, whereas overexpression of 
miR-690 in mesenchymal stem cells resulted in a 2-fold increase; n=5±SD, ***P>0.001, Student’s t-test vs 
miR-scr. NCSC, neural crest stem cells; hMSC, human mesenchymal stem cells; BRA, T-brachyury; PAX7, 
paired box protein-7. 
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progenitors, and their differentiation, first into mesenchyme and then into 

osteoprogenitors. In order to get a clearer picture as to what stage miR-690 affects, we 

overexpressed the miRNA in both neural crest and mesenchymal stem cells. By day 20 

of differentiation, there was no discernable difference in mineralization of the neural crest 

stem cells, whereas we observed significantly increased calcification in mesenchymal 

stem cells upon miR-690 overexpression (Fig 3.6B). The lack of response of the neural 

crest stem cells to miR-690 overexpression suggests that miR-690 is not capable of 

affecting early neural crest induction. However, because mesenchymal stem cells show 

increased mineralization, it seems that miR-690 is able to promote osteoprogenitor 

differentiation from the mesenchyme, suggesting that its involvement in neural crest 

development may rest differentiation of neural crest derived mesenchyme.  

SOX10 is a pro-neural transcription factor expressed in the neural crest in cells 

that are fated to become parts of the peripheral and central nervous system (Britsch et 

al., 2001; Herbarth et al., 1998; Kapur, 1999).  TWIST1 negatively regulates expression 

of Sox10 to allow for mesenchymal differentiation (Vincentz et al., 2013). In wildtype 

samples, we saw expression of both SOX10 and TWIST1, which is decreased in both 

transient and stable miR-690 samples on day 7. By day 9, TWIST1 was downregulated 

in wildtype, but nearly gone in both transient and stable miR-690+ samples (Fig 3.7), 

suggesting that miR-690 is capable of promoting mesenchymal differentiation at the 

expense of neuronal differentiation. 

In Figure 3.4C, we analyzed gene expression related to neural crest 

development stages and found that stable overexpression of miR-690 was able to 

attenuate Sox1 expression and promote expression of neural crest associated genes. 

When we analyzed these expression patterns in cells transiently overexpressing miR-
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690, we observed the same extended expression of Msx2 (Shille et al., 2016) and Zic1 

(Aruga et al., 2002; which has also recently been associated with differentiation, Milet er  

 

 

 

al., 2012), as well the early attenuation of Sox1 expression that we saw with stable lines. 

Interestingly, while there was no notable change in pattern in the stable lines for any of 

the other genes studied, with the transient upregulation of miR-690 we did observe 

changes in expression pattern (Fig 3.8). We saw an early upregulation of neural crest 

Figure 3.7: Overexpression of miR-690 promotes acceleration of TWIST1 expression and decreased 
SOX10. Immunocytochemistry for SOX10 and TWIST1 expression showed that overexpression of miR-690 
reduced SOX10 and TWIST1 expression, which is associated with mesenchymal differentiation in the 
neural crest, however it seems that TWIST1 expression was accelerated and diminished earlier than in WT. 
SOX10, SRY box 10; TWIST1, Twist-related protein-1; WT, wildtype. 
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specifier Twist1 (Ishii et al., 2003), which is also associated with mesenchymal 

differentiation from the neural crest. We also saw an upregulation of Pdgfrα combined 

with sustained expression of p75, both known to promote neural crest migration (Cebra-

Thomas et al., 2013). Finally, we noted an early attenuation of Snip1, which promotes 

population expansion and needs to be downregulated to promote differentiation (Roche 

et al., 2004).  

 

 

 

 

 

3.4.6 MiR-690 has a positive osteogenic effect in human embryonic stem cells 

Expression of miR-690 is not presently confirmed in human cells, however, when 

overexpressed in human embryonic stem cells (hESCs), calcification was accelerated 

(day 15, Fig 3.9A) and calcium content significantly increased by day 25 (Fig 3.9B). 

Levels of CTNNB1 protein also followed a similar pattern to transient miR-690 

Figure 3.8: Transient overexpression of miR-690 suggests a role for neural crest specification and 
differentiation. Transient overexpression of miR-690 resulted in a Twist1 expression pattern that is 
accelerated and diminished earlier than wildtype. We also observe extended expression of Pdgfrα and p75, 
which are associated with neural crest migration, as well as early attenuation of Sox1, a neuroepithelial 
progenitor marker, and Snip1, which is associated with population expansion during early neural crest 
specification. Msx2, Msh Homeobox Protein-2; Snip1, Smad Nuclear Interacting Protein 1; Zic1, Zic Family 
Member 1. 
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overexpression in murine ESCs, though more dramatic, with miR-690 overexpression 

resulting in a 25-fold increase compared to wildtype samples on day 8 (Fig 3.9C). 

Interestingly, we do not see the same overall decrease in CTNNB1 on day 6. However, it 

is clear that the phasic regulation of beta catenin is crucial for proper osteogenesis. We 

notice that in wildtype murine ESCs, levels of CTNNB1 are coming down on day 6 and 

day 7 and that overexpression of miR-690 accelerates that decrease, shifting the next 

phasic upregulation to the left. In human ESCs, the wildtype phase is different. By day 6, 

levels of CTNNB1 are already coming back up to peak at day 7 before coming back 

down in preparation for the next phase. Although we don’t observe a comparative 

decrease in levels on day 6, overexpression of miR-690 on day 5 does result in a shift in 

phase peak from day 7 to day 8, while simultaneously enhancing the expression. This 

highlights the importance of the phasic expression of beta catenin for proper 

osteogenesis.  

Although miR-690 is not confirmed as a human miRNA, analysis of the 3’UTR of 

Ctnnb1 between multiple species showed a wide range of conservation, enough to make 

miR-690 a strong regulator in humans, since miRNAs only require 2-8 bp to effectively 

downregulate a target (Fig 3.9D). Overexpression of miR-690 in hESCs resulted in an 

acceleration in TWIST1 expression, and a decrease in SOX10 expression by day 9 

(Fig3.9E), suggesting that miR-690 can help to control mesenchymal differentiation from 

the neural crest in humans as well.     
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Figure 3.9: MiR-690 has a positive osteogenic effect in human embryonic stem cells. (A) 
Photographs of human embryonic stem cells transfected on day 5 showed a similar phenotype to the one 
seen in mouse cells (Fig 3.1). (B) miR-690 overexpression resulted in a significant increase in calcium by 
day 25, (n=5±SD, ***P>0.001). (C) Western blots show of CTNNB1 protein during d5-9 of differentiation 
resulted in a 25-fold increase in cells overexpressing miR-690 compared to controls on day 8, 
densitometry on the right panel. (D) Alignment of the 3’UTR of Ctnnb1 between multiple species showed 
a wide range of conservation. (E) Immunocytochemistry showed accelerated TWIST1 expression and a 
decrease in SOX10 expression by day 9. SOX10, SRY box 10; TWIST1, Twist-related protein-1. 
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3.5 Discussion 

We show here that miR-690 targets Ctnnb1, a transcriptional coactivator that has 

downstream targets involved with proliferation and cell fate decisions during 

differentiation. It has long been known that it plays a crucial role in osteogenesis and that 

it must be expressed in a periodic fashion in order to allow for proper bone formation 

(zur Nieden et al., 2007). For example, studies have found that active Wnt signaling is 

required for induction of crest (Wu et al., 2005), but migration, which is critical for proper 

craniofacial osteogenesis, is impaired if those levels are not reduced (Maj et al., 2016). 

Consequently, tight regulatory controls are required. Several previous studies have 

identified a negative feedback loop controlling transcriptional activity of CTNNB1, since 

downstream targets of beta-catenin associated transcriptional activation include Axin2 

and Tcf1 (Roose et al., 1999; Yan et al., 2001; Lustig et al., 2002; Jho et al., 2002). 

However, it also activates downstream targets such as Lef1 and Fzd7 and many more 

that have been compiled between 1997 and 2016 by the Nusse research group on the 

Wnt homepage (Hovanes et al., 2001).  

Given the disproportionate number of positive regulators of Ctnnb1 expression, it 

can be surmised that another factor must be necessary to quell this positive regulation, 

highlighting the importance of miRNAs as a developmental regulator. Moreover, there is 

evidence that blocking Wnt induction is required to induce or upregulate expression of 

Ctnnb1 in order to accumulate newly synthesized CTNNB1 (Willert et al., 2002) to 

activate target gene expression. This is validated in the etiology of degenerative bone 

diseases. For example, analysis of mesenchymal stem cells from osteoarthritis patients 

showed an increased level of Ctnnb1, but decreased levels of calcium deposition and 

expression of osteogenic genes (Tornero-Esteban et al., 2015), several of which are 
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downstream targets of Wnt signaling. Besides the understanding that CTNNB1 targets 

are controlled temporally and in a cell specific fashion (Davis and zur Nieden, 2008), it is 

not well understood how CTNNB1 decides which targets to activate. It seems possible, 

however, that the pre-downregulation of Ctnnb1 may aid in that process. 

While there is much evidence that miR-690 has a pro-osteogenic effect by 

negatively regulating Ctnnb1, its ability to increase nuclear localization of CTNNB1 must 

be acknowledged. Regulation of Ctnnb1 may also play a role in regulation of fate 

decisions in neural crest development by controlling both Sox10 and Twist1. As 

previously mentioned, TWIST1 has been shown to inhibit Sox10 expression, but other 

studies have also demonstrated that they can be regulated by beta-catenin. Many 

studies have shown that CTNNB1 upregulates Sox10 expression during neural crest 

induction (Honoré et al., 2003; Barembaum et al., 2005), but in differentiating cells, 

nuclear CTNNB1 results in suppression of Sox10 (Rumper et al, 2016). At the same time, 

Twist1, which is known to promote mesenchymal differentiation in both mesoderm (Qin 

et al., 2012) and mesectoderm (Bildsoe et al., 2013) is a downstream target of beta-

catenin (Howe et al., 2003), meaning that nuclear CTNNB1 is required for its expression. 

Given that miR-690 appears to be able to promote CTNNB1 nuclear localization, this 

could indicate that miR-690 is indirectly responsible for both the inhibition of Sox10 

expression and the upregulation of Twist1 to promote osteoprogenitor differentiation. 

Moreover, the link between β-catenin and expression of other neural crest related genes 

such as p75, Zic1, etc., is not understood. However, the importance of Ctnnb1 in neural 

crest development combined with the ability of miR-690 to regulate expression of these 

genes suggests that miR plays a role in controlling the specification of neural crest 

(extended expression of Zic1, Msx2) and subsequently the migration (upregulation of 
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Pdgfrα and p75) and differentiation (early upregulation of Zic1, Twist1), while 

discouraging the neural phenotype (attenuated Sox1) in favor of the mesenchymal 

commitment (early upregulation of Twist 1).   

Another interesting possibility to miR-690 mediated bone development lies with 

regulation of Smad3. Studies have shown that mesenchymal stem cells, TGFβ promotes 

rapid nuclear localization of CTNNB1 in a SMAD3 dependent manner, possibly as a 

direct translocator (Jian et al., 2006), allowing for proliferation of mesenchymal stem 

cells. However, SMADs are tightly regulated by several factors. One such factor is Akt, 

another predicted target of miR-690 with a miR-SVR score of (-0.0128). AKT is known to 

regulate SMAD3 both by sequestering it in the cytoplasm and by directly interfering with 

the binding between SMAD3 and its target receptor (Itoh et al., 2007). This presents two 

possible scenarios: one where miR-690 can both jumpstart Ctnnb1 expression and 

concomitantly promote its nuclear localization, and another where it can activate nuclear 

translocation of CTNNB1 and subsequently directly repress its expression, or vice versa, 

at the appropriate timepoints during development to promote expansion of a pre-

osteogenic population, as SMAD3 expression in mesenchymal progenitors has been 

linked with a pre-osteoblastic fate (Kaji et al., 2006).  

MiR-690 is encoded in the non-coding region of Fgf12, whose function is yet 

unclear. As with most growth factors, it is linked to cell growth and survival, and has 

recently been identified through exome sequencing as a susceptibility gene candidate in 

the pathology of Kashin-Beck Disease (Zhang et al., 2016), a bone disease that results 

in growth retardation and osteoarthritis resulting from the death of chondrocytes at the 

growth plate (Yamamuro, 2001). In fact, most studies associated with FGF12 link it with 

roles in the development of several neural crest derived tissues. For example, FGF12 
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was found to be a non-secretory growth factor with a role in early neuronal development 

(Zhang et al. 2012). Additionally, there is a possible connection with FGF12 mutation 

and cleft palate (de Aquino et al., 2013), citing that patients presenting with non-

syndromic cleft lip and/or cleft palate have FGF12 polymorphisms, and has been 

identified as developmentally regulated in molar tooth development, specifically in the 

mesenchymal tissue (Kettunen et al., 2011). Similarly, another study examining the 

spatial expression of Msx and Fgf genes found that FGF12 was uniquely expressed, 

albeit briefly, in the chondrocranium (Nie, 2006). Finally, there are several studies 

associating FGF12 with cardiac development (Song et al., 2016; Musa et al., 2015; 

Torlopp et al., 2010), including one that linked FGF12 with a congenital heart disorder 

that leads to arrhythmia known as Brugada Syndrome (Hennessey et al., 2013). These 

studies give supportive evidence that miR-690 may be associated with regulation of 

osteogenesis and neural crest development.   

MiR-690 has repeatedly been identified in screens for miRNAs functioning in 

various biological processes including insulin transcriptional regulation (Tang et al., 

2009), molar tooth germ development (Sephic et al., 2011), and associations with 

neurodegenerative diseases (Hunsberger et al., 2013), but has never been pursued. 

That changed recently, when Yu and colleagues (2016) identified miR-690 as an indirect 

regulator of osteogenesis by targeting p65, an NF-κB family related transcription factor, 

resulting in the upregulation of Runx2. While this is a regulatory possibility given the 

widespread activity of most miRNAs, there are some outstanding questions raised by the 

study. Most discernable is that the study was conducted in a line of adult myoblast cells 

(C2C12) derived from a dystrophic mouse model (Yaffe and Saxel, 1977). Patients with 

muscular dystrophy in addition to the titular dystrophic muscle, display low bone density 
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(Novotny et al., 2011; Morgenroth et al., 2012) that even the most extensive study to 

date cannot attribute to a specific defect (Rufo et al., 2011). It seems most likely from 

that study, however, that it is due to increased bone absorption as opposed to an 

osteoblastogenesis defect. If that were the case, downregulation of Ctnnb1 would 

exacerbate this problem, as Ctnnb1 has been shown to inhibit osteoclast maturation 

(Spencer et al., 2005; Glass et al., 2006).  

The second conspicuous question lies with the analysis of the signaling regulated 

by miR-690 in this particular model. Yu purports that p65 inhibits the BMP signaling 

required to induce Runx2 expression, and consequently, that it is by relieving the p65 

inhibition of BMP that miR-690 promotes osteogenesis. However, BMP is reported to be 

upregulated in the dystrophic phenotype (Shi et al., 2013), thus downregulating BMP 

inhibitor p65 with miR-690 would likely exacerbate the observed bone misregulation. 

Moreover, Andela and colleagues found that while dominant negative inhibition of NF-κB 

does result in increased Runx2 expression, there is not an inverse correlation between 

p65 expression and Runx2 expression, suggesting that p65 may not be the primary 

regulator of NF-κB-related Runx2 expression. It is possible that the results seen in this 

study were due to the regulation of canonical Wnt signaling, as Wnt/beta-catenin 

signaling is found to be upregulated in multiple types of muscular dystrophy (Liu et al., 

2016; Banerje et al., 2015), and which is associated in these dystrophic phenotypes with 

increased expression of apoptosis-associated genes (Kyriakis et al., 2012).  

While the research presented in this chapter focuses mainly on Ctnnb1 as a 

target of miR-690, there are other viable potentials. For instance, another highly rated 

prediction includes Meis1 with a miR-SVR score of -1.3346. Meis1 is a transcriptional 

regulator of Pax6, a pro-neuronal factor involved in placodal lens development and 
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enteric nervous system development from the neural crest (Zhang et al., 2002; Shaham 

et al., 2013; Enguix-Riego et al., 2016), and loss-of-function studies have resulted in 

defects in sympathetic innervation and other neural crest-derived cell fate determination 

(Bouilloux et al., 2016; Maeda et al., 2001). Given that miR-690 would prevent this 

activation, it supports that miR-690 represses neuronal differentiation from the neural 

crest. With regard to the control of CTNNB1 nuclear activation, there is another possible 

gene target of miR-690 that may aid in this control: exportin-1. XPO1 is an inhibitory 

nuclear export protein that has been shown to bind to CTNNB1 (Mao and Yang, 2013), 

thus stabilizing CTNNB1 that has been translocated to the nucleus. Returning to the 

need for beta-catenin to be periodically regulated, this suggests that miR-690 may use 

multiple targets to both directly and indirectly control the fluctuation of CTNNB1 during 

osteogenic differentiation, and offering multiple avenues by which to overcome the 

positive feedback loop in which beta-catenin participates.  

Elucidation of the molecular control of early bone development also contributes 

information to what becomes misregulated in degenerative diseases. Degenerative bone 

diseases such as osteoporosis affect the entire skeleton, leaving bones susceptible to 

easy fracturing. This can affect any bones, but primarily affects spine and wrist in early 

onset osteoporosis patients, with prevalence shifting to osteoporosis-related hip 

fractures in older patients (Johnell and Kanis, 2006. Adult stem cells are often favored 

for regenerative medicine, as they circumvent the ethical and logistical issues that come 

with embryonic stem cells (McClelland Descalzo and Ehnes et al., 2013).  For bone 

regeneration, the popular candidate is the mesenchymal stem cell given the relative 

ease in isolating them compared to other stem cells (Wankhade et al., 2016), and their 

ability to differentiate them into osteoblasts (Dahl et al., 2013; Arnhold et al., 2015).  
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However, mesenchymal stem cells embody their own unique set of problems, including 

that their differentiation capabilities drastically decline as the patient ages (Wyles et al., 

2015), and that mesenchymal stem cells senesce very rapidly once placed into culture 

(Wagner et al., 2008), thus limiting their expansion capacity and making them imperfect 

for use in bone regeneration. Currently the most viable option for studies in bone 

regeneration and development lies with embryonic stem cells because of their capacity 

to expand indefinitely and their diverse differentiation capabilities, however, it also 

introduces the possible problems of teratoma formation and integration of non-specific 

cell types. Consequently, usage of these cells for proper bone regeneration requires 

extensive understanding of the molecular control of osteogenesis in order to ensure (a) 

the most efficient differentiation and (b) the proper identification of genetic markers to 

effectively isolate and remove any cells that have either not differentiated properly or at 

all so as to avoid teratoma formation or transplantation of inappropriate cell types.  

 

3.6 Conclusion 

In summary, this study introduces miR-690 as a potent regulator during early 

development, leading to successful osteogenesis. It has the capability to regulate the 

phasic activity of Ctnnb1, which can result in the control of several crucial processes in 

early cell fate specification including potential propagation of the progenitor population 

and effective mesenchymal differentiation. Furthermore, though this study only focuses 

on the first nine days of in vitro differentiation, the ability of the miRNA to regulate the 

phasic expression of Ctnnb1 suggests that it could also play a role in later stages of 

osteogenesis, since it must be upregulated for Runx2 expression to promote osteoblast 

differentiation (Cai et al., 2016), but downregulated for maturation of osteocytes and 
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activation of receptor activator of nuclear factor kappa-B ligand (RANKL) and 

osteoprotegerin (OPG), which are crucial for bone remodeling (Spencer et al., 2006).  

This study also establishes a possible role for miR-690 in regulating neural crest 

differentiation into bone. So far, only a few miRNAs have been identified as having a role 

in neural crest development (Sheehy et al., 2010; Ding et al., 2016), and they are 

associated with migration to the pharyngeal arches, rather than lineage commitment, 

making the association of miR-690 with neural crest differentiation one of the first. Finally, 

this study shows that although miR-690 has yet to be identified in humans, it presents an 

excellent gene therapy candidate given the broad conservation of the 3’-UTR of Ctnnb1 

and its ability to enhance calcium deposition in human cells in vitro. Although further 

investigation is required, this study introduces a viable candidate that presents as an 

important potential regulator for in vivo embryonic osteogenesis, but also as a tool that 

can render surmountable clinical complications such as population expansion and 

directed differentiation. 
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Table 3.1: Antibodies 

Antibody Description Indication Supplier Item number 

Pan-p75 Rabbit Polyclonal Flow Cyt Abcam ab8875 

Pan-WNT5A Rabbit Monoclonal Flow Cyt Cell Signaling 
Technologies 2530 

Pan-CTNNB1 Mouse Monoclonal WB Life 
Technologies 138400 

Pan-PAX7 Rabbit Polyclonal Flow Cyt AbCam Ab34360 
Pan-
BRACHYURY Rabbit Monoclonal Flow Cyt Biotechne MAB20851 

Pan-TATA 
BINDING 
PROTEIN 

Mouse Monoclonal WB AbCam 
 ab818 

Pan-TUBULIN Mouse Monoclonal WB R&D Systems MAB8527 

Pan ACTIN Rabbit Polyclonal WB AbCam 
 ab8226 

Pan-SOX10  Rabbit Polyclonal ICC Abcam ab27655 

Pan-TWIST1 Mouse Monoclonal ICC Cell Signaling 
Technologies ab50887 

Anti-rabbit IgG, 
HRP-linked 2˚ 
Antibody 

 WB Cell Signaling 
Technologies 7074 

Anti-mouse IgG, 
HRP-linked 2˚ 
Antibody 

 WB Cell Signaling 
Technologies 7076 

Anti mouse IgG 
Alexa-Fluor 488 
2˚ Antibody 

 ICC Life 
Technologies A-21202 

Anti mouse IgG 
Alexa-Fluor 546 
2˚ Antibody 

 ICC Life 
Technologies A-10036 

Anti rabbit IgG 
Alexa-Fluor 488 
2˚ Antibody 

 ICC Life 
Technologies A-11008 

Anti rabbit IgG 
Alexa-Fluor 546 
2˚ Antibody 

 ICC Life 
Technologies A-10040 
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Table 3.2: Primers  

Gene Forward Reverse Tm 

Snip1 GGCACTTCTTGAGGACACCA 
 

CAAGAGGGATGGTCGATGGG 
 60 

Twist1 CCCCACTTTTTGACGAAGAA 
 

CAGTTTGATCCCAGCGTTTT 
 60 

Sox1 CACAGTTCAGCCCTGAGTGA  AGGCCACAACAACAACAACA  60 

p75 CAGAGCGAGACCTCATAGCC 
 

TGCAGCTGTTCCATCTCTTG 
 60 

Gapdh GCACAGTCAAGGCCGAGAAT 
 

GCCTTCTCCATGGTGGTGAA 
 60 

Ctnnb1 GTGCAATTCCTGAGCTGACA 
 

CTTAAAGATGGCCAGCAAGC 
 60 

Msx2 CCTTCACCACATCCCAGCTT 
 

GCAGGGGTGAGTTGATAGGG 
 60 

FoxA2 GACATACCGACGCAGCTACA 
 

GGCACCTTGAGAAAGCAGTC 
 60 

Gsc CTCGGAGGAGTCAGAAAACG 
 

TCGACTGTCTGTGCAAGTCC 
 60 

Pdgfrα TTGGTGCTGTTGGTGATTGT 
 

AGCATCTTCACAGCCACCTT 
 60 

Mesp2 ACACCCCCGCTTCTAGGTAT 
 

ATGGAACGACCCTCTCACAG 
 60 

Zic1 TCTGCTTCTGGGAGGAGTGT 
 

CTCCCCTGTGTGTGTCCTTT 
 60 

Snip1 GGCACTTCTTGAGGACACCA 
 

CAAGAGGGATGGTCGATGGG 
 60 
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Chapter 4: MicroRNA-361 promotes osteogenesis by controlling 
expression of Prickle 
 
 
4.1 Abstract 

Bone can arise from two locations: from the lateral plate mesoderm or 

sclerotome of the mesodermal germ layer, or from a transient population of ectoderm-

derived neuroepithelial cells known as the neural crest. Neural crest-derived bone is 

responsible for the development of the very complex craniofacial skeleton, which is the 

subject of many recent studies, and which is still not relatively well understood. MiRNAs 

are small non-coding RNAs that control various developmental aspects including bone 

development. Presently, several studies are afoot to elucidate the complex signaling 

involved in craniofacial development, and very few miRNAs have been associated with 

this process.  

Using an embryonic stem cell (ESC) model of osteogenesis, this study 

investigates one miRNA, miR-361, which has previously been identified as misregulated 

in several types of cancer, but has never been implicated in any type of development. 

RNAi mediated analysis confirmed Prickle as a direct target of miR-361. Overexpression 

of miR-361 significantly increased the levels of mineralization in ESC osteogenic 

cultures. At earlier stages of differentiation, sustained or increased expression of genes 

associated with neural crest compartment expansion and differentiation into 

mesenchymal precursors, as well as a negative regulation of canonical Wnt signaling 

was observed. Overexpression of miR-361 resulted in cells that were able to close in 

vitro scratch defects more efficiently that wildtype equivalents. Taken together, our data 

suggest that miR-361 plays a role in modulating the specification and differentiation of 
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neural crest-derived mesenchymal progenitors in vitro implying that it may do so also 

during craniofacial osteogenesis.  

 

4.2 Introduction 

 Osteogenesis is a complex process involving multiple signals and requiring tight 

regulation in order to promote proper bone development. One factor that contributes to 

the complexity of osteogenesis is the fact that different parts of the skeleton are derived 

from different embryonic tissues. Most bone in the body is derived from the mesoderm, 

either from the lateral plate mesoderm, which gives rise to the appendicular skeleton, or 

from the paraxial plate mesoderm, which gives rise to the axial skeleton and the parietal 

skull (Gilbert, 2000). The other way bone develops is as a derivative of transient 

multipotent population of cells known as cranial neural crest (Shyamala et al., 2015). 

This type of development gives rise to the craniofacial skeleton (Berendsen and Olsen, 

2015). 

 Misregulation of any of these signals can result in an array of defects from 

developmental skull and limb malformations, to postnatal growth retardation. For 

example two of the most commonly acknowledged and well studied of these defects are 

cleft lip and palate, caused by a neural crest migration defect, which leads to the failure 

of the tissue in the craniofacial region to close properly. The exact genetic cause of such 

defects is not well understood, but has been associated with defective Wnt (Maj et al., 

2016) highlighting the need for further study of the molecular mechanisms of 

osteogenesis.  

MicroRNAs (miRNAs) are short 23 nucleotide non-coding RNAs that serve as 

developmental regulators during several processes, including osteogenesis. The first 
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evidence of miRNA involvement in bone development came in 2008 when Mizuno and 

colleagues identified miR-125b as a negative regulator of osteogenic differentiation, 

demonstrating its control of alkaline phosphatase (ALP) expression and cell proliferation. 

Subsequently, most studies involving a relationship between miRNAs and osteogenesis 

have been specifically linked to later stages of osteoprogenitor differentiation. Li and 

colleagues showed that miR-133 and miR-135 inhibit BMP2-induced osteogenic 

differentiation by directly targeting Runx2 and Smad5 (Li et al., 2008). Another study 

identified miR-210 as a regulator of TGFβ/Activin signaling during osteoblastic 

differentiation. Moreover, miR-93 and miR-31 have been found to mediate osteoblast 

mineralization by regulating Osterix (Osx) expression (Baglio et al., 2013) while miR-

204/miR-211 which targeting Runx2 during osteoblast differentiation (Huang et al., 2010).  

 Both the neural crest and mesodermal tissues are capable of osteogenesis 

because they give rise to a multipotent population of progenitor cells known as 

mesenchymal cells. Thus far, there are no miRNAs that have been associated with the 

differentiation of progenitors into mesenchymal stem cells (MSCs). Researchers have 

identified miRNAs in MSCs, which function in differentiation of these cells into more 

committed progenitors. For example, in MSCs expression of miR-133 inhibits 

osteogenesis in favor of myogenesis (Townley-Tilson et al., 2010) while miR-22 inhibited 

lipid droplet accumulation while simultaneously promoting ALP expression (Huang et al., 

2012).  Additionally, miR-204 promotes mesenchymal differentiation and upregulates 

Runx2 expression (Huang et al., 2010) and miR-335 has been shown to be necessary in 

MSC proliferation, migration, and differentiation (Tomé et al., 2011). However, each of 

these studies focuses on what causes mesenchymal stem cells to select a lineage, 
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however studies have shown that failure of the mesenchyme to properly develop results 

in developmental defects (Kornak and Mundlos, 2003).  

In a previous screen in our lab, pluripotent ESCs were differentiated along the 

osteogenic lineage and the endogenous expression patterns of several different miRNAs 

were analyzed to screen for miRNAs that could serve as potential early regulators (see 

Chapter 1 Fig 5). Of the handful of miRNAs that exhibited differential regulation upon 

addition of osteogenic factors, miR-361 stood out with the greatest pro-osteogenic 

potential: transient overexpression of miR-361 resulted in a 7-fold increase in 

mineralized calcium by day 30 (see Chapter 1, Fig 6). 

MicroRNA-361 is small non-coding RNA that is encoded in an intronic region of 

the gene Choroideremia (Chm), which encodes a Rab escort protein. It was first 

identified in three separate miRNA screens in 2011, first as one of several miRNAs that 

were regulated during fatty acid metabolism (Li et al., 2011), pulmonary fibrosis (Xie et 

al., 2011), and human platelet function (Osman and Fälker, 2001). It was first uniquely 

characterized in 2012 as a blood marker for lung tumors (Roth et al., 2012), and since 

then its affiliation has been relegated primarily to misregulation in various cancers 

(Kanitz et al., 2012; Hui et al., 2013; Wu et al., 2013).  

This study represents the first evidence of the direct involvement of miR-361 in a 

developmental process, osteogenesis. We demonstrate that overexpression of miR-361, 

which directly targets Prickle, results in an increase in mineralized calcium in cells 

undergoing osteogenesis. We also show that miR-361 is capable of activating non-

canonical Wnt signaling, and that this negatively regulates beta-catenin, the prime 

effector of the pathway. Additionally, we found that miR-361 had a pro-osteogenic effect 

in neural crest stem cells, but not in mesenchymal stem cells, and that overexpression of 
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miR-361 positively regulates cell migration, suggesting a novel role for miR-361 in 

specification of osteogenically fated mesenchyme from the neural crest.  

 

4.3 Materials and Methods 

4.3.1 Cell culture  

Murine ESCs (D3 strain, American Culture Type Collection) were expanded 

using a medium to maintain pluripotent morphology [Dulbecco’s Modified Eagles 

Medium (DMEM) (Gibco) supplemented with 4.5 g/L D-glucose, 15% fetal calf serum 

(FCS) (selected batch, Sigma-Aldrich), 50 U/mL penicillin, 50 μg/mL streptomycin, 1% 

Minimal Essential Medium (MEM) non-essential amino acids (Gibco), 0.1 mM β-

mercaptoethanol (Sigma-Aldrich), and 1000 U/mL leukemia inhibitory factor (LIF) 

(Gibco)]. To initiate differentiation, we used the hanging drop system as described by 

Heuer et al. (1993). Briefly, cells were treated with 0.25% Trypsin/EDTA (Cellgro) to 

disperse colonies and re-seeded as a single cells in media containing 15% FCS without 

LIF supplementation. Suspension was plated as drops on the underside of a petri dish 

and cells allowed to aggregate in the drops, forming embryoid bodies. On day 5, 

embryoid bodies were dispersed and replated as a monolayer, at a concentration of 

50,000 cells/cm2 in a medium containing 10 mM β-glycerophosphate and 50 μg/mL 

ascorbic acid, and 5 × 10−8 M 1α, 25(OH)2 vitamin D3 in addition to the supplements 

described above (zur Nieden et al., 2003).  

Dgcr8-/- ESCs (Wang et al., 2007) were a kind gift from Dr. Robert Blelloch 

(University of California, San Francisco). These cells are null for the endonuclease 

Dgcr8, effectively knocking out all miRNAs due to the inability to process them. These 

cells were cultured in the same fashion as ESCs. 
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Human bone marrow-derived mesenchymal stem cells (hMSCs; Extem 

Biosciences) were from a 26-year-old Caucasian male (Lot No. 60515) and cultured as 

described by Doan et al. (2012) on uncoated plastic. Media was comprised of DMEM/F-

12 Nutrient Mixture (Stem Cell Technologies) supplemented with 15% FCS (Atlanta 

Biosciences), 50 U/mL penicillin, 50 μg/mL streptomycin (Gibco), and 10 μg/mL basic 

fibroblast growth factor (bFGF). To induce differentiation, hMSCs were grown to 70% 

confluence and then switched to osteogenic medium as described above. 

O9-1 murine neural crest stem cells (Ishii et al., 2012) were a kind gift from Dr. 

Robert Maxson (University of Southern California). They were cultured on plates pre-

coated with matrigel and using ESC medium (described above) supplemented with 25 

ng/µL bFGF. To induce differentiation, cells were allowed to grow to 50% confluency and 

then supplemented with osteogenic medium (described above). 

Wnt5a::GFP reporter ESCs were generated by transfecting a Wnt5a-eGFP 

reporter plasmid (a kind gift from Dr. D. Rancourt at the University of Calgary) into the 

D3 murine ESCs as described in zur Nieden et al. (2005). This line uses the murine 

Wnt5a promoter to drive GFP expression. Vector integrated cells were maintained by 

adding neomycin to the culture medium at a concentration of 25 ng/µL. Differentiation 

was carried out as described above. 

 

4.3.2 p2FP-RNAi target expression and pSuper vector cloning and transfection 

To generate plasmids to overexpress miRNAs we used the pSuper vector 

system (Oligoengine). Oligonucleotides containing the mature miRNA sequence 

(obtained from NCBI) for miR-scr (as a control) and miR-361 (EuroGenTech) along with 

either a Bgl II (forward primer) or a Hind III (reverse primer) restriction site, and a 
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sequence that facilitates the formation of a 19bp stem-loop structure were cloned into 

the pSuper plasmid according to manufacturer protocol into the multiple cloning site of 

the pSuper.neo vector (Brummelkamp et al., 2002). Cells were plated on agar plates 

containing ampicillin. Positive colonies were then inoculated into lysogeny broth for 

amplification, then isolated using Maxi-prep Plasmid Purification Kit (Qiagen) according 

to manufacturer instructions for use in transfection. 

For transient overexpression of miRNAs cells were transiently transfected using 

the Effectene Transfection Kit (Qiagen), using 1 µg of DNA per 7.5 x 106 cells and a 2:10 

ratio of DNA-Effectene reagent. Transfection occurred either on day 5 of differentiation 

or during routine passage to determine the 24- and 48-hour effects of miRNA 

overexpression.  

To verify whether miR-361 directly targets Prickle, we used the p2FP-RNAi 

vector system (Evrogen). To generate the plasmid, the 3’-untranslated region (UTR) 

sequence of Prickle was obtained from the NCBI database (NM_001033217.4) and 

modified to be flanked by Hind III restriction sites. This sequence was then used to 

design specific RT-PCR primers using the Primer3 online primer design software. The 

fragment was PCR amplified using a 3-step/32-cycle protocol (45s at 94˚C, 45s at 60˚C, 

60s at 72˚C, each cycle). Both the p2FP vector and the 3’-UTR fragment of Prickle were 

digested with Hind III (New England BioLabs) restriction enzyme. A 1:3 ratio of 

insert:plasmid was mixed with 10 µg/µL T4 DNA ligase and incubated overnight at 16˚C. 

Resulting plasmid was transformed into DH5α chemically competent cells by heat 

shocking the cells for 2 minutes at 42˚C and plated on agar plated containing ampicillin. 

Resulting colonies were screened and verified by PCR colony assay (zur Nieden et al., 

2005), where colonies expressing GFP mRNA were considered successfully 
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transformed. Successful colonies were inoculated into lysogeny broth containing 

ampicillin for expansion, then purified using Plasmid Maxi prep Kit (Qiagen). To gauge 

ability of miR-361 to bind to the 3’-UTR of Prickle, the p2FP and pSuper vectors were 

co-transfected into HEK293T cells and observed under a fluorescent microscope to see 

whether they expressed GFP (does not target Prickle) or not (miRNA targets Prickle).   

 

4.3.3 Biochemical determinations 

Cells were rinsed in Phosphate Buffered Saline (PBS) and lysed in 

Radioimmunoprecipitation Assay (RIPA) buffer [150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% 

sodium dodecyl sulfate (SDS), 1% Triton X-100, 1% deoxycholate, and 5 mM 

Ethylenediaminetetraacetic acid (EDTA) containing protease inhibitors (Halt Protease 

Inhibitor, Thermo Fisher Scientific). To determine the protein concentration (as a 

normalizer), we used DC Protein Assay Kit (Biorad) according to the manufacturer’s 

instructions.  An aliquot of RIPA lysate was mixed with the combined colorimetric 

components, incubated for 15 minutes, and the absorbance measured at 750 nm. To 

measure the concentration of mineralized calcium, the lysate was exposed to the 

calcium-reactive reagent Arsenazo III (Genzyme). Absorbance was measured 

immediately at 650 nm. All samples were normalized to corresponding protein 

concentration to yield a concentration in units of either mg Ca2+ or units ALP activity per 

mg protein (Davis et al., 2011). 

 

4.3.4 Von Kossa and Alizarin Red S Staining 

Alizarin Red S and von Kossa Stains were used to visually enhance mineralized calcium 

in fixed cultures. In preparation for both stains, cells were washed with 1x PBS (without 
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Ca2+/Mg2+), to remove residual medium, then fixed with methanol/acetone (7:3) at −20°C 

for 30 min, then rinsed again with PBS. For Alizarin Red staining, cells were overlaid with 

2% (w/v) Alizarin Red S for 10 minutes at room temperature, and then washed one time 

each with descending alcohol concentrations (100%, 90%, 80%, 70%) and a final time 

with 1x PBS. For Von Kossa stains, cells were overlaid with 5% (w/v) silver nitrate for 60 

minutes under a light microscope. Cells were then washed with deionized H2O. Both 

stains were imaged using a standard inverted microscope without phase contrast.  

 

4.3.5 Protein preparation, SDS-PAGE, and western blot analysis  

In preparation for protein collection, cells in culture were treated with sodium 

orthovanadate (Na3VO4) (tyrosine phosphatase inhibitor, 1mM) for 30 minutes and 

washed with 1X PBS prior to lysis. To obtain whole cell protein lysates, cells were 

overlaid with RIPA buffer (10 mM Tris pH 7.2, 10 mM sodium chloride, 0.1% sodium 

dodecyl sulfate, 1% Triton X-100, and 1% sodium deoxycholate) supplemented with 10 

mM sodium fluoride, 1 mM Na3VO4, 1 mM PMSF, and 1x protease inhibitor cocktail 

(Sigma-Aldrich) and 1x phosphatase inhibitor cocktail (Thermo Fisher). To obtain 

fractionated protein lysates, we used Nuclear and Cytoplasmic Extraction Reagent Kit 

(NE-PER, Thermo Scientific), according to kit instructions. Lysis buffers were 

supplemented with 1 mM Na3VO4 and 1x phosphatase inhibitor cocktail. All lysate 

concentrations were measured with the DC protein assay kit (BioRad). Protein 

expression was analyzed using Sodium Dodecyl Sulfate Polyacrylamide Gel 

Electrophoresis (SDS-PAGE). Gels were made using an acrylamide concentration of 

10% separation gel and 6% collection gel. Protein samples were prepared using 30 μg 

of protein and 1x Laemmli loading buffer with bromophenol blue dye in a total volume of 
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30 µL. Gels were run at 160V for 3 hours. Proteins were transferred to a Polyvinylidene 

fluoride (PVDF) membrane (Roche) overnight at 4°C, 30V. Transferred membranes 

were blocked in overnight at 4˚C in 5% milk/PBS solution, incubated overnight with the 

corresponding primary antibodies (see table 1). They were washed in 1x PBS and then 

incubated with the appropriate HRP-conjugated secondary antibody (Cell Signaling 

Technologies) for 2 hours at 25˚C. Antibody binding was detected using SuperSignal 

West Pico Chemiluminescent Substrate (Thermo Scientific).  

 

4.3.6 RNA isolation, RT-PCR, and real-time quantitative PCR 

Total RNA was isolated using the Quick RNA Kit (Zymo Research) according to the 

manufacturer's instructions with on-column DNase I digestion, and RNA concentration 

was determined using a UV-Vis spectrophotometer (Nanodrop). For cDNA synthesis 625 

ng total RNA was used as a template with 80 U RevertAid Reverse Transcriptase 

(Thermo Fisher) in a total reaction volume of 25 μL containing 0.5 mM dNTPs, 50 U 

RiboBlock RNase inhibitor (Thermo Fisher), and 3 µg/µL random primer (Thermo Fisher) 

in 1x reaction buffer containing 20mM MgCl2. For PCR amplification 25 ng of cDNA was 

used, combined with specific primers (see table 2) and amplified using a program of 10 

min. at 25˚C, 50 min. at 42˚C, and 15 min. at 70˚C. PCR reactions were run in a 3-step, 

38 cycle (45s at 94˚C, 45s at 60˚C, 60s at 72˚C, each cycle) PCR program, except 

Gapdh, which was run on a 3 step, 32-cycle program. Products were separated on 3% 

agarose gels containing 0.1 μg/mL ethidium bromide. Quantitative real-time PCR 

analysis was performed using BioRad MyQ5 detector using a 2-step/40cycle program. 

The accumulation of reaction products during PCR was monitored by measuring the 

increase in fluorescence caused by the binding of SYBR® Green (BioRad) to double-
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stranded DNA. Reaction mixtures were set up as suggested by the manufacturer. Target 

gene Ct values were calculated using the delta delta Ct method (Livak and Schmittgen, 

2001), and were standardized against Gapdh expression.  

 

4.3.7 Flow cytometry 

Live cells were trypsinized, collected, and spun down. After neutralizing the enzyme and 

washing, cells were resuspended and optionally permeabilized in 0.1% Triton-X for 15 

minutes at room temperature for detection of internal antigens. Cells were then washed 

and incubated for 30 minutes at 37˚C with 1 µg of primary antibody (see table 1). 

Following primary incubations, cells were washed again and then incubated with 0.5 µg 

of Alexafluor-conjugated secondary antibody (Life Technologies, see table 1). Both 

antibodies were diluted in a PBS/10% FBS solution. Cells were washed in 1x PBS, spun 

down, and resuspended in a sorting solution containing 1% FCS in 1X PBS and filtered. 

Cells were analyzed using a standard three-channel flow cytometer (BD) and gated 

using corresponding samples that were stained with secondary antibodies only, and 

10,000 events per sample were registered.  

 Wnt5a::GFP reporter lines were trypsinized, collected and spun down as 

described above in preparation for flow cytometry. Cells were gated using wildtype 

unstained sample of same differentiation day. 

 

4.3.8 Immunocytochemistry 

Attached cultures were fixed with 4% paraformaldehyde (PFA) in PBS for 30 minutes at 

4°C. To avoid unspecific binding cells were blocked with 10% FBS, 0.5% Bovine Serum 

Albumin (BSA) in 1x PBS for 30 minutes at 25˚C. Cells were overlaid with primary 
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antibodies diluted in blocking solution and incubated at 4°C overnight. The secondary 

antibodies (Life Technologies, see table 1) with the appropriate Alexa Fluor-conjugated 

IgG (Invitrogen), and the 4',6-diamidino-2-phenylindole (DAPI) nuclear stain (Thermo 

Fisher) were diluted at 1:200 and 1:100 respectively, in blocking solution and applied to 

the cells for 2 hours at room temperature. Cells were imaged with a Nikon Ti-S 

fluorescent microscope. 

 

4.3.9 Sequence alignment and bioinformatics 

Bioinfomatic microRNA target prediction was analyzed using several databases 

including targetscan.org, mirdb.org, and microrna.org (Betel et al., 2008). The latter 

database uses the miRSVR score, a regression method for predicting likelihood of target 

mRNA down-regulation from sequence and structure features in microRNA/mRNA 

predicted target sites (Betel et al., 2010) to rank target sites using a “downregulation 

score”, allowing for efficient in silico target screening prior to in vitro testing. 

Conservation profiles of the 3’UTR of the target and the miRNA between several species 

were generated with Clustal Omega (Sievers et al., 2014).  

 

4.3.10 Calcium phosphate transfection of TopFlash reporter 

 In order to investigate whether miR-361 can regulate canonical Wnt signaling, we 

created an artificial system in HEK293T cells using the TopFlash reporter (Addgene), a 

LEF/TCF Firefly luciferase reporter construct that reports on transcriptional activity of 

LEF/TCF (Veeman et al., 2003). For transfection of the plasmid, a calcium phosphate 

transfection was used (Rodriguez and Flemington, 1999). Briefly, confluent HEK293T 

cultures were split at a 1:15 ratio and allowed to grow for 24 hours. Cells were 
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transfected with a transfection mix containing 1x 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) Buffered Saline (HBS) and 2.5 M calcium 

chloride (CaCl2) containing a total of 30 µg of DNA. This amount was comprised of 500 

ng of TopFlash and 500 ng of either pSuper::miR-scr or pSuper::miR-361 and the 

remainder pcDNA3.1 carrier plasmid. Transfection mix was added to cells, which were 

allowed to grow for an additional 48 hours. Cells were then trypsinized and redistributed 

(5 replicates per treatment) at a concentration of 100,000 cells/cm2 and subsequently 

treated with varying concentrations of recombinant Wnt3a (rWnt3a), recombinant Wnt5a 

(rWnt5a) (both from R&D Systems), and/or GSK3β inhibitor lithium chloride. Treated 

cultures were allowed to incubate for 24 hours, then lysed and analyzed according to 

manufacturer’s instructions using the Promega Luciferase Assay Kit.  

 

4.3.11 Migration assay 

Cells were assessed for their ability to migrate using a scratch assay. Monolayer 

cultures were scratched down the center of the well with the tip of a 1000 µL pipette. 

Cells were then incubated and imaged using a Nikon Biostation CT (an incubator with a 

built-in automated imaging system). Images of the entire well were taken every half hour 

and stitched together to form a single image, allowing for the monitoring of time to the 

closure of the gap.  

  

4.4 Results 

4.4.1 Overexpression of miR-361 has a pro-osteogenic effect 

To investigate the significance of the endogenous downregulation of miR-361 

observed on day 3 of differentiation (see heatmap, Fig 5 Chapter 1), miR-361 was 
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overexpressed in murine ESCs on day 3, which resulted in impaired osteogenesis (Fig. 

4.1A), as evidenced by a significant decrease in mineralized calcium by day 20 (Fig 

4.1B) compared to wildtype controls. Failure to decrease miR-361 expression at early 

stages seems to antagonize early commitment stages including gastrulation (Turner et 

al., 2014) and neural crest induction (Steventon et al., 2009) as evidenced by a 

decrease in expression of both PAX7, which marks early neural crest populations 

(Murdoch et al., 2012) and BRACHYURY, which is important for early gastrulation 

(Beddington et al., 1992) (Fig 4.1C). Accordingly, we found that overexpression of miR-

361 on day 5, thus enhancing the endogenous expression, resulted in the enhanced 

mineralization of osteoblasts by day 30 (Fig. 4.1D) visible as increased black spots in the 

cultures. This was more apparent in Alizarin Red S (ARS) and Von Kossa (VK) stains, 

which stain for mineralized calcium (Fig. 4.1E), where more calcium can be denoted by 

more black (VK) or red ARS stain. The increased mineralization was confirmed with a 

significant, nearly 22.5-fold increase in calcium content over control samples (Fig. 4.1F). 

We noted similar patterns in ESCs null for the endonuclease Dgcr8 (DiGeorge 

Syndrome Critical Region Gene 8, Fig. 4.1D, lower panel, Fig 4.1F), with a 24.7-fold 

increase in mineralized calcium over controls. The inability of Dgcr8 null ESCs to reach 

calcification levels close to wildtype cells is probably grounded in the fact that miR-361 is 

not the only microRNA important for differentiation.  

 

4.4.2 MiR-361 may be involved in expansion and specification of the neural crest 

compartment 

Bone can be formed in two different ways: either from the lateral plate or paraxial 

mesoderm, which will form appendicular and axial skeleton, or from the neural crest,  
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Figure 4.1: Overexpression of miR-361 in murine embryonic stem cells results in enhanced 
mineralization in osteogenic cultures. (A) Photographs of differentiating WT murine ESCs 
overexpressing miR-361 on day 3, nullifying the endogenous downregulation. Cultures exhibited impaired 
mineralization early on, as evidenced by fewer black and grey areas are visible as differentiation 
progressed. (B) Defective mineralization confirmed by a significant decrease in mineralized cultures by 
day 20 (n=5±SD, versus miR-scr, **P>0.01, Student’s t-test).  (C) Analysis of early developmental 
markers showed a decrease in BRA and PAX7 expression compared to control (n=3±SD, versus miR-scr, 
*P>0.05, ***P>0.001 Student’s t-test). (D) Transient overexpression of miR-361 on day 5 enhances 
endogenous miR-361 expression and increases mineralization, as evidenced by more black areas 
compared to controls, as early as day 15. (E) Alizarin Red S and Von Kossa stains, which stain for 
mineralized calcium, also demonstrate enhances mineralization, with more black (Von Kossa) and red 
(Alizarin Red S) areas in miR-361 transfected cells. (D, E bottom panel) To ensure the observed result 
can be uniquely attributed to miR-361, we performed the same experiment in a cell line null for the 
endonuclease Dgcr8. Overexpression of miR-361 in this cell line gave a similar pro-osteogenic effect, and 
resulted in (F) a 3-fold increase in mineralized calcium by day 30 (n=5±SD, versus miR-scr, *P>0.05 over 
miR-scr Student’s t-test).  BRA, T-Brachyury; PAX7, paired box protein 7; WT, wildtype.  
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361 acts on, early gene expression was assessed. Overexpression of miR-361 resulted 

in sustained Sox1 expression, through day 9, increased Twist1 expression, early 

expression of Snip1, and delayed expression of p75 (Fig 4.2A).   

In an effort to pinpoint what aspect of neural crest development miR-361 affects, 

the differentiation of neural crest cells into mesenchyme or the differentiation of 

mesenchymal cells into osteo/chondroprogenitors, we overexpressed miR-361 in neural 

crest stem cells and in MSCs (Fig. 4.2B). In MSCs, we observed no change in the levels 

of mineralization by day 10. However, when we overexpressed miR-361 in neural crest 

stem cells we observed a 30% increase in mineralization (Fig. 4.2C). Interestingly, co-

expression of miR-361 and miR-690 in neural crest stem cells resulted in nearly a 2-fold 

increase over untreated controls. We demonstrated in another study (see Chapter 3, Fig 

6) that overexpression of miR-690 alone in differentiating neural crest stem cells was not 

sufficient to increase mineralization, suggesting that these miRNAs may regulate early 

development concomitantly. Moreover, when miR-361 was expressed in Dgcr8-/- cells, 

we observed no change in SOX10 expression, but an increase in TWIST1 expression 

(Fig. 4.2D).  

 

4.4.3 MiR-361 negatively regulates canonical Wnt signaling 

As previous studies in our lab have shown, miR-361 directly targets the non-

canonical Wnt pathway antagonist Prickle (see Fig 6 Chapter 1). Prickle, when active, 

blocks DISHEVELED (DVL) recruitment to the FRIZZLED (FZD) membrane protein, thus 

inhibiting non-canonical signaling. Previous studies have shown that cells expressing the  
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Figure 4.2: miR-361 may be involved in expansion and specification of the neural crest 
compartment. (A) RT-PCR in differentiating ESCs showed sustained Sox1 expression, an increase in 
Twist1, and accelerated Snip1 (by day 5) and p75 (by day 7). (B) Photographs of differentiating NCSC 
and hMSCs showed that overexpression of miR-361 in MSCs did not result in any change in 
mineralization capacity. (C) Overexpression of miR-361 in neural crest stem cells resulted in enhanced 
mineralization by day 10. Co-expression of miR-361 and miR-690 resulted in nearly a 2-fold increase over 
untreated controls (n=5±SD, versus control, **P>0.01, Student’s t-test). (D) When miR-361 wa expressed 
in Dgcr8-/- cells, we observed no change SOX10 expression, but an increase in TWIST1 expression. 
SOX10, SRY box protein 10; NCSC, neural crest stem cells; hMSC, human mesenchymal stem cell; WT, 
wildtype.  
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non-canonical Wnt ligand WNT5A on day 7 have more osteogenic potential (Keller et al., 

2016). Additionally, while there is no direct connection with involvement of Wnt5a to 

neural crest identity, there are studies that indicate that neural crest cells must be 

positive for Wnt5a (Erdreich-Epstein and Shackleford, 1998), particularly in craniofacial 

neural crest (Barrallo-Gimeno et al., 2004). Another study found that ectopic expression 

of non-canonical Wnt ligand Wnt7b in skin cells induced specification of a neural crest-

like cell population (Fukunaga-Kalabis et al., 2015). Overexpression of miR-361 resulted 

in a decrease in WNT5A (GFP)+ cells on day 7, but a distinct increase by day 9 (Fig 

4.3A).  

Given that miR-361 targets PRICKLE, which blocks DVL-mediated transmission 

of non-canonical Wnt (Wallingford and Habas, 2005), and that DVL can transmit both 

canonical and non-canonical Wnt signaling due to its three distinct protein domains (Pan 

et al., 2004) we investigated whether miR-361 had an antagonistic or agonistic effect on 

canonical signal transmission. To confirm an inhibitory effect on canonical Wnt signaling, 

we developed an artificial system using a TopFlash LEF/TCF luciferase reporter, which 

expressed luciferase when the CTNNB1 co-activator bound to the LEF/TCF transcription 

factors, thus reporting on the transcriptional activity. We observed that despite activation 

of the reporter with LiCl, a GSK3β inhibitor, treatment with recombinant Wnt5a (rWnt5a) 

resulted in a concentration dependent decrease in LEF/TCF activity, suggesting an 

antagonistic relationship between canonical and non-canonical Wnt. This decrease was 

compounded in cultures treated with increasing concentrations of rWnt5a coupled with 

miR-361 transfection, suggesting that miR-361 promoted the diminution of LEF/TCF 

promoter activity. When transfected cells contained the activated reporter and miR-361 
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alone, we observed a similar decrease in LEF/TCF activity, showing that miR-361 alone 

was sufficient to influence this downtrend (Fig. 4.3B).  

 

 

 

 

 

Figure 4.3: MiR-361 negatively regulates canonical Wnt Signaling. (A) Cells overexpressing miR-361 
exhibited a less WNT5A on day 7 than wildtype controls, but a significant increase by day 9 (n=3±SD, 
versus miR-scr, *P>0.05, ***P>0.001, Student’s t-test). (B) Using a TopFlash Lef/Tcf::Luciferase reporter, 
we observed that despite activation of the reporter with LiCl, a GSK3β inhibitor, treatment with recombinant 
Wnt5a (rWnt5a) resulted in a dramatic, concentration dependent decrease in LEF/TCF activity. This 
decrease was compounded when cultures were treated with increasing concentrations of rWnt5a coupled 
with miR-361 transfection. When we transfected cells containing the activated reported with miR-361 alone, 
we observed a similar decrease in Lef/Tcf activity, demonstrating that miR-361 alone is sufficient moderate 
this regulation (n=5±SD, versus LiCl, *P>0.05, **P>0.01, One Way ANOVA). (C) Western blots that 
overexpression of miR-361 on day 5 resulted in a decrease in CTNNB1 levels on day 6 that never 
completely recover through day 9.  
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Corresponding to the results of this experiment, which suggested that miR-361 

helped transduce non-canonical signals, miR-361 overexpression in differentiating ESC 

cultures on day 5 resulted in a decrease in CTNNB1 levels on day 6 that never 

completely recovered through day 9 (Fig. 4.3C), suggesting that the regulation miR-361 

exerts on the canonical signal is directly related to control of levels of beta-catenin.  

 

4.4.4 MiR-361 affects migration of differentiating cells 

Migration is a crucial aspect of proper craniofacial neural crest development, with 

migration defects contributing to some of the most common congenital skull defects 

(Trainor, 2010). Migration of neural crest-derived precursors is a necessary step on the 

way to progenitor specification and differentiation (Theveneau and Mayor, 2012). 

Populations of migrating neural crest cells are marked by p75 (Betters et al., 2010; 

Kinikoglu et al., 2014). In cells overexpressing miR-361, we observed an increase in the 

expression of p75 on day 7 compared to controls. While p75 expression decreased in 

controls, it further increased by day 9 in miR361+ cells (Fig. 4.4A). As mentioned in Fig 

4.3, there is evidence that Wnt5a marks a neural crest population with osteogenic 

potential. Since overexpression of miR-361 seems to result in a delay in WNT5A 

regulation (from day 7 to day 9), but an increase in p75 expression on day 7, this 

suggests that miR-361 could promote neural crest migration. To investigate this 

possibility, we performed a scratch assay investigating the migratory behavior of the 

cells. We found that overexpression of miR-361 led to a 25% more effective gap closure 

than in controls (Fig. 4.4B).  
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4.4.5 MiR-361 may indirectly control the nuclear localization of REST 

Aside from being known as DVL inhibitor, PRICKLE has been described as a 

nuclear translocator for the RE1-silencing transcription factor REST (Shimojo et al., 

2006). REST acts as a transcriptional repressor of neuronal genes in non-neuronal 

tissues. It has been identified as a necessary component in neuroectoderm patterning 

(Olguín et al., 2006), specifically the patterning of the neural plate, which is crucial for 

the neural crest induction. While it does have a reputation as a strict transcriptional 

Figure 4.4: miR-361 positively affects cell migration in differentiating cells. (A) Cells overexpressing 
miR-361, showed an increase in p75 expression by day 7, which then further increased by day 9 (n=3±SD, 
versus miR-scr, **P>0.01, ***P>0.001, Student’s t-test), suggesting a role for miR-361 in cell migration. (B) 
We further examined this supposition by performing a scratch assay in which a scratch was made in a 
monolayer of cells using the tip of a 1000 µL pipette. We found that cells overexpressing miR-361 were 
able to close the gap 25% more effectively than controls in 24 hours (n=5±SD, versus miR-scr, *P>0.05, 
Student’s t-test).  
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repressor, it has recently been associated with cell fate specification, opening up a 

variety of possibilities with regard to the function of Rest (Aksoy et al., 2016), including 

its ability to promote expression of Oct4, Sox2, and Nanog in self-renewing pluripotent 

stem cells (Singh et al., 2008; Johnson et al., 2008), though multiple studies have shown 

it is not required (Yamada et al., 2010; Sun et al., 2008). Moreover, while it has been 

shown to repress neuronal differentiation in non-neuronal tissues, Rest ablation studies 

have resulted in the loss of neuronal populations as well as increased apoptosis and 

defective cell adhesion and proliferation (Sun et al., 2008). With regard to regulation of 

Rest, its expression is directly agonized by canonical Wnt signaling (Nishihara et al., 

2003), and its function is regulated by interaction with PRICKLE1 (Bassuk et al., 2008; 

Bosoi et al., 2011), though the mechanism by which this occurs is unclear. It is thought 

that because PRICKLE has three nuclear localization sequences, it is involved in 

facilitating nuclear entry of REST (Shimojo and Hersch, 2006).  

If this were the case, miR-361 would be involved in negative regulation of Rest, 

thus promoting differentiation. To test this hypothesis, we evaluated the effect of miR-

361 on expression of neural crest markers SOX10 and TWIST1 in wildtype cells 

compared to cells null for Rest. We observed that on day 7, Rest-/-ESCs exhibited a 

phenotype similar to overexpression of miR-361 in wildtype cells, while overexpression 

of miR-361 in Rest-/- cells demonstrated no phenotypic change to both untransfected 

Rest-/- and transfected wildtype. Additionally, both miR-361+ cells and Rest-/- cells 

showed an increase in levels of TWIST1 expression on d7. and on day 9, both wildtype 

cells overexpressing miR-361 and Rest-/- cells exhibit an interesting morphology: clusters 

of cells reminiscent of differentiating cells undergoing mesenchymal condensation. Since  
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Figure 4.5: miR-361 may indirectly control the nuclear localization of REST. Immunocytochemistry 
demonstrated that overexpression of miR-361 in wildtype cells resulted in a similar phenotype to untreated 
Rest-/-, and overexpression of miR-361 in Rest-/- cells demonstrated no change. Additionally, both miR-361+ 
cells and Rest-/- cells show and increase in levels of TWIST1 expression. SOX10, SRY box protein 10; 
REST, RE1 Silencing Transcription Factor.  
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miR-361 is not predicted to target Rest, miR-361 may indirectly control REST nuclear 

localization by controlling Prickle. This suggests that in addition to promotion of 

mesenchymal specification (Fig 4.2), miR-361 may also be able to promote 

mesenchymal differentiation by perturbing REST nuclear localization, though further 

research would be required to pursue this possibility.   

 

4.5 Discussion 

MiR-361 targets Prickle, a negative regulator of planar cell polarity non-canonical 

Wnt signaling and putative nuclear translocation receptor. It has long been known that 

the canonical and non-canonical pathways interact, however there are two schools of 

thought with regard to how this interaction occurs. Some studies have indicated that 

activation of non-canonical Wnt signaling can activate beta-catenin dependent signaling 

independently of canonical activators (Holmen et al., 2005), while others show that 

activation of non-canonical signaling has an inhibitory effect (Kanazawa et al., 2005). 

Prickle has not directly been associated with bone development, though one study found 

that altered Prickle1 expression resulted in defective limb outgrowth (Yang et al., 2013), 

and another found widespread expression of Prickle in both limb and head mesenchyme 

(Bekman and Henrique, 2002). In fact, it has only been in recent years that the 

importance of non-canonical Wnt in osteogenesis has been truly recognized. In 2007, Tu 

and colleagues showed that non-canonical Wnt7b could induce osteoblast differentiation 

through PKC-δ signaling, and Albers and colleagues showed that impairment of Fzd9 

resulted in impaired bone development due to defective non-canonical Wnt signaling 

(Albers et al., 2011). Most recently, Yang and colleagues found that children with cleft 

palate exhibit a higher frequency of Prickle1 mutations. 
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These studies address the connection between Prickle and osteogenesis, but do 

not address regulatory relationship between non-canonical and canonical Wnt. PRICKLE 

specifically has been shown to destabilize beta-catenin in liver cancer (Chan et al., 

2006), but no studies have investigated this relationship in bone. Establishment of the 

relationship between these pathways and their regulators can have implication in several 

important regulatory aspects of bone development. One such aspect is cell cycle 

regulation. Several studies have linked miR-361 to a role in cell cycle regulation in 

several types of cancer (Chen et al., 2016; Sun et al., 2016; Ma et al., 2015). Additionally, 

multiple studies have linked Prickle with reduced cell proliferation during development 

(Evdokimova et al., 2009; Braun et al., 2014), often in favor of a different morphological 

state such as migration (Lim et al., 2016) or differentiation (Heisenberg and Solnica-

Krezel, 2008). Conversely, beta-catenin is heavily involved in the promotion of cell 

proliferation by activating downstream targets like CyclinD1 (Joo et al., 2003) and 

Cdc25a (Vijayakumar et al., 2011), a regulatory phenomenon that has been linked to 

osteogenesis (Golovchenko et al., 2013). Combined with the ability of non-canonical 

Wnts to negatively regulate canonical signaling (Sweetman et al., 2008), miR-361 may 

play a role in indirectly decreasing cell proliferation at later timepoints (i.e.d8-9) to 

promote morphological changes that promote development.  

As mentioned previously, one of the morphological changes that can be affected 

when PRICKLE downregulates proliferation is cell migration, a major player in proper 

craniofacial development. Multiple studies have shown that Prickle plays a role in 

migration of multiple cell types including facial motor neurons (Yang et al., 2014), as well 

as gastrulating cells and neuronal precursors (Carreira-Barbosa et al., 2003). It has also 

been found to be robustly expressed in migratory neural crest (Bekman and Henrique, 
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2002), but the mechanism that governs this has not been elucidated. One gene whose 

role has been well-characterized in migration is p75, a growth factor receptor previously 

only recognized as a marker of a neural crest precursor (Yan and Johnson, 1988; Kanik 

et al., 1996). As with characterization of miR-361, many of the studies associating p75 

with migration come from studies investigating tumor cell invasion (Wang et al., 2010; 

Demir et al., 2014). However, there have emerged many studies highlighting the 

fundamental role of p75 in neural crest development. Studies have shown that cells 

migrating to the pharyngeal arches must be positive for p75 (Tomotsune et al., 2000; 

Yan et al., 2006), and that it is necessary for epithelial mesenchymal interaction in 

odontogenic differentiation (Xing et al., 2016).  

There is currently no evidence linking PRICKLE-mediated regulation of canonical 

Wnt with p75 mediated neural crest migration, however, since 2005, there has been 

strong evidence that non-canonical Wnt signaling is essential for neural crest migration 

(De Calisto et al., 2005).  More recent studies have shown that negative regulation of 

canonical Wnt signaling by Dickkopf is able to rescue migratory defects resulting from 

p75 knockdown (Han et al., 2014). This study opposes the studies that suggest that 

canonical Wnt signaling is necessary for proper migration (Hari et al., 2002; Willems et 

al., 2015; Tuttle et al., 2014), however it is possible that this is due to the need for 

canonical Wnt to be tightly regulated in order to propagate migration (Maj et al., 2016; 

Alexander et al., 2014). Moreover, there is evidence that suggests that while canonical 

Wnt signaling provides to push necessary to commence migration, it is actually non-

canonical Wnt signaling that provides the directional cues (Matthews et al., 2008; Mayor 

and Theveneau, 2014), suggesting that it may not be so much a matter of canonical 
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versus non-canonical Wnt that controls migration, but instead an interplay between the 

two that result in the aforementioned control.  

Recently, PRICKLE has been associated with a transcriptional repressor known 

as REST. REST was identified in 1992 as a restrictive element found only in non-

neuronal tissues (Mori et al., 1992). It was later found to be highly expressed in ESCs, 

maintain self-renewal and pluripotency in undifferentiated embryonic stem cells by 

promoting expression of Oct4, Nanog, Sox2, and c-myc (Singh et al., 2008).  Early 

studies in differentiating cells showed it was able to promote neuron specific expression 

of various factors such as acetylcholine receptors in neurons (Wood et al., 1996). 

However there was no evidence for roles outside neuronal specification until 1997, when 

one study investigating cell adhesion molecules in embryonic neural development found 

that transgenic mice null for Rest had ectopic expression of neuron-specific adhesion 

molecules in neural crest-derived mesenchyme (Kallunki et al., 1997).  Moreover, they 

exhibit neonatal lethality as a result of failed cholinergic transmission in the enteric 

nervous system, a neural crest derived system (Aoki et al., 2014). This demonstrates 

that Rest requires tight, cell type-specific regulation, but until recently, this mechanism 

had not been investigated. In 2006, Shimojo and colleagues identified a protein they 

dubbed RILP, later identified as PRICKLE, showing that it complexes with REST to 

control REST nuclear localization, and introducing another way in which Wnt signaling is 

capable of regulating neural crest specification. This regulation also introduces another 

possible regulatory capacity for miR-361.  

Further molecular studies regarding REST expression in other than neuronal 

subtype specification have been rare, however a 2015 study by Thakore-Shah and 

colleagues used a REST knockdown system to conduct a preliminary investigation as to 
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the effects of dysregulated REST on expression of early differentiation markers. They 

showed that cells with dysregulated REST exhibited both increased agonists (Ctnnb1, 

Fzd2) and antagonists (Axin2, Troy) of canonical Wnt signaling, as well as increased 

mesendoderm differentiation, demonstrating a need for REST regulation in order to 

promote proper differentiation of non-neuronal tissues. There are no miRNAs that are 

bioinformatically predicted to target Rest, and since PRICKLE is currently the only 

identified regulator of REST, then regulation of REST may rely on the regulation of 

Prickle. Since Rest is so important for neural differentiation, it suggests that a negative 

regulator of Prickle like miR-361 is important for modulating non-neuronal specification 

from the neural crest such as osteogenesis.  

Though this study focuses on Prickle as a direct target of miR-361 during neural 

crest mesenchymal specification, miR-361 has several other bioinformatically predicted 

targets that have been associated the stipulated role in controlling differentiation and cell 

migration. One such factor is the transcriptional coactivator and RISC complex mediator 

SND1, with a bioinformatically predicted miRSVR score or -1.002. Though poorly 

understood, SND1 has been associated with cell invasion and proliferation of several 

types of cells (Su et al., 2015; Yu et al., 2015; Emdad et al., 2015). Interestingly, one 

study on mechanisms governing colon carcinogenesis showed that overexpression of 

SND1 mediated a decrease of APC protein, thus stabilizing CTNNB1 (Tsuchiya and 

Nakagama, 2010). In fact, another study showed that overexpression of miR-361 in 

colorectal and gastric carcinomas inhibited invasion and metastasis by targeting SND1 

(Ma et al., 2015). When viewed in a developmental light, the relationship between miR-

361 and SND1 could indicate that miR-361 is capable of both indirect and direct control 
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of non-canonical Wnt, a particularly important aspect during osteogenesis as well as 

early patterning and development.  

Another predicted target of miR-361 is Pax9, with a miRSVR score of -0.9226. 

Pax9 is highly associated with neural crest derived osteogenesis, specifically 

odontogenesis and palate formation (Lee et al. 2012; Arcuri et al., 2011). While most 

studies have focused heavily on those specific roles, there are other studies that suggest 

Pax9 plays a role in aspects of earlier neural crest development (Monsoro-Burq, 2015), 

controlling cell proliferation (Lee et al., 2008), migration (Zhou et al., 2013), and lineage 

specification such as mesenchymal commitment (Peters et al., 1998). There are copious 

similarities between development of teeth and that of the rest of the craniofacial skull. 

For example, defects such as Pax9-/- that result in serious defects in odontogenesis 

often also result in palate and limb defects (Pereira et al., 2005), but their end 

morphology is quite different, suggesting that miR-361 may promote development of a 

more specific population of neural crest mesenchymal derivatives that lead to palate and 

frontal skull development. This means that Pax9, which seems to chiefly promote 

odontogenesis, must be regulated to allow for the proper development of the rest of the 

skull, opening the possibility that miR-361 specifically regulates frontal skull and palate 

formation from the neural crest.  

How mesenchymal stem cells are derived from primitive neural crest is currently 

poorly understood, aside from loss-of-function studies that focus on specific derivatives 

of early mesenchyme (Ishii et al., 2003; Jones et al., 2009) This is due in part to the 

complexity of the early neural crest population, given that there are different kinds of 

neural crest (trunk, cranial, and cardiac) that each give rise to distinct tissues (Bronner-

Fraiser, 1986; Tan and Moriss-Kay, 1985; Waldo et al., 1998). Recent studies by 
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Takashima and colleagues (2007) have shed some light on how the specification of 

mesenchymal tissue from the neural crest occurs, indicating that MSC specification 

happens in waves, the first one in the trunk neural crest. They found that the in vivo the 

first wave is marked the early expression (E8.5-E11.5) of the neuroepithelial progenitor 

marker Sox1 (Venere et al, 2012), which indicates a population of trunk neural crest that 

ultimately specifies mesenchyme. They also indicated that there is evidence of a second 

wave of mesenchymal specification that is yet to be characterized. However, they did 

note that P0, which marks a population of cranial neural crest that also gives rise to 

mesenchyme, but not Sox1, is expressed a day later (E9.5-E11.5), suggesting that 

mesenchyme specifies in the cranial neural crest in the second wave.  

This study found that overexpression of miR-361 resulted in a sustained 

expression of Sox1, suggesting that misregulation of miR-361 can lead to a delay in the 

second wave of MSC specification. In support of this hypothesis, overexpression of miR-

361 also accelerated Snip1 expression, which positively regulates proliferation (Roche et 

al, 2004; Fujii et al, 2006) and delayed expression of the neural crest migration marker 

p75 (Bannerman et al, 2008) and mesenchymal differentiation marker Twist1 (Bildsoe et 

al, 2016), suggesting that miR-361 may promote expansion of the remaining neural crest 

population prior to the second wave of mesenchymal commitment. The regulation of 

Sox1 by miR-361 could also indicate that miR-361 is responsible for mesenchymal 

commitment in all types of neural crest rather than specification directed to a specific 

type of neural crest, though this would require further studies.  

Though many studies have been done in regard to developmental regulation of 

neural crest, newer studies have begun to investigate the nuances of what controls the 

diverse lineage capabilities of a single transient population of cells. MiR-361 has been 
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overlooked in its potential as a developmental regulator, instead focusing on its 

misregulation in tumors. This study presents one of the first to recognize these 

developmental capabilities. It also represents the first indication that miR-361 targets 

Prickle, modulating early osteogenesis by indirectly controlling canonical Wnt signaling, 

introducing a novel mechanism of canonical Wnt regulation to perpetuate proper 

specification and migration of early osteoprogenitors.  

 

 

4.6 Conclusion 

In summary, miR-361 is a strong pro-osteogenic miRNA that directly targets Prickle, a 

negative regulator of non-canonical Wnt signaling. In the early differentiation of ESCs, it 

has the ability to indirectly downregulate canonical Wnt signaling. We also found that 

miR-361 is able to promote mesenchymal specification of early progenitor cells, making 

this the first study of a miRNA that is involved in mesenchymal specification rather that 

mesenchymal differentiation, as a means to promote osteogenesis. Finally, we found 

that miR-361 enhanced the migratory capacity of cells, a characteristic that would be 

crucial to all types of embryonic bone development. It is also quite important in cell fate 

determination in neural crest, as migration of differentiating progenitors to the proper 

pharyngeal arch is required to promote proper structural development (Alfi et al., 2014). 

These studies present a novel and multifaceted role for miR-361 in early neural crest cell 

fate specification that could lead to enhanced bone formation, or that could be implicated 

in diverse congenital craniofacial malformations.  
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Table 4.1: Antibodies 
Antibody Description Indication Supplier Item number 

Pan-p75 Rabbit Polyclonal Flow Cyt AbCam ab8875 
Pan-WNT5A Rabbit Monoclonal Flow Cyt Cell Signaling 

Technologies 
2530 

Pan-CTNNB1 Mouse Monoclonal WB Life 
Technologies 

138400 

Pan-PAX7 Rabbit Polyclonal Flow Cyt AbCam Ab34360 
Pan-
BRACHYURY 

Rabbit Monoclonal Flow Cyt Biotechne MAB20851 

Pan ACTIN Rabbit Polyclonal WB AbCam 
 

ab8226 

Pan-SOX10  Rabbit Polyclonal ICC AbCam ab27655 

Pan-TWIST1 Mouse Monoclonal ICC Cell Signaling 
Technologies 

ab50887 

Anti-rabbit IgG, 
HRP-linked 2˚ 
Antibody 

 WB Cell Signaling 
Technologies 

7074 

Anti-mouse IgG, 
HRP-linked 2˚ 
Antibody 

 WB Cell Signaling 
Technologies 

7076 

Anti mouse IgG 
Alexa-Fluor 488 
2˚ Antibody 

 ICC Life 
Technologies 

A-21202 

Anti mouse IgG 
Alexa-Fluor 546 
2˚ Antibody 

 ICC Life 
Technologies 

A-10036 

Anti rabbit IgG 
Alexa-Fluor 488 
2˚ Antibody 

 ICC Life 
Technologies 

A-11008 

Anti rabbit IgG 
Alexa-Fluor 546 
2˚ Antibody 

 ICC Life 
Technologies 

A-10040 
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Table 4.2: Primers 
Gene Forward Reverse Tm 

Snip1 GGCACTTCTTGAGGACACCA 
 

CAAGAGGGATGGTCGATGGG 
 

60 

Twist1 CCCCACTTTTTGACGAAGAA 
 

CAGTTTGATCCCAGCGTTTT 
 

60 

Sox1 CACAGTTCAGCCCTGAGTGA  AGGCCACAACAACAACAACA  60 

p75 CAGAGCGAGACCTCATAGCC 
 

TGCAGCTGTTCCATCTCTTG 
 

60 

Gapdh GCACAGTCAAGGCCGAGAAT 
 

GCCTTCTCCATGGTGGTGAA 
 

60 
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Chapter 5: Conclusion 

 

The work presented in this dissertation endeavors to understand the role of two 

relatively unstudied miRNAs, miR-690 and miR-361, in modulating cell fate decisions 

during in vitro osteogenesis. Chapter 2 reviewed current outlooks for stem cells in studying 

and treating osteodegenerative diseases. The successive chapters characterized miR-

690 (Chapter 3) and miR-361 (Chapter 4), examining what they target, with which stage 

of early development they can be associated, and how they affect other factors involved 

in cell fate determination. This research aimed to identify pro-osteogenic miRNAs that act 

at early developmental stages, and to clarify possible regulatory roles. 

To our best knowledge, this research presents the first evidence of miRNAs that 

have a pro-osteogenic effect and are capable of regulation at early stages. Understanding 

how these miRNAs direct cell fate during early development can help clarify another 

aspect the complex regulation of early cell fate regulation. We introduce two novel miRNAs 

that either directly (miR-690) or indirectly (miR-361) regulate Ctnnb1 during early 

embryogenesis, two regulatory mechanisms that promote osteogenesis. It provides a 

possible answer to the question of what controls phasic expression of Ctnnb1 (as reviewed 

in Davis and zur Nieden, 2008) that leads to appropriate cell fate decisions that can lead 

not only to osteogenesis, but also to other embryonic patterning and tissue development 

(Figure 5.1).  

MiR-361 directly targets Prickle, a negative regulator of non-canonical Wnt 

signaling. In the early differentiation of ESCs, it has the ability to indirectly downregulate 

canonical Wnt signaling. Since miR-361 is not predicted to target any regulators of 

canonical Wnt signaling, it is likely that this regulation occurs because of the ability of  
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non-canonical Wnt signaling to antagonize canonical Wnt (Nemeth et al., 2007; Yuzugullu 

et al., 2009), a process which miR-361 would aid, since it attenuates the non-canonical 

Wnt inhibitor Prickle. We also found that miR-361 is able to promote mesenchymal 

specification of early progenitor cells, making this the first study of a miRNA that is involved 

in mesenchymal specification as opposed to mesenchymal differentiation as a means to 

promote osteogenesis. Specifically, miR-361 may be able to promote mesenchymal 

specification in the neural crest, as our studies demonstrated that miR-361 was capable 

of increasing Twist1 expression and decreasing Sox1 expression, as well as a possible 

indirect relationship between miR-361 and REST nuclear localization via Prickle regulation.  

In addition to a role in mesenchymal specification, we found that miR-361 

enhanced the migratory capacity of cells, a characteristic that would be crucial to all types 

of embryonic bone development. It is also quite important in cell fate determination in 

neural crest, as migration of differentiating progenitors to the proper pharyngeal arch is 

required to promote proper structural development (Alfi et al., 2014).  

Figure 5.1: Model of phasic regulation of Ctnnb1 by miR-361 and miR-690.  
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In turn, miR-690 targets Ctnnb1, a transcriptional coactivator that has downstream 

targets involved with proliferation and cell fate decisions during differentiation. It plays a 

crucial role in osteogenesis and that it must be expressed in a periodic fashion in order to 

allow for proper bone formation (zur Nieden et al., 2007; Davis and zur Nieden, 2008; Ding 

et al., 2012; Keller et al., 2015). Consequently, tight regulatory controls are required. 

These studies demonstrated that miR-690 has the capability to directly regulate the phasic 

activity of Ctnnb1, which can result in the control of several crucial processes in early cell 

fate specification including propagation of the progenitor population and effective 

mesenchymal differentiation.  

This regulation becomes very important with regard to the multipotent nature of the 

neural crest population. Craniofacial neural crest is capable of giving rise to both 

mesenchymal (Homayounfar et al., 2015) and neuronal derivatives (Nagy et al., 2016), 

meaning that craniofacial development requires tight regulation of various factors to 

achieve the correct fate decision. Several studies show that stabilized CTNNB1 results in 

ectopic expression of neuronal subtypes (Gay et al., 2015; Lee et al., 2004), indicating 

that CTNNB1 needs to be regulated not only for osteogenesis, but also during 

neurogenesis in the neural crest, highlighting the importance of both miR-361 and miR-

690 in their ability to regulate Ctnnb1. Moreover, studies have shown that failure to 

regulate specification leads to ectopic neuronal development (Gouti et al., 2011; Rossi et 

al., 2008) and craniofacial defects (Parada et al., 2015; Heuzé et al., 2014), suggesting a 

role for miR-361 in promoting mesenchymal specification in lieu of neuronal specification.   

These studies present a novel and multifaceted role for miR-361 in early neural 

crest cell fate specification that could lead to enhanced bone formation. While most 

craniofacial defects have thus far been linked with migration defects (Trainor, 2010), 
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studies of other neural crest-derived tissues such as heart muscle and neurons have been 

linked with tissue specification defects (Lee et al., 2004; Yamagishi et al., 1999), 

suggesting that miR-361 may be misregulated in patients with diverse congenital 

craniofacial malformations, and highlighting the importance of further study regarding this 

miRNA.  

Although neural crest was first associated with cranial bone development in 1964 

(Hammond and Yntema, 1964), it has been difficult to identify molecular regulators 

controlling mesenchymal specification in neural crest primarily due to the great multipotent 

capacity of this population of cells (Zhang et al., 2014; Hu et al., 2014). Though Ctnnb1 

has been implicated in the neural crest differentiation process (de Melker et al., 2004; Hari 

et al., 2012), the only miRNA that has been associated with neural crest derived bone is 

miR-452, targeting osteoblast differentiation promoter Dlx5 (Sheehy et al., 2010).  The 

work presented here is the first study to identify miRNAs that are capable in directing the 

mesenchymal specification and differentiation in neural crest tissues. Though initial, these 

studies introduce new regulatory possibilities and further study of their tempo-spatial 

regulation can give insight into the complexity that surrounds the differentiation process of 

tissues of neural crest origin.  

 

 

 

 

 

 

 



 168 

References 

Alfi D, Lam D, Gateno J. Branchial arch syndromes. Atlas Oral Maxillofac Surg Clin North 
Am. 22(2):167-73 (2014). 

de Melker AA, Desban N, Duband JL. Cellular localization and signaling activity of beta-
catenin in migrating neural crest cells. Dev Dyn. 230(4):708-26. (2004). 

Gay MH, Valenta T, Herr P, Paratore-Hari L, Basler K, Sommer L. Distinct adhesion-
independent   functions   of   β-catenin control stage-specific sensory neurogenesis and 
proliferation. BMC Biol. 13:24 (2015). 

Gouti M, Briscoe J, Gavalas A. Anterior Hox genes interact with components of the neural 
crest specification network to induce neural crest fates. Stem Cells. 29(5):858-70 (2011). 

Hammond WS, Yntema CL. Depletions of pharyngeal arch cartilages following extirpation 
of cranial neural crest in chick embryos. Acta Anat (Basel). 56:21-34 (1964). 

Hari L, Miescher I, Shakhova O, Suter U, Chin L, Taketo M, Richardson WD, Kessaris N, 
Sommer L. Temporal control  of  neural  crest  lineage  generation  by  Wnt/β-catenin signaling. 
Development. 139(12):2107-2117 (2012). 

Heuzé Y, Singh N, Basilico C, Jabs EW, Holmes G, Richtsmeier JT. Morphological 
comparison of the craniofacial phenotypes of mouse models expressing the Apert FGFR2 
S252W mutation in neural crest- or mesoderm-derived tissues. Bone. 63:101-109 (2014). 

Homayounfar N, Park SS, Afsharinejad Z, Bammler TK, MacDonald JW, Farin FM, 
Mecham BH, Cunningham ML. Transcriptional analysis of human cranial compartments 
with different embryonic origins. Arch Oral Biol. 60(9):1450-460 (2015). 

Hu N, Strobl-Mazzulla PH, Bronner ME. Epigenetic regulation in neural crest development. 
Dev Biol. 396(2):159-168 (2014). 

Lee HY, Kléber M, Hari L, Brault V, Suter U, Taketo MM, Kemler R, Sommer L. Instructive 
role of Wnt/beta-catenin in sensory fate specification in neural crest stem cells. Science. 
303(5660):1020-1023 (2004). 

Nagy N, Barad C, Graham HK, Hotta R, Cheng LS, Fejszak N, Goldstein AM. Sonic 
hedgehog controls enteric nervous system development by patterning the extracellular 
matrix. Development. 143(2):264-275 (2016). 

Nemeth MJ, Topol L, Anderson SM, Yang Y, Bodine DM. Wnt5a inhibits canonical Wnt 
signaling in hematopoietic stem cells and enhances repopulation. Proceedings of the 
National Academy of Sciences. 104(39):15436-15441 (2007). 

Parada C, Han D, Grimaldi A, Sarrión P, Park SS, Pelikan R, Sanchez-Lara PA, Chai Y. 
Disruption of the ERK/MAPK pathway in neural crest cells as a potential cause of Pierre 
Robin sequence. Development. 142(21):3734-3745 (2015). 



 169 

Rossi CC, Hernandez-Lagunas L, Zhang C, Choi IF, Kwok L, Klymkowsky M, Artinger 
KB. Rohon-Beard sensory neurons are induced by BMP4 expressing non-neural 
ectoderm in Xenopus laevis. Dev Biol. 314(2):351-361 (2008). 

Sheehy NT, Cordes KR, White MP, Ivey KN, Srivastava D. The neural crest-enriched 
microRNA miR-452 regulates epithelial-mesenchymal signaling in the first pharyngeal 
arch. Development. 137(24):4307-4316 (2010). 
 
Yuzugullu H, Benhaj K, Ozturk N, Senturk S, Celik E, Toylu A, Tasdemir N, Yilmaz M, 
Erdal E, Akcali KC, Atabey N. Canonical Wnt signaling is antagonized by noncanonical 
Wnt5a in hepatocellular carcinoma cells. Molecular cancer. 8(1):1 (2009). 

Trainor PA. Craniofacial Birth Defects: The Role of Neural Crest Cells in the Etiology and 
Pathogenesis of Treacher Collins Syndrome and the Potential for Prevention. Am. J. Med 
Genet Part A. 0(12):2984-2994 (2010).  

Yamagishi H, Garg V, Matsuoka R, Thomas T, Srivastava D. A molecular pathway 
revealing a genetic basis for human cardiac and craniofacial defects. Science. 
(5405):1158-1161 (1999). 

Zhang D, Ighaniyan S, Stathopoulos L, Rollo B, Landman K, Hutson J, Newgreen D. The 
neural crest: a versatile organ system. Birth Defects Res C Embryo Today. 102(3):275-
298 (2014). 

zur Nieden NI, Price FD, Davis LA, Everitt RE, Rancourt DE. Gene profiling on mixed 
embryonic stem cell populations reveals a biphasic role for beta-catenin in osteogenic 
differentiation. Mol Endocrinol. 21(3):674-685 (2007). 

zur Nieden, NI. Embryonic Stem Cell Therapy for Osteo-Degenerative Disorders. 
Biotechnol Interactions, 17, 8-14 (2005). 
 



 170 

Appendix 1: A preliminary investigation into the role of miR-690 in glucose 
metabolism in pluripotent embryonic stem cells  

 

A1 Abstract 

Diabetes, a disease resulting in increased blood glucose levels, affects 25.8 million 

children and adults in the United States alone (Centers for Disease Control, 2011). Serious 

congenital malformations are at least three times more common in infants born to diabetic 

mothers with widespread developmental effects. Several studies have demonstrated that 

the cause of this increase in developmental anomalies is high blood glucose levels present 

in the bloodstream of the mother (Mølsted-Pedersen et al., 1964).  

Type II diabetes, which results in an overall decrease in health and the quality of 

life from decreased circulation, diabetic ulcers, and dietary risks, among others (Svacina, 

2012). Treatment for diabetes does exist in the form of insulin therapy, but this is only 

available to a limited number of people who can afford treatment, which can be upwards 

of $300 per month, depending on the severity of the disease (Kaplan-Meyer, 2009). 

Furthermore, hyperinsulinemia resulting from excessive intake of insulin, is associated 

with impaired embryo implantation and early abortion (Qiao et al., 2011) 

The discovery of the microRNA and its implication as a key regulator of protein 

expression during embryonic development and progenitor maintenance has opened up 

new avenues of study with regard to how hyperglycemia leads to birth defects and tissue 

degeneration. MiR-690 has not previously been studied, and has bioinformatically 

predicted targets that are known to be involved in glucose metabolism. Our studies 

suggest that miR-690 is capable of controlling cell stress caused in hyperglycemic 

conditions in order to promote cell survival in murine embryonic stem cells (ESCs). 
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A2 Introduction 

In addition to developmental defects, animal models demonstrate a 40% decrease 

in fertility rates of diabetic mammals with an impairment of blastocyst maturity and a delay 

in gastrulation (Ramin et al., 2010). The decrease in blastocyst development primarily 

affects the inner cell mass, the region of the embryo that is responsible for development 

into the three embryonic germ layers (De Hertogh et al. 1992). High blood glucose levels 

in mothers are also associated with an increase in oxidative stress, which often leads to 

impaired cell proliferation, DNA mutation, and can lead to apoptosis, characteristics not 

desirable in early embryonic development (Reece et al., 2006). 

Diabetes is a prevalent disease characterized by unregulated increases in blood 

glucose levels resulting from defective insulin production or another disruption of the 

insulin signaling pathway (Rother, 2007; Shoback, 2011). Women of reproductive age with 

pre-existing diabetes suffer from high rates of infertility (Pampfer, 2000), as poorly 

controlled blood sugar levels during early pregnancy impair blastocyst development and 

attachment to the uterine wall (Ramin et al. 2010). Furthermore, embryos of diabetic 

mothers tend to be smaller than non-diabetic mothers. This is thought to be caused by 

hyperglycemia-mediated activation of AKT, a serine/threonine kinase involved in cellular 

proliferation and survival (Varma et al., 2005), which is capable of activating cell cycle 

inhibitors (Scott-Drechsel et al., 2013). 

The mechanism by which hyperglycemia induces these developmental anomalies 

is still in its infancy, but some recent studies have shed some light on some possible 

causes. One study has found a putative relationship with early yolk sac development and 

structural malformations, citing that the yolk sac provides many early factors for 
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vascularization and cell survival (Dong et al., 2016). However, the majority of studies 

surrounding these defects maintain that exposure to hyperglycemia leads to an increase 

in reactive oxygen species (ROS) that will ultimately damage embryonic DNA (Guerin et 

al., 2001). Previous studies have shown that short-term exposure of murine embryonic 

stem cells (ESCs) to high levels of glucose increased cell proliferation through activation 

of AKT signaling (Kim et al., 2006). AKT may increase proliferation of cells through various 

mechanisms, including upregulation of c-myc (Sears et al., 2000) and increased 

phosphorylation and inhibition of the transcriptional activator FOXO3a, which regulates 

the cyclin dependent kinase inhibitors p21 and p27 (Dijkers et al, 2000). 

This study is a branch of a larger study published by colleagues in 2016.  

McClelland and colleagues found that the ROS produced in hyperglycemic conditions 

resulted in dual-upregulation of transcriptional coactivator CTNNB1 and FOXO3a in an 

effort to rescue cells (McClelland and Satoorian, 2016). This activation resulted in 

premature differentiation and/or deceleration of the cell cycle. Though sparse, there are 

some studies linking CTNNB1 with diabetes. For example, one study found that a mutation 

in the Lrp6 gene was genetically linked to diabetes (Mani et al., 2007) and another study 

found that beta-catenin coactivator Tcf7l2 was found to be the strongest type 2 diabetes 

susceptibility gene to date, supporting a role for canonical Wnt-signaling pathway in 

glucose homeostasis (Smith, 2007).  

Here we investigated the role of miR-690 in glucose metabolism. As shown in 

chapter 1, miR-690 directly targets Ctnnb1 and putatively targets several other factors 

involved in glucose metabolism including Akt2, Foxo3a, and Sirt-1. We found that miR-

690 is capable of commuting the phenotype observed in cells exposed to hyperglycemic 
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conditions, reducing molecular signatures associated with cell stress, and enhancing cell 

survival. 

 

A3 Materials and Methods 

A3.1 Cell culture  

D3 Murine ESCs (American Culture Type Collection) and ESCs stably overexpressing 

miR-690 (miR-690s) were expanded in monolayer cultures containing Dulbeccos Modified 

Eagles Medium (DMEM, Gibco) supplemented with 4.5 g/L D-glucose, 15% fetal calf 

serum (FCS) (selected batch, Sigma-Aldrich),  50  U/mL  penicillin,  50  μg/mL  streptomycin,  

1% Minimal Essential Medium (MEM) non-essential amino   acids   (Gibco),   0.1   mM   β-

mercaptoethanol (Sigma- Aldrich), and 1000 U/mL leukemia inhibitory factor (LIF) (Gibco) 

to maintain pluripotency.  

For the glucose challenge, glucose-free DMEM (Invitrogen) was supplemented as 

described above, but then with the appropriate amount of D-glucose added to generate 

0.2, 1.0, 4.5, and 10.0 g/L glucose concentrations. Passage 1 began with addition of the 

modified glucose medium. Cells were passaged every 2 days, with the ratio of cells to be 

passaged determined by the most confluent culture. 

 

A3.2 Protein preparation, SDS-PAGE, and western blot analysis  

Cells were pretreated by adding sodium orthovanadate (Na3VO4, a tyrosine phosphatase 

inhibitor, 1 mM) to the culture medium for 30 minutes. The medium was removed and the 
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cells were washed with 1X phosphate buffered saline (PBS) prior to lysis. Cells were lysed 

with either radioimmunoprecipitation assay buffer (RIPA Buffer, 10 mM Tris pH 7.2, 10 

mM sodium chloride, 0.1% sodium dodecyl sulfate, 1% Triton X-100, and 1% sodium 

deoxycholate) for whole cell lysates or the CER I cytoplasmic lysis buffer from the Thermo 

Fisher NE-PER kit for fractionated samples. In both cases, lysis buffers were 

supplemented with 10 mM Sodium Fluoride (NaF), 1 mM Na3VO4, 1 mM phenylmethane 

sulfonyl fluoride (PMSF), and 1x protease inhibitor cocktail (Sigma-Aldrich) and 1x 

phosphatase inhibitor cocktail (Thermo Fisher). Proteins were fractionated according to 

manufacturer’s   protocol. Protein extract concentrations were measured with the DC 

protein assay kit (BioRad). Sodium dodecyl sulfate polyacrylamide gel electrophoresos 

(SDS-PAGE) gels were made at a concentration of 10%/6% acrylamide concentration for 

separation/collection, respectively. Using 30  μg  of  protein per sample, protein was mixed 

with 1x Laemmli loading buffer with bromophenol blue dye and water in a total volume of 

30 µL. Gels were separated at 160 V over 3 hours. Proteins were transferred at 30 V 

overnight   at   4˚C   to a polyvinylidene fluoride (PVDF) membrane (Roche). Transferred 

membranes were blocked in 5% milk/PBS solution, incubated with the corresponding 

primary antibodies (see table 1),both  overnight  at  4˚C.  Membranes  were subsequently 

incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary 

antibody (cell Signaling Technologies) for 2 hours at room temperature, and antibody 

binding was detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo 

Scientific).  

A3.3 SOD and Catalase activity assays  

Cells were cultured as described, washed with PBS, and lysed using RIPA Buffer to obtain 
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protein lysates. Lysates were assessed for Super Oxide Dismutase (SOD) and Catalase 

activity   according   to  manufacturer’s   instructions   for either the SOD Activity Kit or the 

Catalase Activity Kit (Cayman Chemical). Protein lysates were quantified with the BioRad 

DC Protein Assay kit and protein content used to normalize activity assays.  

 

A3.4 RNA isolation, RT-PCR, and real-time quantitative expression analysis 

Samples were lysed and total RNA was isolated using the Quick RNA Kit (Zymo Research) 

according to the manufacturer's protocol. RNA concentration was determined using a UV-

Vis spectrophotometer. To make cDNA, 625 ng total RNA was used as a template and 

mixed with 80 U RevertAid Reverse Transcriptase (Thermo Fisher) in a total reaction 

volume of 25 μL  containing 0.5 mM dNTPs, 50 U RiboBlock RNase inhibitor (Thermo 

Fisher) and 3 µg/µL random primer (Thermo Fisher) in 1x reaction buffer containing 20 

mM MgCl2. For PCR amplification, 25 ng of cDNA was mixed with 80 U Taq polymerase 

(Thermo Fisher), 0.5 mM dNTPs, and 0.25 mM specific primers (see table 2). PCR 

reactions were run in a 3-step, 38 cycle PCR program, with the exception of Gapdh, which 

was run on a 3 step, 34 cycle program. Products were visualized on 3% agarose gels 

containing   0.1   μg/mL ethidium bromide. Quantitative real-time PCR analysis was 

performed in a BioRad MyQ5 detector using a 2-step/40cycle program. The accumulation 

of reaction products during PCR was monitored by measuring the increase in fluorescence 

caused by the binding of SYBR® Green (BioRad) to double-stranded DNA. Reaction 

mixtures were set up as suggested by the manufacturer. Target gene Ct values were 

calculated using the delta delta Ct method (Livak and Schmittgen, 2001), and were 

standardized against Gapdh expression. 
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A3.5 Target prediction bioinformatics 

Target prediction databases including targetscan.org and mirdb.org were used to check 

for miRNA targets. However, the most reliable and comprehensive database was the 

miRanda database at microrna.org (Betel et al., 2008). They use the miRSVR score (Betel 

et al., 2010), a regression method for predicting likelihood of target mRNA down-regulation 

from sequence and structure features in microRNA/mRNA predicted target sites.  

 

A4 Results  

A4.1 miR-690 targets several genes associated with glucose metabolism 

Predicted targets for miR-690 included some that are known to be regulated in 

response to blood glucose levels (Fig. A-1A) including CtnnB1, which is implicated in 

metabolic changes in the cell during various processes, Foxo3a, which is involved in 

response to oxidative stress and apoptosis, Akt2, involved in insulin signaling and cell 

survival, and Sirt-1, a transcriptional and epigenetic regulator involved in a wide range of 

from positive regulation of insulin secretion to controlling cell survival. It directly regulates 

Foxo3a by deacetylating it in response to oxidative stress.  

Quantitative PCR for predicted targets was performed in cells stably 

overexpressing miR-690 (Fig. A-1B). These data show an upregulation of predicted target 

genes upon miR-690 overexpression in all but one of the predicted targets, suggesting the 

stable overexpression of miR-690 resulted in a feedback mechanism of the target genes. 

The exception was Foxo3a, whose expression decreased with increasing miR-690 

expression, suggesting that this particular gene may not be regulated on a feedback loop 
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like the others.. Analysis of these same genes in undifferentiated cells following transient 

overexpression showed a significant downregulation of all targets after 24 hours, 

suggesting direct regulation of all predicted targets by miR-690 (Fig A-1C). MiR-690 is 

encoded in the non-coding region of Fgf12, whose function is yet unknown (Chapter 1, 

Figure 7C). It is linked to cell growth and survival, has been implicated in neuronal and 

cardiac development, and is controlled by a variety of metabolically regulated molecules 

including FOXO4 (binds to insulin response elements), serum response factor (SRF, binds 

to serum response elements, acts as protective factor against high glucose), and sterol 

regulatory element-binding protein (SREBP, involved in cholesterol production and lipid 

homeostasis). 

 

A4.2 Cells overexpressing miR-690 maintain normal morphology in hyperglycemic 

conditions 

Compared to wildtype cells, miR690s cells showed decreased proliferation early on, but 

prolonged survival and less differentiation at the end of 7 passages (Fig. A-2A). This can 

be noted by the smaller colony size in passage 3 miR690s cells (slowed proliferation) and 

the presence of rounder colonies in the miR690s line by passage 7 compared to the 

flattened  colonies  with  “jagged”  edges,  a  hallmark  phenotype  of  differentiating  cells (Fig. 

A-2B). Cells also seemed to make a better recovery following passage 3, and maintained 

a more normal morphology despite varying glucose  
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Figure A-1: miR-690 targets several glucose-regulated genes.  (A) Predicted targets for miR-690 included 
several that are known to be regulated in response to blood glucose levels including Ctnnb1, which is 
implicated in metabolic changes in the cell during various processes, FoxO3a, which is involved in response 
to oxidative stress and apoptosis, Akt2, involved in insulin signaling and cell survival, and Sirt-1, a 
transcriptional and epigenetic regulator involved in a wide range of from positive regulation of insulin secretion 
to controlling cell survival. It directly regulates Foxo3a by deacetylating it in response to oxidative stress. (B) 
Quantitative PCR for predicted targets was performed in cells stably overexpressing miR-690. These data 
show an upregulation of predicted target genes upon miR-690 overexpression in all but one of the predicted 
targets, suggesting the stable overexpression of miR-690 results in a feedback mechanism of the target 
genes (n=3±SD over wildtype, *P>0.05) (C) Quantitative PCR for transiently transfected ESCs demonstrate 
a significant downregulation in all targets 25 hours after transfection (n=3±SD over wildtype, **P>0.01, 
***P>0.001).  
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Figure A-2: miR-690 rescues pluripotent phenotype of cells in hyperglycemic conditions. (A) 
Photographs of murine embryonic stem cells cultured in varying glucose concentrations over 8 passages. 
Compared to wildtype cells, miR690s cells show decreased proliferation early on, but prolonged survival and 
less differentiation at the end of 7 passages. (B) This is can be noted by the smaller colony size in passage 
3 miR690s cells (slowed proliferation) and the presence of more round colonies in the miR690s line by 
passage  7  compared  to  the  flattened  colonies  with  “jagged”  edges,  a  hallmark  phenotype  of  differentiating  
cells.  
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concentrations than their wildtype counterparts. This suggests that overexpression of miR-

690 may help the cells to respond faster and more effectively to stress induced by the 

glucose challenge by reducing proliferation early on in order to help the cell metabolism 

stabilize, thus enabling them to cope and recover better. 

 

A4.3 Overexpression of miR-690 stabilizes stress response in cells under 

hyperglycemic conditions 

Cells stably overexpressing miR-690 showed an upregulation in genes involved in 

pluripotency maintenance, glucose regulation, and cell stabilization in response to stress, 

including Wnt5a, a non-canonical Wnt signaling molecule, which is involved in activating 

janus kinase (JNK) signaling in response to cell stress (Yamanaka et al., 2002), a molecule 

which McClelland et al. study has shown is upregulated in hyperglycemic conditions in 

order to combat oxidative stress. These cell lines also demonstrated a downregulation of 

Foxo1, which aids in maintenance of pluripotency in cells under glucose stress, as well as 

Tcf7l2, which our lab has shown helps to maintain pluripotency during metabolic stress 

(Fig. A-3A). While there was not a notable difference between Ctnnb1, Akt2, and Foxo3a 

at the mRNA level, there was a quite noticeable difference at the protein level (Fig. A-3B). 

Compared to WT cells, miR-690+ cells had a greater expression of the transcriptionally 

active form of CTNNB1 (75kDa) in high glucose concentrations compared to low glucose, 

the opposite phenotype observed in wildtype cells. There was also increased presence of 

nuclear AKT, which expels FOXO3A (known to activate apoptotic pathways), indicating 

that cells overexpressing  
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Figure A-3: Stable overexpression of miR-690 upregulates genes associated with stress reduction. (A) 
RT-PCR for genes associated with metabolism. Cells overexpressing miR-690 show an upregulation in genes 
that are involved in pluripotency maintenance, glucose regulation, and cell stabilization in response to stress, 
including Wnt5a, a non-canonical Wnt signaling molecule which is involved in activating JNK signaling in 
response to cell stress, a molecule which our lab has shown is upregulated in hyperglycemic conditions in 
order to combat oxidative stress. These cell lines also demonstrate a downregulation of FoxO1, which aids in 
maintenance of pluripotency in cells under glucose stress, as well as TCF7L2, which our lab has shown helps 
to maintain pluripotency during metabolic stress. (B) Western blot analysis of CTNNB1, AKT2, and FOXO3A. 
While there is not a notable difference between Ctnnb1, Akt2, and FoxO3a at the mRNA level, there is a quite 
noticeable difference at the protein level. Compared to wildtype cells, miR-690s cells have a greater 
expression of the transcriptionally active form of Ctnnb1 (75kDa). There is also increased presence of nuclear 
Akt, which expels FoxO3a (known to activate apoptotic pathways), indicating that cells overexpressing miR-
690 are better able to respond to stress caused by the glucose challenge in order to stabilize the cell and 
avoid apoptosis. (C) Analysis of superoxide dismutase and catalase activity. Hyperglycemia is known to cause 
an increase in reactive oxygen species, which can be a cause of premature differentiation or apoptosis in 
developing cells. To deal with ROS, two enzymes, MnSOD, and Catalse are expressed. MnSOD, in 
conjunction with hydrogen molecules, catalyzes the conversion ROS into hydrogen peroxide, at which time 
Catalase breaks down H2O2 into oxygen and water.  MiR-690s cells show a drastic increase of SOD activity 
in all glucose treatments through P8, and a drastic increase in Catalse activity during passage 4. This suggests 
that the pluripotent phenotype that is maintained by miR-690s cells throughout the treatment results from the 
cells being better able to handle stress early on. Moreover, it supports the hypothesis that miR-690 is involved 
in modulating cell stress to result in more effective cell survival.  
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miR-690 might be better able to respond to stress caused by the glucose challenge in 

order to stabilize the cell and avoid apoptosis.  

Hyperglycemia is known to cause an increase in ROS, which can be a cause of 

premature differentiation or apoptosis in developing cells. To deal with ROS, two enzymes, 

MnSOD, and Catalase are expressed. MnSOD, in conjunction with hydrogen molecules, 

catalyzes the conversion ROS into hydrogen peroxide, at which time Catalase breaks 

down H2O2 into oxygen and water. Cells overexpressing miR-690 exhibited am overall 

increase SOD activity (Fig A-3C), suggesting they were better able to catalyze the 

transition of ROS to hydrogen peroxide. However, SOD upregulation is mediated by 

FOXO3A, which, as previously discussed, also upregulates cyclin dependent kinase 

inhibitors, leading to premature differentiation. We note that in cells stably overexpressing 

miR-690, SOD levels decrease with increasing glucose concentration, a reversed 

phenotype compared to wildtype cells. The McClelland et al. study showed that diabetic 

glucose concentrations promoted nuclear localization of CTNNB1 and complexing with 

FOXO3A to promote Sod2 and p21/p27 expression. This study demonstrates that 

overexpression of miR-690 downregulates Foxo3a expression while upregulating Akt2 

and Ctnnb1 expression. Taken together, this data suggests that overexpression of miR-

690 is able stabilize the stress response induced by hyperglycemia by downregulating 

Foxo3a, which would potentially release CTNNB1 to complex with LEF/TCF to promote 

cell cycle.  
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A5 Discussion 

MiR-690 is encoded in the non-coding region of Fgf12, whose function is yet 

unknown. It is linked to cell growth and survival, has been implicated in neuronal and 

cardiac development, and is controlled by a variety of metabolically regulated genes 

including FOXO4 (binds to insulin response elements), SRF, and SREBP. Though 

relatively uncharacterized, miR-690 has been shown to be downregulated in a screen 

investigating miRNAs that responded to hyperglycemia (Tang et al., 2009). Interestingly, 

no studies specifically involving a role for miR-690 in diabetic conditions has been pursued, 

despite the numerous glucose- regulated predicted targets. This represents the first 

association of miR-690 with regulation of hyperglycemia. 

One of the predicted targets not discussed in the results is Sirtuin1 (Sirt1), an NAD-

dependent protein deacetylase known to regulate FoxO3a (Daitoku et al., 2011). SIRT-1 

and FOXO3a have been shown to complex in response to high oxidative stress, resulting 

in the deacetylation and thus activation of FOXO3a (Brunet et al., 2004). However, other 

studies have shown that SIRT-1-mediated cell stress response tends to result in higher 

levels of apoptosis (Kim et al., 2012), which can be detrimental to developing embryos. 

Our results did not show an express downregulation in Foxo3a, though we did note a 

decrease in SOD activity, suggesting that regulation of Sirt-1 may be a way for miR-690 

to help cells deal with metabolic stress without resorting to apoptosis. Aside from cell 

stress, studies have linked genetic variations in the Sirt1 gene with impaired insulin 

secretion (Ali et al., 2016; Pulla et al., 2012), suggesting that miR-690 may also be capable 

of regulating insulin secretion by targeting Sirt-1.  
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Previous studies involving miRNAs and hyperglycemia have surfaced as 

promising biomarkers for diabetes. For example, liver transplant patients can experience 

a condition known as new onset diabetes after liver transplantation. One group of 

researchers found that transplant patients that did not exhibit this condition received donor 

graft from patients who lacked miR-103 and miR-181a, which target genes involved in 

glucose import and insulin signaling (Ling et al., 2016). Another study found that patients 

with diabetes exhibited reduced circulating levels of miR-126 and miR-26a (Jansen et al., 

2016). Though many studies look for miRNAs as biomarkers, there are some that 

acknowledge that proper regulation of miRNAs can have positive effects, especially in 

gestational diabetes. Santagelo and colleagues (2016) suggest the possible use of dietary 

flavonoids to regulate miRNA profiles to attenuate hyperglycemia and insulin resistance. 

Still another study found that they could use human ESCs engineered to express miR-410 

to differentiate into pancreatic endoderm that was able to greatly improve glucose 

metabolism in diabetic mouse models (Mi et al., 2015).  

 

A6 Conclusion 

Though preliminary, this study introduces a new candidate miRNA for the 

regulation of hyperglycemia during early pregnancy. As mentioned in Chapter 3, miR-690 

is not expressed in humans, but exhibits extraordinary conservation between species. 

Though further research is necessary, these properties make it a great therapeutic 

candidate.  
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Table A-1: Antibodies 

Antibody Description Indication Supplier Item # 

Pan-FOXO3a Rabbit Polyclonal WB AbCam ab70314 

Pan-CTNNB1 Mouse Monoclonal WB Life 
Technologies 138400 

Pan-AKT Rabbit Polyclonal WB AbCam ab8805 

Pan-Tubulin Mouse Monoclonal WB R&D Systems MAB8527 

Pan-TATA 
Binding Protein Mouse Monoclonal WB 

AbCam 

 
ab818 

Anti-rabbit IgG, 
HRP-linked   2˚  
Antibody 

 WB Cell Signaling 
Technologies 7074S 

Anti-mouse IgG, 
HRP-linked   2˚  
Antibody 

 WB Cell Signaling 
Technologies 7076S 
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Table A-2: Primers 

Gene Forward Reverse Tm 

Akt2 ACCGATATGACAGCCTGGAC GACAGGGAAGGGAACACAAA 60 

Ctnnb1 GTGCAATTCCTGAGCTGACA CTTAAAGATGGCCAGCAAGC 60 

Foxo3a GGGGAGTTTGGTCAATCAGA GCCTGAGAGAGAGTCCGAGA 60 

Gapdh GCACAGTCAAGGCCGAGAAT GCCTTCTCCATGGTGGTGAA 60 

Tcf1 ACTTGCAGCAGCACAACATC GAATTGCTGAGCCACCTCTC 60 

Tcf7l1 TTCTCTCCAGGTCAGTCCTGTT ATGATGGTGGGAAACTATGGTC 60 

Tcf7l2 CCTGGGATTTTCAGAGGTACAC TCGGCTACACAGGTAGGTAACA 60 

Wnt4 GCGCTAAAGGAGAAGTTTGAC GGATGTCCTGCTCACAGAAGT 60 

Wnt5a AGGAGTTCGTGGACGCTAGA GCCGCGCTATCATACTTCTC 60 

Tbp CAGCCTTCCACCTTATGCTC CCGTAAGGCATCATTGGACT 60 

Sirt1 AGTTCCAGCCGTCTCTGTGT CTCCACGAACAGCTTCACAA 60 
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