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ABSTRACT OF THE DISSERTATION 

 

 

Epigenetic and Environmental Regulators of Early Bone Development 

 

by 

 

 

Omran Karmach  

 

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology  

University of California, Riverside, December 2019 

Dr. Nicole zur Nieden, Chairperson 

 

 

 

 

Bone formation is a complex, yet key process in the early development of all vertebrates. 

Therefore, understanding bone development, and more specifically the early stages of bone 

development, is crucial to further enhance our overall understanding of embryo 

development as well as finding ways to ameliorate skeletal birth defects. During 

development bones are derived from mesenchymal cells that either form from mesoderm 

(axial, paraxial, and lateral) or neural crest origins. These different origins and their 

derivatives contribute to specific bones in vertebrate organisms. 

 

Origin determination and the subsequent bone formation are tightly controlled processes 

regulated by signaling pathways, microRNAs (miRNAs), transcription factors and 

environmental factors. All four elements have been the subject of many studies. However, 

our understanding of the precise role that miRNAs play in the early stages of bone 
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development, and specifically in early cell fate decisions is lacking. This thesis aims to 

improve the understanding of miRNAs and their role in origin determination and osteoblast 

potentiation. 

 

Furthermore, birth defects may arise when normal development is interrupted, delayed or 

otherwise negatively affects as is the case with exposure to environmental toxicants during 

embryonic development. The most common exposures, cigarette smoke and various 

cigarette smoke components, have been shown to reduce bone density and inhibit 

osteoblast formation. But as with miRNA studies, our understanding of the role that these 

toxicants play in early development faulters. Therefore, the second aim of this thesis is to 

elucidate the extent of damage caused by different types of cigarette smoke and tobacco 

products on early bone development.  

Our work shows that miR-690 enhances osteogenesis and alters cell fate through CTNNB1 

and FOXO3A inhibition. In addition, we showed that cigarette smoke inhibits early 

cartilage and bone formation consistent with earlier work from our lab showing cigarette 

smoke inhibition of FOXO3A and in vitro osteogenesis. 
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1 CHAPTER 1: Stem Cells, bone function, development, and cell origins 

1.1 Bone function, development, and cell origins 

1.1.1 Bone functions and components 

Bone is a complex tissue necessary for the proper development of all vertebrates. Bone 

forms the hardest connective tissue in mammals and serves as the main tissue type in 

mammalian skeletons. Bones provide mechanical strength, and a base to connect various 

tissues. Muscle attachment to numerous bone types allows for a wide range of functional 

movement and maintenance of the structural integrity of the vertebrate body as a whole. 

Furthermore, bones provide protection for internal organs, allow for storage and release of 

fat and minerals, and produce blood cells. Moreover, blood cell production includes the 

formation of red blood cells (exclusively occurring in the red bone marrow) as well as all 

types of white blood cells. This is the only site where blood cells are produced, which 

makes bone vital for the survival of all vertebrates. Additionally, bones store excess 

calcium and phosphorus and release them into the blood stream to supplement the needs 

of the body1–5. Thus, proper bone development is vital for vertebrate survival and overall 

well-being. 

Human bones vary widely in shape and size and are thus categorized by such. Long bones, 

identified by their large length to width ratio, form the majority of the bones in the human 

body. Examples of long bones include the femur, tibia, and fibula as well as smaller bones 

such as the metacarpals and phalanges. Short bones are identified by their very close length 

to width to thickness ratio, resembling a sphere or a cube. Short bones make up a very 
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small portion of the overall skeletal structure but are important for stability and support. 

Short bones include the carpals of the wrists and the tarsals of the ankles. Flat bones are 

often curved and serve a protective function; they are found in the skull, scapula, sternum, 

and ribs. Sesamoid bones are sesame seed shaped small bones found in tendons to support 

the pressure exerted on them. Lastly, irregular bones are bones with complex shapes that 

do not fit into the aforementioned categories: these include the vertebrae, coccyx, sacrum, 

and many facial bones1,6–9.  

Bone tissue consists of multiple types of living and dividing cells, which require adequate 

vascularization to receive nutrition and hormonal signals. Early bone formation ultimately 

leads to formation of osteoblasts that calcify and harden the surrounding matrix. These 

osteoblasts are formed through two different pathways10. The first is a more direct 

differentiation pathway termed “intramembranous bone formation”; beginning during fetal 

development, wherein early osteoblasts cluster to form ossification centers before 

dispersing. These osteoblasts originate from undifferentiated mesenchymal sheets in a 

matrix of fibrous collagen. Clusters of mesenchymal cells differentiate into capillaries (to 

supply nutrients and hormonal drivers to the bone) and osteogenic cells (to make 

osteoblasts). The formed osteoblasts lay the major structural component of the bone: the 

hardened calcified matrix. This process of bone formation will continue into adolescence 

and is the mechanism for forming flat bones of the face, most of the cranial bones, and the 

clavicles.  

The second and less direct pathway of osteoblast formation is termed “endochondral bone 

formation”. As the name suggests, these bone cells are first made and shaped as cartilage; 
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then osteoblasts replace the hyaline cartilage. This process has been shown to work in two 

ways, the first suggested mechanism is that cartilage serves as the template for new bone 

formation and osteoblasts fill the template with the appropriate types of bone later. The 

second, shows that the trapped chondrocytes differentiate into osteoblasts.  

The process of endochondral bone formation can be summarized in a few crucial steps: 1. 

mesenchymal cells group and differentiate into cartilage to form the precursor or general 

outline of the bone. 2. Perichondrium, a connective tissue layer that forms around non-joint 

cartilage, develops around the cartilage. 3. Hypertrophy of chondrocytes, chondrocytes 

grow larger and the surrounding matrix calcifies inhibiting nutrient delivery. 4. 

Chondrocytes trapped in the calcified matrix die, fragment, and break apart creating space 

for blood vessels to invade the newly emptied cavity. 5. The invading blood vessels enlarge 

the cavity and carry osteogenic cells, many of which differentiate into osteoblasts and form 

ossification centers and medullary cavities. The osteoblasts also change the perichondrium 

to the periosteum. 6. During this process, the cartilage template continues to grow 

perpetuating the cycle of chondrocytes entrapment in calcified matrix and chondrocyte 

death making way for new osteoblasts. Cartilage remains only at the joint ends of long 

bones. Endochondral bone formation is responsible for the formation of bones in the base 

of the skull and long bones. Alternatively, the trapped chondrocyte in step 4 do not die but 

rather transform into osteoblasts11. From this point, the bone continues to grow via 

chondroblast formation on the outside and chondrocyte transformation into osteoblasts 

once trapped inside. This is a longer process than the aforementioned intramembranous 

bone formation due to the requirement of a cartilage template prior to ossification3,7,9,12–16. 
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Together, these two mechanisms serve to shape and build the bones that makeup the 

mammalian skeleton. 

1.1.2 Bone and supporting cell types, matrix, and gross anatomy 

Bone tissue is a dynamic tissue, constantly undergoing minor changes, repairs, and growth 

during early stages of development or major injuries. As such, this tissue needs several 

types of cells to maintain the integrity of the bones. There are four types of cells that form 

the basics of the bone tissue: osteogenic cells, osteoblast, osteoclasts, and osteocytes. 

Osteogenic cells (osteogenic progenitors) are mesenchymal cells with pro-osteogenic 

potential, though it has not yet been determined into which type of osteogenic cell they can 

differentiate. These cells are important for replacing and renewing the other cell types long 

term as well as in the case of an acute need, such as an injury. Osteoblasts and osteoclasts 

are the “builders” and “demolition experts” of the bone tissue, respectively. As the builders, 

osteoblasts secrete new calcified matrix to harden the matrix and expand the bone. In 

contrast, osteoclasts maintain bone size and shape. Osteoclasts chisel and shape the bone 

by breaking down the matrix produced by osteoblasts. They are predictably found mainly 

in the outer linings of bones. This codependence of the opposing cell types allows for the 

formation of new bone tissue while keeping that formation controlled and correctly shaped.  

 

Both cells types function by manipulating the matrix. The matrix is comprised of 

unmineralized matrix termed osteoid (consisting of type I collagen and 

glycosaminoglycans) and mineralized matrix called calcium hydroxyapatite. To continue, 

osteocytes make up 90%-95% of all bone cells; with a life span of 25 years they are one of 
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the most abundant and long-lived cell types. Bone marrow makes up the spongy tissue 

found in the hollow portions of bones. Although bone marrow does not directly contribute 

to the building or shaping of the bones, it serves a unique and important role not 

accomplished anywhere else in the body. Moreover, cartilage colocalizes with a lot of 

bones and plays a vital supportive role for bone function and development as shown in 

endochondral ossification. 

 

The cartilage that constitutes the cusps of the joints is formed though the process of 

chondrogenesis whereby condensed sheets of mesenchymal cells differentiate into 

chondrocytes and begin building the surrounding matrix. The process of chondrogenesis 

can be summarized in five steps: 1. Chondroblasts come together and form chondrification 

centers to build the surrounding matrix with firm but flexible material providing malleable 

yet sturdy support. These cells divide, and secrete extracellular matrix, albeit at a lower 

rate since the next step will trap them in the matrix. 2. Chondroblasts become trapped in 

the matrix and turn into chondrocytes. Any new chondroblast is made outside the matrix 

to extend the size of the cartilage. 3. The trapped chondrocytes enlarge and modify the 

matrix surrounding them. This growth, termed interstitial growth, occurs from the inside 

of the matrix and increases the mass of the cartilage tissue. This matrix remains uncalcified 

but is rich in chondroitin sulfate, which is known to be associated with non-collagen 

proteins. This unique process does not allow blood vessels to permeate the cartilage, so 

nutrition and metabolic waste are both transported through the malleable matrix. The 

surface of the cartilage, however, does have a closed vascularized membrane called the 
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perichondrium. The perichondrium allows for further growth as the chondrocytes trapped 

within the matrix do not receive enough nutrients to allow for division. Additionally, the 

flexibility of the perichondrium and its location in the articulation resists pressure. 4. 

(linked to the process of endochondral ossification as described above) Chondroblasts 

create a cavity for the bone-cartilage interphase. 5. The remaining calcified loci on the 

cartilage from the previous step are combined in a net-like structure with the osteoid layer 

from surface osteoblasts. Following this extensive process, the resulting cartilage matrix is 

a mesh of collagen networks comprised of collagens II, IX, and XI with areas immediately 

around the cells containing collagen VI, fibromodulin, and matrilin-3. Chondronectin is 

also a major cartilage specific protein found in the cartilage matrix, which specifically 

interacts with type II collagen to facilitate attachment1,9,16–21. 

1.1.3 Gross anatomy of the bone 

All of the named cell types that make up the bone as well as the supporting cell types aid 

in shaping the overall anatomy of the bone. Long bones are the simplest to examine as their 

shape and composition make them easy to visualize. Each long bone is made up of two 

major areas, the epiphysis and diaphysis (Fig. 1.1). At either end of the bone the epiphysis 

is the portion of the bone that interacts with the joints. The epiphysis is mostly made of 

spongy bone and is especially rich in red bone marrow. It is covered with articular cartilage 

which helps reduce friction and absorbs pressure created from various physical activities. 

The diaphysis is the shaft made up of compact, dense bone walls which connects the two 

epiphyses on either end of the bone. This long shaft has a hollow region, called the 

medullary cavity, which is rich in yellow bone marrow (Fig. 1.1). The medullary cavity is 
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lined by the endosteum, which serves as the region for growth, repair and remolding. 

Between the epiphysis and diaphysis (area called the metaphysis) lays the epiphyseal 

growth plate; this is the site of cartilage extension and proliferation which serves to 

elongate the bone (Fig. 1.1). After the bone has finished growing, once the organism 

reaches adulthood (18-21yrs in humans), the cartilage from the epiphyseal growth plate is 

replaced by osseous tissue and the plate becomes an epiphyseal line. The outside membrane 

of the bone, termed the periosteum, is a fibrous layer, which contains nerves for signaling 

purposes as well as blood and lymphatic vessels, which nourish the tissue and remove 

waste. The periosteum also serves as the surface where muscle, ligaments and tendons 

attach. In contrast to long bones, flat bones (such as the ones found in the skull) consist of 

mostly spongy bone lined on both surfaces by a compact layer of bone. This helps protect 

organs from damage and allows for a relatively quick repair time should an injury occur in 

the more vascularized spongy portion of the bone2,6–9,22,23. All the other types of bones have 

some variety of these components to optimize the specific function of the bone and its 

surrounding tissue.  
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Fig. 1.1: Diagram of Bone Anatomy: Artwork adapted from smart.servier.com  

Figure 1-1 Diagram of Bone Anatomy 
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1.2 Mesenchymal cells, their origin and differentiation 

1.2.1 Mesenchymal stem cells 

All bone is ultimately formed from mesenchymal cells, whether that process be via 

intramembranous bone formation or endochondral ossification24,25. Therefore, 

understanding the mesenchymal to osteoblast transition is crucial to understanding bone 

development. During development, some mesenchymal cells are set aside to find their 

home in the bone marrow, where they reside in the adult body as mesenchymal stem cells 

(MSCs). These MSCs have been shown to be crucial in bone regeneration after injury26–34. 

MSCs travel from surrounding tissue in the bone marrow, periosteum, vessel walls, muscle, 

and are recruited to the site of injury. Thus, MSCs have been used as a therapeutic tool to 

hasten the recovery from bone damage, as well as to treat critical size defects.  

Bones heal using a process similar to that of their formation, either through 

intramembranous bone formation or endochondral ossification; in either case, proper 

formation and differentiation of MSCs is required for successful repair. Additionally, it is 

well established that MSCs can differentiate into adipocytes and can self-renew without 

differentiating35. Thereby, adipose tissue can be used as a source for MSCs and they can 

be maintained and differentiated in culture according to the patient’s needs36. On the other 

hand, because of their wide differentiation potential, MSCs need to be tightly controlled 

during therapeutic treatments lest they overgrow or incorrectly differentiate.  

MSCs can differentiate into several cell types including osteoblasts, adipocytes, and 

chondrocytes37–39. The Mesenchymal and Tissue Stem Cell Committee of the International 

Society for Cellular Therapy proposed several minimal standards that a cell culture has to 
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meet to be defined as an MSC. First, MSCs must be plastic-adherent when maintained in 

standard culture conditions. Second, MSCs must express the surface antigens CD105, 

CD73 and CD90, and lack expression of CD45, CD34, CD14 or CD11b, CD79α or CD19 

and HLA-DR surface molecules. Third, MSCs must be capable of differentiation into 

osteoblasts, adipocytes and chondroblasts in vitro. Since there is no single, specific marker 

for identifying MSCs, both the positive and negative markers must be present and absent, 

respectively40. These markers may differ slightly between species. For example, in humans 

STRO-1, CD29, CD44, CD73, CD90, CD105, CD146, and SSEA4 are considered positive 

markers41. Both human and mouse MSC can be differentiated from hemopoietic or 

endothelial cell though the absence of CD45, CD34, CD14, CD11b, CD79α, CD19, and 

HLA-DR surface molecules24,25. These markers play an important role in both identifying 

MSCs and identifying differences in differentiation patterns, which can contribute to 

disease initiation or progression. For example, MSCs in bone marrow have been shown to 

exhibit altered proliferation and differentiation patterns in patients with osteoporosis. More 

specifically, MSCs shift from osteoblast to adipocyte differentiation and it is this shift that 

has been implicated as a main cause of osteoporosis42. Regulation of MSC differentiation 

is a precise process controlled by many chemical, biological, and physical factors, the 

maintenance of which is crucial in dealing with diseases arising from erroneous 

differentiation (e.g., osteoporosis).  
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1.2.2 Genetic and molecular mechanism of mesenchymal cell differentiation into 

bone 

Several factors can guide the differentiation process, including transcription factors, 

specific signaling pathways, microRNAs, and other smaller factors43,44. Transcription 

factors play an important role in regulating differentiation of all cell lineages including the 

steering of MSC toward one either osteoblast or adipocyte differentiation45. Runt-related 

transcription factor 2 (RUNX2) and Osterix (SP7) are two key transcription factors that 

have been shown to direct MSCs towards osteoblast differentiation. RUNX2, often called 

the master regulator of bone gene expression, is vital for bone formation; the loss of 

RUNX2 results in a complete arrest of osteoblast maturation and thus bone development. 

RUNX2 has also been shown to be activated by several osteogenic factors. Activated 

RUNX2 colocalizes to the nucleus with core binding factor β (CBFβ) to activate pro-

osteogenic gene transcription25,46–50. SP7, in turn, is a downstream target of RUNX2 and 

has been shown to completely inhibit bone formation in SP7-null mice49,51–53.  

RUNX2 is targeted for regulation by multiple pathways, most prominent and well-studied 

of which is canonical WNT signaling which signals through stabilizing cytoplasmic 

CTNNB1 and activating its nuclear translocation54. CTNNB1 is a co-transcriptional 

activator that partners with other transcription factors like the forkhead box-O transcription 

factor, FOXO3a, which have been implicated in osteoblast differentiation and have been 

shown to induce production of RUNX213,46,51,55. In addition to promoting osteoblast 

differentiation, RUNX2 also inhibits MSC adipocyte differentiation, thus the loss of 

RUNX2 can lead to the promotion of adipocyte differentiation. Peroxisome proliferation-
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activated receptor γ (PPARγ) on the other hand is a transcription factors that promotes 

adipogenesis and inhibits osteoblast differentiation. Similarly, the transcription factor 

CCAAT/enhancer binding protein α (C/EBPα) binds to and activates genes that guide MSC 

differentiation toward adipocytes and away from osteoblasts. Other factors such as GATA-

2, forkhead transcription factor 1 (FOXA1), and Homeobox C8 (HOXC8) have been 

shown to inhibit adipogenesis, but are not sufficient to activate osteoblast 

differentiation13,24,35,45,55–58.  

Generally, transcription factors are often activated by upstream signaling pathways and/or 

they themselves will activate specific pathways to further progress or block the 

differentiation process. Two signaling pathways affected by RUNX2 and SP7 are the bone 

morphogenic protein (BMP) and the WNT signaling pathways. BMP is part of the 

transforming growth factor-β (TGF-β) superfamily and has been shown to induce MSC 

proliferation and osteoblast differentiation. BMPs are mostly found in the extracellular 

matrix of osteoprogenitor cells, MSCs, osteoblasts, and chondrocytes. BMP 

heterodimerizes to induce signaling, with BMP-4/7 and BMP‐2/7 shown to be pro-

osteogenic combinations. In a study that examined 14 BMP isomers, it was found that 

BMP‐2/‐6/‐9 were the most effective in inducing MSC differentiation into osteoblasts. 

Moreover, BMP signals through canonical and non-canonical signaling pathways to induce 

chemotaxis, proliferation of both MSCs and osteoprogenitors, angiogenesis, extracellular 

matrix synthesis, and differentiation. The canonical pathway is where c-jun kinase (JNK)‐ 

and extracellular signal–regulated kinase (ERK)‐dependent BMP2 induces the 

phosphorylation of SMAD1/5/8 allowing them to complex with SMAD4. These complexes 



 13 

move into the nucleus to activate transcription and have been associated with increased 

activity of alkaline phosphatase, an enzyme required for matrix mineralization, osteocalcin 

expression and mineralization. In addition, RUNX2 couples with SMAD to activate BMP2 

osteogenic signaling. In turn, BMP deficient cell cultures promote adipogenesis12,25,46,50,59–

63.  

WNT signaling is another essential signaling pathway responsible for controlling 

proliferation and differentiation in many different cell types. Like BMP, WNTs also signal 

in a canonical pathway and a non-canonical pathway. The canonical pathway is activated 

via frizzled (FRZ) receptors and the coreceptor low-density lipoprotein receptor-related 

protein 5/6 (LRP5/6) to prevent degradation of beta-catenin (CTNNB1). This pathway acts 

to prevent the phosphorylation and degradation of CTNNB1.  CTNNB1 then moves into 

to the nucleus to activate the transcription of pro-osteogenic transcripts. CTNNB1 has been 

known to complex with FOXO3a to induce the transcription of FOXO3a targets64. 

However, this all hinges on the proper timing of induction. WNT signaling and more 

specifically CTNNB1 levels will cycle throughout the process of osteogenic differentiation 

to maintain the balance between proliferation/generation of osteogenic progenitors and 

osteoblast differentiation. Accordingly, activation of the WNT pathway has been shown to 

reduce adipogenesis and adipogenic progenitor generation. Other WNT related pathways, 

such as WNT3A activating Tafazzin (TAZ) and WNT10b activating RUNX2, distal-less 

homeobox 5 (DLX5), and SP7, also induce osteogenesis13,16,46,51,65–67. Moreover, insulin 

growth factor 1 (IGF-1), and cyclin-dependent kinase 1 (CDK-1) hasten bone fracture 

healing and promote MSC differentiation, respectively. Specifically, CDK-1 promotes 
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MSC osteoblast differentiation through phosphorylating Enhancer of zeste homologue 2 

(EZH2)25,46,68–71. EZH2 acts as a transcriptional repressor via catalyzing the trimethylation 

of lysine 27 in histone 3 (H3K27me3) on target genes72,73. Ezh2 knockout mice exhibited 

normal neural crest formation, migration and survival. However, loss of Ezh2 in these mice 

lead to a complete inhibition of craniofacial bone and cartilage formation74. This was linked 

to an increase in Hox genes, which suppress osteochondrogenesis in posterior neural crest 

derivative.  

1.2.3 Mesenchymal cell origin 

Studying the origins of MSCs is essential in understanding how they differentiate and how 

their origins affect cell fate and the resulting tissue type. MSCs are derived from either the 

mesoderm germ layer or from the neural crest layer; both of which are capable of creating 

MSCs that differentiate into competent osteoblasts24,75,76. In humans, mice, and zebrafish 

the majority of the bones and cartilage in the skull originate from cranial neural crest cells 

with few of mesoderm origin77. In contrast, the rest of the bones in the body exclusively 

originate from the mesoderm germ layer24. The method by which each of these layers 

differentiate into MSCs is unique, likely accounting for the different types of bones 

produced.  

Neural crest formation to mesenchymal cells  

Neural crest (NC) cells are a defining feature of vertebrates. NC cells are multipotent stem 

cells that differentiate into various cell lineages; unique in their formation as well as their 

“cancer cell-like” migration78–80. NC cells can go on to make varied types of tissues and 

cells; including: smooth muscle, cartilage, bone, pigment cells, sensory neurons, glial cells, 
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adrenal (chromaffin) cells, fibroblasts, adipocytes, among others78,81. NC cells form at the 

neural plate border during neurulation. NC induction occurs at the neural plate boarder via 

a signaling interaction between neural and non-neural ectoderm82.The neural plate border 

receives signals on either end to produce what will ultimately become the NC cells. These 

signals combine to produce a precise combination of BMP, WNT, fibroblast growth factor 

(FGF), retinoic acid and NOTCH signals, to activate the production of specific 

transcription factors like, MSX1/2, PAX3/7, ZIC1, DLX3/5, HAIRLY2, ID3, and AP2. 

These transcription factors help specify the neural crest border. After this specification, a 

new set of transcription factors are activated to cement NC specification as well as initiate 

epithelial-to-mesenchymal transition. These transcription factors include SNAI1/SLUG, 

FOXD3, SOX9/10, TWIST1, CMYC, AP2, and SOXE. Together, these signals and 

transcription factors serve to define the neural plate border and form the new NC cell 

identity78,81,83–87. From this plate border, NC cells are formed and migrate. NC cells will 

establish themselves in various places throughout the organism to produce the 

aforementioned array of cell types. The signals from the environment at the site where NC 

cells establish themselves help commit the cells to the correct differentiation lineage. As 

such, NC migration is an essential process for proper organ and tissue formation88. The 

migration process is initiated with a complete or partial epithelial-to-mesenchymal 

transition (EMT), which separates NC cells from the neuroepithelium and the ectoderm. 

This EMT step is initiated via several transcription factors including SNAI1/SLUG, 

FOXD3, and SOX9/10; ETS1 and LSOX5 are also known to play a role in other regions. 

Prior to the split, during neural induction, the major type of Cadherin is switched; all neural 
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plate and pre-immigratory NC cells switch from E-cadherin (Cdh1) to N-cadherin (Cdh2). 

This allows for the detachment from the surrounding neuroepithelium and ectoderm layers 

while allowing the NC cells to better adhere and communicate with one another. This is 

followed by another switch from N-cadherin to a weaker type II cadherin. NC cells then 

begin producing proteases such as ADAM10 and ADAM13 to cleave existing cadherin 

connections78,85,86,89–91. The switch in cadherin type, expression of proteases and integrins, 

along with an alteration in the extracellular matrix, take part in triggering NC migration. 

Others however have shown that both E-cadherin and N-cadherin (Cdh2) are expressed in 

the developing neural tube and modulate the levels of one another under the control of β-

catenin protein92. Interactions between migrating NC cells, accompanied by specific 

environmental signals, contribute to the NC cell arrival at the correct destination and 

initiation of the appropriate differentiation pathway upon arrival.  

The EMT process allows NC cells to migrate, causing them to be exposed to different 

environments to facilitate differentiation (for instance into bone and cartilage). Skull and 

facial bones are formed during NC migration84. SOX10 and FOXD3 expression is among 

the first to be downregulated after the NC cells reach the branchial arches93,94. This 

downregulation is accompanied by an increase in expression of ectomesenchymal markers 

such as DLX2 and DLX5 along with an upregulation of SOX9 62,95–97. Recent studies have 

suggested that DLX2 and DLX5 play a role in formation of mesenchyme into cartilage and 

bone. DLX5 is also known to act downstream of BMP2 signaling and has been shown to 

promote RUNX2 signaling62,96,98,99. Moreover, NC cells isolated from branchial arches still 

retain their NC plasticity and are capable of colonizing the cranial ganglia and of 
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contributing to neuroglial derivatives. However, this plasticity is only viable for about 72 

hours100. The combination of DLX2/DLX5 as well as SOX9 expression gives rise to 

osteochondral progenitor cells. These cells can be committed to osteoprogenitors via 

MSX2 (a SOX9 inhibitor), as well as CTNNB1 and DLX5/6, which will both activate 

RUNX2. Alternatively, low CTNNB1 signaling along with high SOX9 expression will 

push the cell fate towards chondroblast formation67,81,101–109. The ectomesenchymal stage 

is a transient state in the process of NC osteoblast formation, one that provides flexibility 

for alternative differentiation. 

Mesoderm bone formation 

Mesoderm is one of the three germ layers formed after gastrulation. The mesoderm layer 

differentiation is a complicated process giving rise to many cell types including 

hematopoietic, cardiovascular and mesenchymal cell types. Interestingly, prior to the 

formation of the three germ layers mesoderm precursors are specified molecularly as part 

of the epiblast. These epiblast cells become mesoderm cells during EMT24,110,111. The 

transition of mesodermal to mesenchymal cells is similar to that of NC cells in terms of 

markers defining the resulting mesenchyme. In vitro research has suggested that 

mesenchyme derived from mesoderm is CD34 negative, KDR negative (or diminished), 

PDGFR- α positive, and CD73 positive. In vitro studies have shown that prior to EMT, 

hESCs are CD326 positive, CD56 negative, CD34 negative, PDGFR-α negative, CD73 

negative, and KDR negative (or diminished). During EMT in a time dependent and tightly 

controlled process, mesoderm precursors migrate between the ectoderm and endoderm 

germ layers to their final destination. Post EMT, these cells have been shown in vitro to be 
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CD56 positive, CD326 negative, CD34 negative, PDGFR- α negative, CD73 negative, and 

down regulated KDR112–115. SOX17 has also been shown to be important for mesoderm 

identity and specification116–118.  

Major mesoderm lineages include axial mesoderm, paraxial mesoderm, intermediate 

mesoderm, lateral plate mesoderm and extraembryonic mesoderm. These mesoderm 

lineages that undergo EMT will undergo the reverse process MET (mesenchymal to 

epithelial transition) at least once, with many switching back and forth many times before 

the final differentiation pathway24,119,120. Of these lineages only the axial, paraxial and 

lateral plate are capable of producing bone or cartilage tissue; each of these lineages being 

responsible for different bone formation. For example, axial mesoderm goes on to make 

embryonic notochord and the adult nucleus pulposus, while the paraxial mesoderm makes 

all axial skeletal elements and the lateral plate makes bones in the limbs, the pelvic girdle, 

the sternum and part of the shoulder girdle121–125(Fig 1.2). Aside from the majority of the 

skull and pelvis skeletal bones and cartilage are derived from mesoderm origins and most 

are produced through endochondral ossification126 (Fig. 1.2). The clavicle being the only 

known exception, as it is produced through a mixture of intramembranous and 

endochondral ossification121. 
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Figure 1-2 Diagram of stem cell lineages leading to bone formation 

Fig. 1.2: Diagram of stem cell lineages leading to bone formation. Neural crest cell (NC), 

Mesenchyme cell (MC), Pluripotent stem cell (PSC), Endochondral bone formation (EBF), 

intramembranous bone formation (IBF). Artwork adapted form smart.servier.com  
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1.2.4 Stem cell types, maintenance and differentiation 

MSCs as presented in the past few paragraphs have been extensively used for the study of 

osteogenic commitment and differentiation, however with the understanding that their 

analysis does not shed light on the origins of osteoblasts as they pertain to neural crest or 

mesodermal lineages. Termed adult stem cells, because they are isolated from an adult 

body, mostly bone marrow, MSCs only have a limited differentiation potential. Thus, in 

order to understand the underpinnings of neural crest versus mesodermal fate choices 

researchers have turned to more potent stem cells, the pluripotent stem cells (PSCs), which 

include both embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), have 

been an essential tool of biological discovery for the past three decades since the 

establishment of mouse ESC (mESC) in culture in 1981127,128.  The pluripotency of these 

cells refers to their ability to differentiate into any cell type of the germ layers: endoderm, 

mesoderm, ectoderm,  neural crest and their derivatives129–131. Cultured from the inner cell 

mass (ICM) of a blastocyst, they represent a transitory population in vivo, but in extended 

culture they persist as ESCs132.  

1.3 Isolation and culture of ESCs   

The first ESCs were obtained and characterized from a mouse blastocyst133. Fertilized 

mammalian eggs form a zygote that, after several rounds of division and approximately 4.5 

days, reaches the blastocyst stage. Two distinct lineages arise in the blastocysts, the 

trophectoderm and the ICM. The trophectoderm is an epithelial layer characterized by the 

expression of specific markers including Caudal Type Homeobox 2 (CDX2)134. The 

trophectoderm gives rise mainly to the placenta. ICM, on the other hand, can give rise to 
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all three germ layers; endoderm, mesoderm, and ectoderm and their derivatives. That being 

said, ICM-derived cells cannot produce the trophectoderm lineage. For naïve pluripotent 

stem cells, blastocyst extraction and culturing for derivation of ESCs is usually done prior 

to the blastocyst implanting in the uterus. After implantation the blastocyst undergoes both 

morphological and genetic marker changes, such as reduction of NANOG135 (important for 

naïve stem cell proliferation and pluripotency). 

When extracted pre-implantation, ESCs can proliferate and self-renew indefinitely and can 

differentiate depending on their culture medium. Furthermore, ESCs can be reintroduced 

to the epiblast and re-enter embryonic development to produce competent somatic and 

germ cells136.  

Studies on preserving pluripotency of ESCs elucidated different methods of maintaining 

human and mouse ESC in culture133. In either case, the hallmark of ESC culture 

maintenance is indefinite self-renewal while retaining pluripotency. The earliest attempts 

at maintaining mESC and hESCs in culture used mouse embryonic fibroblast (MEF) feeder 

layers to support the proliferation of the hESCs in their undifferentiated state137,138. The 

maintenance of hESCs has since evolved and fibroblast feeder layers are now derived from 

human tissue including fallopian tube139, fetal foreskin, 140, muscle141, bone marrow142, and 

amniotic epithelium143. Alternatively, feeder-free systems have also been utilized to 

maintain hESCs in culture in the presence of extracellular matrices such as Matrigel and 

fibronectin. Initially, the media was conditioned by fibroblast feeder cells and 

supplemented with basic fibroblast growth factor (bFGF, also called FGF-2) to maintain 

hESC pluripotency144,145. These feeder-free cultures supplemented with conditioned media 
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often produce their own fibroblast feeder cells to supplement growth146,147. The 

disadvantage of using feeder cells is that unlike hESCs they will senesce and thus need to 

be regenerated, adding another variable to the cell culture. That is to say that the feeder 

cells can differ between cultures and thus the way the media is conditioned will also differ.  

Pluripotent stem cells have been isolated from many species at various stages of 

development. In mice, pluripotent stem cells have been extracted from the pre-implanted 

ICM of the blastocyte, post-implanted ICM epiblast, embryonic germ cells, spermatogonial 

germ stem cells, and somatic cells. In humans, only ESCs from pre-implanted ICM of the 

blastocyte, and somatic cells have been extracted; for ethical reasons, no attempts were 

made to collect post-implantation embryos. Regardless of the source, pluripotency is a 

transient state that is necessary throughout development to give rise to the various germ 

layers. As such pluripotent stem cells can exhibit the characteristics of a completely naïve 

pluripotent stem cell or a more primed stem cell. Naïve and primed ESCs refers to the state 

that the cells resembled in comparison to a developing embryo. Naïve ESCs mimic the 

genetic markers and molecular characteristics of the preimplantation ICM148,149. Primed 

ESCs resemble the genetic markers and molecular characteristics of the epiblast ICM149. 

Factors like the source of the cells, the time of extraction during development, as well as 

the medium conditions in which the cells are cultured can impact the level of priming in 

cultured ESCs. Because Naïve and primed cells exhibit different genetic markers the 

medium in which they are maintained will need to be suited for each state.  

Researchers found that maintaining naïve pluripotency in mouse and human required 

different medium conditioning. Feeder-free mouse naïve pluripotent cultures were first 
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established via a combination of LIF and low doses of BMP4150. Later, the addition of 

MEK inhibitors showed an increase in naïve pluripotency stability. MEK inhibition with 

LIF and low doses of BMP4 was further studied and developed into a LIF free three 

inhibitor system which included inhibition of MEK, fibroblast growth factor (FGF), and 

glycogen synthase kinase 3 (GSK3) signaling. This was originally reported as the “ground 

state pluripotency” as the cell growth was independent of exogenous stimuli151. However, 

this claim was later challenged as GSK3 inhibition leads to the activation of the WNT 

signaling pathway. Furthermore, these cultures also relied on exogenous insulin which 

activates PI3K–AKT signaling151. Alternatively, naïve mESC can be maintained with LIF 

and inhibition of MEK and GSK3. This LIF plus two-inhibitor system also increased the 

growth rate which indicates a MEK-ERK independent pathway activated by FGF to 

activate growth in naïve ESC148,149,152. Furthermore, ERK1 and ERK2 genetic inhibition 

does not mimic the naïve pluripotency maintenance exhibited by MEK inhibition 

indicating an alternate MEK pathway to maintain naïve pluripotency153. Another two-

inhibitor system was also developed using inhibitors for GSK3 and SRC pathways and 

shown to be robust in both mouse and rat models154. It is important to note that some of the 

pathways discussed above may have a simultaneous positive and negative effect on the 

pluripotency state of the cells. For example, GSK3 inhibition stabilizes cytoplasmic 

CTNNB1 which in turn promotes naïve pluripotency by increasing E-cadherin membrane 

stability. Simultaneously, GSK3 inhibition indirectly increases CTNNB1 nuclear 

localization which can induce mesodermal gene expression through its LEF co-effectors155. 
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These effects must be taken into consideration to elucidate the best way to maintain primed 

ESC in culture.  

Primed pluripotent stem cells mimic the genetic and molecular makeup of ESC extracted 

from post-implantation epiblasts of rodents156,157. These cells are nevertheless capable of 

differentiating into all three germ layers in vitro as well as self-maintain under the correct 

conditions and thus are considered pluripotent156,157. The epiblast forms shortly after ICM 

implantation and differentiation into the epiblast and hypoblast. However, this source of 

ESC is more primed than the pre-implantation ICM and contributes to chimeras when re-

injected into the blastocyst, but at a lower frequency than ICM/naive-ESCs158. 

Furthermore, these primed pluripotent cells maintain the expression of OCT4 and SOX2, 

but downregulate pluripotent factors like NANOG, ESRRβ, KLF2 and KLF4159. This form 

of pluripotent cells teeters on the edge of pluripotency and differentiation and are thus 

termed primed pluripotent stem cells. Primed mESC can be maintained in FBS/LIF media 

or in the two-inhibitors plus LIF system160,161. Alternatively, inhibition of GSK3 to stabilize 

CTNNB1 along with the addition of a small-molecule inhibitor of tankyrase, IWR1, to 

maintain CTNNB1 cytoplasmic retention and inhibit its nuclear localization can maintain 

primed mESC without additional supplements162. These medium conditions and other 

supplementation may prime the cells for a specific fate. For example, pluripotent stem cells 

extracted from the epiblast and cultured in FGF2/Activin A conditions mimic the genetic 

and molecular makeup of the anterior late-gastrula primitive streak cells163. In addition, 

cells grown in FGF2/IWR1 mimic the genetic and molecular makeup of the posterior 

proximal epiblasts164. Furthermore, not all the cells in an in vitro culture will be synced to 
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the same stage of development resulting in some cells being more primed or more 

differentiated than others.  

Like the mESC, hESC were first cultured using MEF. Therefore, research efforts focused 

on elucidating the secreted factors produced by the fibroblast feeder cells that supported 

hESC maintenance. Several transcription factors and signaling pathways were identified in 

this process including the bone morphogenetic protein (BMP) antagonist, Noggin, which 

synergizes with bFGF to repress BMP signaling, activation of STAT3 by leukemia 

inhibitory factor (LIF), and BMP2 and NOG interaction; all of which are essential in hESC 

maintenance165–171. Others have employed various combinations containing human 

recombinant proteins and signaling molecules like Activin A and transforming growth 

factor-beta 1 (TGF-β1)167,172,173. Feeder-free medium based on these and other experiments 

are commercially available, however they may not be optimal for many hESC lines174. 

Furthermore, feeder-free cultures tend to decrease their stability and increase genetic 

abnormalities175.  

Human naïve pluripotent cells, like naïve mouse pluripotent cells, require specific medium 

conditions and exogenous factors for proper maintenance. Unlike mouse naïve pluripotent 

cells, the two inhibitors with LIF conditioned media is not enough to maintain human 

ESCs. The addition of exogenous OCT4 and KLF4, or KLF2 and KLF4 to the two inhibitors 

with LIF conditions is needed to maintain the hESC176. Alternatively, Overexpression of 

KLF2 and NANOG with the two-inhibitor system also maintained hESCs177. These 

conditions, however, are not sufficient to revert primed hESC back to their naïve state. An 

alternate medium termed NHSM (naïve human stem cell medium) relies on the complete 
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inhibition of MEK–ERK signaling. Pluripotent cells can be maintained in this medium with 

or without MEF178.  Naïve MEK-independent hESC have been establish using this medium 

composition from human pre-implantation embryos, from primed ES cells and iPSCs, or 

from de novo iPSC generation178. Furthermore, hESC can be made to closely mimic naïve 

mouse ESC using NHSM conditions contain 2i/LIF together with p38 inhibitor (p38i), Jun 

N-terminal kinase inhibitor (JNKi), aPKCi, RHO associated protein kinase 1 inhibitor 

(ROCKi), and low doses of FGF2 and TGFβ1 (or Activin A)178. Variations of this media 

substituting one inhibitor for another, as was the case with the mouse medium, have also 

been described177,179–182.  

1.3.1 Reversion of differentiated cells into iPSCs  

Since the discovery and isolation of ESCs it was thought that differentiated cells would 

completely lose their ability to revert back to a stem cell-like state. However, this changed 

in 2006 when a Japanese group showed that introducing only four factors ( OCT3/4, SOX2, 

c-MYC, and KLF4) into adult fibroblasts was sufficient to revert the cells back into a stem 

cell-like state183. When this system was first introduced it was highly inefficient and poorly 

understood184,185.  Since then iPCSs have been derived from multiple sources including 

fibroblasts, keratinocytes, B‐lymphocytes, stomach cells, and hepatocytes186–189. The 

epigenetic map of somatic cells is vastly different than those in ESCs and as such will work 

to antagonize the pluripotency inducing factors190. However, prolonged exposure and 

positive feedback loops induced by these factors will eventually overcome the resistance 

resulting in a new epigenetic map of iPSCs. Still, the question remained of the viability of 

these cells and whether or not they make a suitable replacement for true ESCs. Moreover, 
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the safety and medical potential of these cells is not known due to the methods of induction. 

Some groups have taken steps into making the induction process safer by avoiding the 

integration of reprogramming factors into the genome186,191–194. Others have shown that the 

source of iPSCs leaves significant and persistent genetic marks from the donor cells195–197. 

As of right now, iPSCs are an intriguing possibility that have many interesting uses 

including medical applications.   

1.3.2 ESC differentiation to bone tissue 

An essential characteristic of ESCs is their ability to differentiate into all somatic cells from 

the species of origin (bar the placenta). This trait has been utilized to make hepatic, muscle, 

cardiac, bone and other tissues in culture from ESCs by providing the cells with the right 

medium and environment198. Bone tissue differentiation specifically has been studied and 

evolved over time to encompass different protocols for osteoblast, osteoclast and cartilage 

differentiation199. ESCs make bone by first differentiating directly from mesenchyme into 

bone, or by differentiating mesenchyme into cartilage then differentiating again to get to 

bone. Mesenchyme in turn differentiates from either a mesodermal or neural crest origin. 

This has been replicated in culture where mesenchyme of both mesoderm and neural crest 

origin were identified200–203. To assess the bone cultures, parameters such as collagen type 

I (COL I), proteoglycans, the deposition of inorganic hydroxyapatite, and the expression 

of osteoblast-specific genes are assessed204–206.  

The first bone differentiation protocol was described in mESCs with medium supplemented 

with beta-glycerophosphate and ascorbic acid207. Many subsequent protocols utilized a 

combination of beta-glycerophosphate and ascorbic acid to induce osteogenesis with other 
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researchers finding greater success in osteogenic induction with the addition of 1,25alpha 

(OH)2 vitamin D3 (VD3)207–210. It is also possible to differentiate cell cultures into 

chondrocytes first then induce osteogenesis (similar to endochondral ossification)211,212. 

This differentiation process is directed by BMPs and TGF1211–214. Osteogenic 

differentiation has been done successfully as a monolayer215 (most commonly used in 

human cell culture), or by forming embryoid bodies first (as is often the case in mouse cell 

cultures)216.  

1.3.3 Production of neural crest and mesoderm lineages 

Others have specifically studied neural crest and mesoderm induction from ESCs. Neural 

crest induction protocols are divided into two main approaches217. The first attempts to 

mimic the neural crest embryonic environment by providing specific adhesion and growth 

factors. The second relays on depriving the cells of cell-to-cell adhesion and relays instead 

on serum-free medium. The method which mimics the neural crest environment initially 

relied on the formation of embryonic bodies which undergo a similar pattern of 

differentiation as isolated ICMs. In mouse cultures the removal of LIF (promotes 

pluripotency) for 2-4 days in a suspension culture was sufficient to produce an anterior pre-

streak-stage embryo, with the epiblast‐like core able to generate derivatives of all three 

primary germ layers160,218–221. During this period the embryoid bodies still expressed OCT4 

and would start expressing the primitive ectoderm associated protein Fgf5. Between days 

6 and 8 of differentiation the cells expressed Sox2 and Otx2, which marks ectodermal 
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commitment219,220. This is followed by morphological changes that resemble the neural 

tube and the expression of Sox1 and Six3219,220.   

The yield of neural crest specific cells can be increased by introducing specific factors such 

as Indian Hedgehog, which increases neural crest survival and proliferation in the 

embryo222–226, after the embryoid bodies form the primitive ectoderm227. Moreover, 

treatment with retinoic acid on day 4 of differentiation for 4 days significantly increased 

the yield of neural crest lineage cells228,229. Others have used retinoic acid to obtain neural 

crest derivatives such as glutamatergic neurons and motor neurons230–232.  

Neural crest cells can also be derived from low density monolayer differentiation in a 

serum-free medium. The medium is supplemented with LIF for the first 4 days. During 

days 4-8, LIF is removed and replaced with FGF-2 which significantly increased neural 

crest differentiation233,234. A more recent study described a simpler and more efficient way 

of deriving stable neural crest cultures, from human ESCs, capable of differentiating into 

neural crest derivatives including peripheral neurons, glia, melanoblasts and 

ectomesenchymal osteocytes, chondrocytes and adipocytes though WNT/β-CATENIN 

activation via GSK3 inhibition235. A 2-day pulse of CHIR treatment starting on day 0 of 

the culture was found to be most effective in inducing neural crest differentiation235. Lastly, 

using media conditioned by the hepatocellular carcinoma cell line, Hep‐G2236–238, has been 

successful; though the molecules responsible have not yet been identified.  

Mesoderm has also been induced from ESC culture in multiple ways. One of the simplest 

methods is to grow ESCs on Matrigel-coated plates with serum-free mTeSR medium for 

48hrs. On day 2 a GSK inhibitor was added. This was sufficient to induce higher rates of 
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lateral plate and paraxial mesoderm differentiation239. Similarly, addition of CHIR (a WNT 

activator) for 1-2 days to confluent hESCs culture induced mesoderm differentiation 

evident by the increases in the mesoderm markers T/BRACHYURY and MIXL1. Likewise, 

addition of recombinant WNT (rWNT) increased the mesoderm population240. 

Furthermore, addition of BMP4 and retinoic acid for 9 days increases FLK1, which 

increases mesoderm specification. These cultures were then differentiated into 

mesenchymal and smooth muscle cells241. In all cases, the integrity of the initial ESC 

culture was important for proper differentiation.  

1.4 Epigenetic regulation of osteogenic differentiation 

Often overlooked in signal transduction pathways, miRNAs play a significant role in 

posttranscriptional regulation and affect almost every aspect of cellular function including 

metabolism, proliferation, differentiation, and cell fate decisions. miRNAs help maintain 

MSC multipotency and drive either osteogenic or adipogenic differentiation24,25,46,132,242–

245. It is important to note that different studies have found that some miRNAs, listed below, 

have seemingly contradictory functions. These differences seem to be a result of the 

different cell types, origin of the cells (ex. MSCs from bone marrow versus MSCs from fat 

depots), which can affect the predisposition of the cells246, and/or the time/method of 

transfection. That being said, there seems to be a consensus in the literature regarding the 

following targets and effects of the miRNAs.  

For maintaining MSC identity several miRNAs are utilized to inhibit the production of 

their respective targets. These miRNAs include miR-129-5p, miR-34b, miR-34c, miR-422, 

miR-370, miR-34a, and miR-32947,247–251. Their targets include STAT1, SATB2, NTE5 
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(encodes for CD73), ENG (encodes for CD105), CD44, and CD146. RUNX2 and SP7 are 

inhibited during MSC maintenance and renewal as well as during adipogenic 

differentiation. RUNX2 is targeted by mir-211, miR-23a, miR-34c, miR-628-3p, miR-133, 

miR-137, miR-204, miR-205, miR-338-3p, miR-375, and miR-433132,243,248,252–260. 

Moreover, miRNAs that target SP7 include miR-143, miR-145, miR-214, and miR-637261–

264. Certain miRNAs are increased during the formation of osteogenic progenitors. These 

include miR-299-5p, and miR-127-5p, miR-29b, miR-200b, miR-377, miR-21, miR-22. 

Their targets include SPP1, COL1A1, COL1A2, COL3A1, Fibronectin, p21, SOX2, SPRY2, 

and HDAC6132,242,244,265–273. Expression of other miRNAs increases during osteoblast 

formation as is the case for miR-29a, miR-29c, miR-138, and miR-125b, miR-125b, miR-

204, miR-211, miR-101a, miR-199a, miR-135. Their targets include SPARC, BGLAP, 

VDR, ALPL, COX2, and SMAD544,132,242–244,256,258,274–281. Specifically, miR-21 and miR-22 

have been identified as osteogenic switches.  

Adipogenic switches are more prolific, including miR-204 and miR-211, which target 

RUNX2, miR-17-5p and miR-106a, which target BMP2, miR-30e which targets LPR6282, 

and miR-637264, which targets SP7. Some of these miRNAs play a role in multiple stages 

of development and may target multiple transcripts. The collective actions of these 

miRNAs, among others, play an essential role in determining cell fate and directing 

differentiation. Recently, our research lab has shown several miRNAs to be upregulated 

during the differentiation of ESCs into osteoblasts process, which have not previously been 

characterized (see Chapter 3). Two of these miRNAs, miR-361 and miR-690, have the 
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potential to be utilized to increase the rate of osteogenesis and increase overall calcium 

deposits in culture. 

1.5 Environmental factors influencing osteogenesis 

1.5.1 Toxicants that interfere with normal bone development 

Differentiation of unspecified cells into cells with specialized functions is complex and 

delicately controlled, to the effect that this process may be perturbed by the introduction of 

specific molecules, morphogens, or toxicants.  

Find a few examples of toxicants that disrupts osteogenesis, half a page, mention tobacco 

and refer to the later chapter where you will be discussing more background. 

1.5.2 Using ESCs to screen for embryotoxicity  

Both mouse and human ESCs have been studied as means to better understand the process 

of development including osteogenesis. Both have also been extensively used in their 

differentiated and non-differentiated state to elucidate the impact environmental toxicants 

have on embryonic development and somatic cell healing. In addition, several studies have 

assessed the differentiation efficiency of ESCs under compound exposure as a means to 

test drug efficacy and safety283–285.  

For both the purpose of drug safety testing as well as to uncover environmental toxicants 

with ESCs, researcher have used the embryonic stem cell test (EST)286,287. This in vitro 

assay may predict the potential developmental effects of a chemical based on its capability 

to inhibit ESC differentiation288. In one of the endpoints of the EST, the disruption in the 
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differentiation process of ESCs is measured via selected parameters including analysis of 

specific gene expression, cellular morphology, and extra cellular matrix composition289–

293, In a second endpoint, the cells are treated with compound and then cytotoxicity is 

assessed using an MTT assay. An additional third endpoint again measures cytotoxicity, 

but in fibroblasts, which are included to control for maternal toxicity (book chapter, Buck 

and zN). The resulting half maximal inhibitory concentrations (IC50) associated with 

cytotoxicity and differentiation inhibition determined with these experiments and input into 

a biostatistical model inform the classification of chemicals into three embryotoxicity 

classes: non-, weak and strongly embryotoxic294,295.  

Initially created to assess a cardiac endpoint, the murine EST has since been tailored for 

multiple tissue endpoints and using multiple technical approaches296. For example, a classic 

EST study assessed the embryotoxicity in cardiomyocyte differentiation from pluripotent 

stem cells of monobutyl phthalate (MBuP), monobenzyl phthalate (MBzP) and mono-(2-

ethylhexyl) phthalate (MEHP) and the non-embryotoxic monomethyl phthalate (MMP) 

measuring the number of changed gene expression to deduce the toxicity ranking 

MEHP>MBzP>MBuP>MMP297. In particular, these exposures suppressed Oct-4 and 

Nanog expression suggesting they would impair the development of the early embryo when 

exposed298,299. Other studies, focused on neuronal development300,301, identified lead to 

stimulate neural differentiation and initiation, while other metals such as methylmercury 

enhanced the initiation of neural development, but inhibited the completion of 

differentiation.  
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For assessing skeletal toxicity specifically, the zur Nieden lab has pioneered many 

advances in the EST over the past decade. First, they used an osteogenic differentiation 

protocol developed by Dr. zur Nieden to substitute for the cardiac endpoint210,289. Second, 

quantitative PCR assessment of Ocn mRNA expression correctly predicted a test set of six 

chemicals according to their in vivo embryotoxicity289. In addition, they introduced 

inexpensive read-out measures to assess osteogenic yield, such as calcium assay and 

alkaline phosphatase assay, and modified plating protocols to shorten assay duration292,302. 

Last, they implemented a novel approach to evaluate osteogenic yield based on image 

morphometry303.  

A modified EST was also used to study the effects of chemicals and toxicants on the 

development of the neural crest lineage, specifically their migration. The resulting screen 

identified several compounds including, erythropoietin, roflumilast, methylmercury, 

valproic acid, and lead-acetate as toxic and inhibitory to neural crest migration as assessed 

via scratch assay304,305. ESCs are also used to study the effect of morphogen concentration 

on differentiation and cell morphology306,307.  

The aforementioned metals, morphogens, or toxicants inhibit and enhance differentiation 

or pluripotency by perturbing or enhancing one or more critical pathways of development. 

While development as a whole is a very complex process, there are a number of essential 

pathways involved in the early differentiation process that are often affected by these 

compounds. These pathways include the WNT signaling pathway, which has been shown 

to enhance or suppress osteoblast formation, neural crest formation and migration, and 

early mesoderm formation depending on the time of induction308–313. NOTCH signaling 
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has also been shown to suppress pluripotency and enhance neural crest formation314. BMP 

along with retinoic acid and NOTCH have also been linked to enhancing mesodermal 

formation241. Moreover, FGF and BMP are essential in driving mesoderm formation315. 

These pathways are among many crucial developmental processes and are often targeted 

by drugs and toxicants.  

1.5.3 The zebrafish model system  

While ESCs offer many advantages in studying abnormal differentiation in response to 

toxicants, they lack the interaction and signaling between different tissues and the different 

interactions and signaling between formed organs later in development. Specifically, they 

also lack the ability to differentiate into the epithelial layer of the placenta198. Additionally, 

toxicant exposure in vitro bypasses many organs and systems designed to deal with such 

toxicants like the mucous membrane of the nose, the lungs, and especially the liver rich in 

cytochrome P450 (CYP) enzymes involved in phase I toxicant clearance316. To elucidate 

these types of interactions and the effect of toxicants on these processes, in vivo animal 

models must be utilized. Some of the more popular animal models that have been used 

include mouse embryos317,318, rat embryos319,320, and zebrafish embryos321,322. While 

successful, these studies ultimately have limitations. For mice and rats, there is a relatively 

slow rate of expansion (compared to cells), these animals are expensive to maintain, and 

pregnant females need to be sacrificed to collect embryos. Development may be obscured 

so multiple time points need to be collected and there may be variation in vivarium 

conditions that needs to be controlled. In the case of zebrafish, however, their upkeep is 

cost effective, they are transparent during development which renders the identification of 
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developmental stage easy, and they produce very large cohorts. That being said, zebrafish 

become less adept to study long term exposures as they become more genetically, 

organizationally, and morphologically distant from humans as they age323. Thus, the choice 

of model system largely depends on the stage, goal, and time frame of the study.  

 

1.6 Aims and Objectives 

Skeletal bones form a major supportive and connective network necessary for all vertebrate 

survival. Additionally, these skeletal bones serve other functional and metabolic roles as 

they contain bone marrow responsible for the production of blood cells, lymph cells, and 

fat storage. Any deviation from the normal osteogenic path may lead to a variety of skeletal 

birth defects that show as misshapen or hypomineralized bones, significantly encumbering 

the affected patient and their family. This thesis aims to elucidate the role of epigenetic 

microRNAs in osteogenic fate determination and assess whether specific environmental 

contaminants steer cells away from osteogenic fate.  

Aim 1: Determine the contribution of epigenetic regulation to osteogenic 

differentiation specifically as it pertains to miR-690  

Among the epigenetic regulators, our lab has prior experience evaluating microRNA 

regulation of osteogenesis. Prior data as outlined in Chapter 3, indicated high miRNA 

regulation during the first 8 days of osteogenic differentiation with an overrepresentation 

of mRNA targets associated with WNT signaling. This thesis aims to delve deeper into the 

role of a specific microRNA, miR-690, which we previously identified to target Ctnnb1, 

and begin elucidating its mode of action, which will be accomplished in three subaims: 
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Aim 1a: Analyze the current body of knowledge on miR-690 (Chapter 2).  

Aim 1b: Investigate the mechanism by which miR-690 increases osteogenesis 

(Chapter 3 

Aim 1c. Determine if miR-690 affects early cell fate decisions (Chapter 3) 

Aim 2: Investigate whether environmental chemicals alter osteogenesis 

While a number of skeletal birth defects have genetic causes, such as the misexpression of 

genes or epigenetic regulators, involuntary exposure to environmental chemicals may also 

alter the normal osteogenic path. One major environmental contaminant is cigarette smoke, 

which has been recognized as a teratogen (a chemical adversely affecting embryo 

development), its most obvious effect being stunted growth319,320. However, currently 

understudied is its effect on the developing skeleton. Our prior data using human 

embryonic stem cell in vitro models suggest that exposure to tobacco extracts during 

differentiation significantly inhibits osteogenic yield. A systematic analysis in an in vivo 

model, currently lacking, may contribute to a better understanding of the harmful effects 

of different tobacco products and the way they target different progenitor cells with 

osteogenic potential. Two subaims will be dedicated to elucidating the harmful effects of 

tobacco exposure using zebrafish:    

Aim 2a: Determine the effect of tobacco smoke products on bone development 

using zebrafish (Chapter 4) 

Aim 2b: To evaluate whether tobacco products affect neural crest- and mesoderm-

derived bones differently (chapter 4)  
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2 CHAPTER 2: MiR-690, a recurring character in metabolic functions, organ 

formation, and stem cell differentiation 

2.1 Abstract 

Only in the past two decades have scientists begun to piece together the diverse and 

essential functions of microRNAs in the various species that they exist. It is more recent 

still that the use of microRNAs has been considered as therapeutic agents and undertaken 

significant strides towards medicinal applications. MiR-690 is a novel micro RNA that thus 

far has only been confirmed to be native to mice but has considerable potential for 

therapeutic use in metabolic regulation, various differentiation processes, and Wnt pathway 

attenuation in humans. This review will outline the current work of knowledge existent for 

miR-690 in those variable roles indicated.  

2.2 MicroRNA biogenesis  

MicroRNAs (miRNAs) are a subclass of RNAs transcribed from non-protein coding 

regions of the DNA1. Non-coding RNAs have a wide variety of functions in the cell: 

transfer RNA (tRNA) and ribosomal RNA (rRNA) are needed for protein synthesis, small 

nuclear RNA (snRNA) for mRNA splicing, small nucleolar RNA (snoRNA) for RNA 

modifications, miRNA and siRNA for gene regulations, long non coding RNA (lnRNA) 

for epigenetic regulation, as well as lesser studied variants like enhancer derived RNA 

(eRNA) are used to control gene regulation2. Protein coding regions were thought to code 

solely for messenger RNA (mRNA) transcripts. However, there is evidence that some 

protein coding genes can act as hosts for miRNA and snRNA genes3. This allows for the 
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complex and multilayered gene regulation processes to occur more seamlessly and 

simultaneously. Furthermore, some “non-coding” RNAs have been recently found to 

contain protein coding potential4.  

MiRNAs are coded into the genome much like mRNAs and are transcribed using RNA 

polymerase II5–8. The primary miRNA sequence is also capped and finished with a poly-A 

tail5–8. Some primary miRNAs undergo splicing similarly to mRNAs or tRNAs via the 

Spliceosome complex5–8. The resulting RNA sequence contains significant secondary 

structures, forming a short hair pin RNA (shRNA) that recruits processing proteins such as 

DGCR8 and DROSHA. The processed shRNA is then exported outside the nucleus via 

Exportin 5/RanGTP. Once in the cytoplasm the shRNA is further processed by DICER to 

produce ~22nt long RNA sequences, which are incorporated into the RNA Induced 

Silencing Complexes (RISC). Some miRNAs utilize both strands of the shRNA to produce 

a 3’ or 5’ variant of the miRNA, often with different functions. This process is referred to 

as the “canonical” pathway.  However, as the case often is for biological processes, there 

are some exceptions. These variations in the processing pipeline are referred to as the “non-

canonical” pathway. These differences are not constant, and their presence appears to be 

independent of each other. These differences include the omission of DGCR8/DROSHA 

processing, lack of splicing or short hairpin formation in the nucleus, the use of a different 

Exportin, as well as forgoing DICER processing in the cytoplasm. One or more of these 

exceptions can occur based on the specific miRNA and the specific secondary structures 

formed by these primary miRNA sequences5–9.  

MiRNAs are one of the smallest non-coding RNAs spanning only about 22 nucleic acids. 
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They act as guide RNAs for the argonaut protein family10. 5’ phosphorylated miRNAs 

partially match a 3’ Untranslated Region (UTR) sequence on mRNAs and direct the 

Argonaut protein to block translation11. Perfect complementarity between the miRNA and 

the target gene is not necessary, however in plants and to a lesser degree in animals, perfect 

complementarity has been observed. This perfect complementarity has also been 

hypothesized to be the reason for transcript cleavage or degradation12. Pairing between the 

miRNA and the target gene can be quite minimal, and has been narrowed down to be most 

crucial in the “seed region” (nucleotide 2 to 8 from the 5’ end)13. Organisms can use 

imperfect complementarity for posttranscriptional regulation to fine-tune the amount of 

protein produced without destroying the cytoplasmic or mitochondrial transcript12,13. 

Interestingly, in some cases miRNAs have been shown to cause mRNA degradation even 

without perfect pairing. More recent evidence shows that the degradation function of a 

miRNA can be attributed to the deadenylation of the 3’ poly-A tail leading to a cytoplasmic 

3’-5’ exonuclease degrading the mRNA14,15.  

Initial findings characterized miRNAs as posttranslational regulators that exclusively bind 

to the 3’UTR region to disrupt translation. With more research it is being elucidated that 

miRNAs play a much larger role and can in fact bind to the 3’UTR, 5’UTR as well as 

within the coding region16–19. Additionally, miRNAs do not only act as repressors of 

protein expression; they have been found to upregulate target mRNA though the 

enhancement of protein translation or by stabilizing the mRNA transcript16,20,21. These 

findings make the role of miRNAs far more complex and important than previously 

anticipated. Thereby making the assessment of the role of a specific miRNA far more time 
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consuming and complex. Lastly, current miRNA target prediction tools need a major 

update if they are to include all of these newly found potential roles.  

It is sensible for most of these studies to focus on the role of miRNAs in the cytoplasm 

considering that is where most translation takes place. However, some studies have shown 

that miRNAs can concentrate and play a role in other compartments of the cell. Several 

studies have shown miRNAs to concentrate in the nucleus to enhance or repress specific 

targets22–25. Others have speculated on miRNA alternative functions such as RNA editing 

and transporting pre-silenced mRNA to the cytoplasm26–28. Furthermore, miRNAs have 

been shown to be shuttled into the mitochondria and target both mitochondrial and nuclear 

genes responsible for mitochondrial function29. 

2.3 MiR-690: an overview 

Mmu-miR-690 is a 22-nucleotide long miRNA with the sequence 

5’aaaggcuaggcucacaaccaaa3’ located on chr16 28599935-28600043.  The miR-690 coding 

region is in the first intron of fibroblast growth factor 12 (Fgf12) transcript variant 2. FGF 

proteins are involved in many mitogenic and cell survival pathways and are implicated in 

embryonic development, morphogenesis, tissue repair, tumor and cell growth, and 

metastasis30. FGF12, also known as FGF homologous factor 1 (FHF1), lacks an N-terminal 

signal typical to FGF family members, but contains a cluster of basic residues that act as a 

nuclear localization signal30 is Involved in the mobilization of voltage gated sodium 

channels in axons31. MiR-690 has been found in whole mouse embryos as early as 

embryonic day E9.5, E10.5 and E11.532. It has only been confirmed in the mouse although 

some of its mRNA predicted targets are conserved in other species. MiR-690 is not a tissue 
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specific miRNA, it is found ubiquitously, and in significant quantities in several tissues of 

adult mice including, spinal cord, brain, liver, and heart33. More specifically, it is the 

premature miRNA form of miR-690 that is found in high quantities in several tissues. The 

high concentration of precursor miRNA is in stark contrast to that of all other miRNAs 

(except for miR-709, and miR-720), which show little to no storage of their premature 

miRNA. Researchers have suggested that this observation may be due to abnormal 

processing of the pre-miRNA by DICER due to the unconventionally large stem loop with 

a large amount of pair mismatches. In HEK 239 cells transfected with miR-690, pri-miR-

690 has also been shown to complex with Drosha but no direct processing was shown34. 

However, in other tissues like spleen, testis, and lung, miR-690 appears to be better 

processed. These two contrasting observations could be due to slightly different premature 

miRNA processing in the observed tissues allowing miR-690 levels to be fine-tuned for the 

needs of the various tissues.  

2.4 MiR-690 in hematopoiesis  

Hematopoietic stem cells have been studied for decades due to their critical importance in 

maintaining all types of blood cells though out the life of an organism. These rare cells 

reside in the bone marrow and are distinguished via two critical factors. The first is their 

proliferative and self-renewal capability. The second is their ability to differentiate into all 

types of blood cells including lymphoid cells, erythroid cells, granulocytes (granulocytes 

(neutrophils) and monocytes (macrophages)), and various other blood cells35–37. Therefore, 

proper maintenance and differentiation of hematopoietic stem cells in vertebrates is a 

central part of survival. 
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Granulopoiesis is the sequential process of differentiating hemopoietic myeloid progenitor 

cells into myeloblasts then morphologically distinct promyelocytes, which differentiate 

into myelocytes then finally into mature granulocyte and other hematopoietic cell types. 

The formation of these granules is crucial for neutrophil function and recruitment during 

normal immunological stress as well as during emergency accelerated production and 

recruitment of neutrophils38–40. MiR-690 was shown to be one of four miRNAs to be 

significantly enriched in the nucleus of hematopoietic cells during this differentiation 

process. Four different hematopoietic cells lines, MPRO, EL4, MEL, and A20, were 

analyzed to confirm that miR-690 nuclear enrichment is present41. However, despite 

showing the nuclear enrichment of miR-690 in these cell lines as well as during 

granulopoiesis, the specific role that miR-690 plays during this process remains to be 

elucidated.  

Myeloid cells are multipotent stem cells derived directly from hematopoietic stem cells. 

They give rise to monocytes, macrophages, neutrophils, basophils, and platelets among 

other cell types like myeloid-derived suppressor cells (MDSCs). MDSCs are closely 

related to macrophages and neutrophils, which were first discovered in cancer patients. We 

know them to play a role in regulating the immune response in everyday healthy 

individuals, inflammation, chronic inflammation, stress, infections, tumor growth, and 

metastasis42,43. Mice exposed to Δ9-Tetrahydrocannabinol (THC) showed a significant 

increase in myeloid cell growth and proliferation as well as myeloid cell differentiation 

pathways. MiR-690 was among the highest expressed miRNAs (16-fold) in THC-induced 

MDSCs. This increase was inversely proportional to transcription factor 



 69 

CCAAT/enhancer-binding protein α (C/EBPα), a predicted target of miR-690. 

Additionally, attenuation of miR-690 resulted in an increase in C/EBPα protein levels. 

These findings were replicated in cell based assays using MDSCs44.  

More work is needed to fully elucidate the role that miR-690 plays in hematopoiesis. For 

now, it is clear that miR-690 is involved in hematopoietic growth and differentiation. The 

mechanism and precise role during maintenance as well as each unique differentiation 

pathway will have to be the subject of several more studies to fully be understood. 

Furthermore, the specific reason of nuclear enrichment of miR-690 is still unknown; 

perhaps once the nuclear enrichment is understood, it will help illuminate the role miR-690 

plays in hematopoietic differentiation. 

2.5 MiR-690 in hepatocytes 

The liver is a central hub for several critical biological processes, perhaps most important 

are its metabolic and xenobiotic functions. The liver responds to the metabolic needs of an 

organism by attenuating glucose levels in the blood. When glucose levels are high, insulin 

release signals the liver to increase the uptake of glucose and store it as glycogen or fat. 

During hypoglycemia, the liver can perform gluconeogenesis to revert glycogen storages 

back to glucose and send it into the blood stream to other tissues in need of energy. This is 

an immensely important process as it allows the organism to continue functioning properly 

during low nutrient times and it is almost exclusively executed by the liver. Similarly, to 

glucose storage and release, the liver can store fatty acids as triglycerides and release them 

to other tissues in need of energy. The liver is also responsible for recycling lactate back 

into glucose for the muscles especially during anaerobic exercises via the Cori cycle45–47. 
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Additionally, the liver is home to many enzymes that act to neutralize toxins or breakdown 

a wide variety of xenobiotics48. These functions make the liver an essential organ where 

many biological processes converge.  

MiRNAs play a significant role in controlling and fine-tuning the processes mentioned 

above. As such, many studies examined the various functions of miRNAs in these 

processes in detail, while others explored the overall abundance and localization of said 

miRNAs. MiR-690 was found to be the most abundant miRNA in the liver as well as the 

third most abundant miRNA in the liver mitochondria49. Furthermore, a study isolated 

liver‐derived progenitor cells (LDPCs) from rat livers and found in both the 

undifferentiated LDPCs and LDPCs differentiated into mature hepatocytes miR-690 was 

the highest expressed miRNA50. Although other miRNAs varied between the different rat 

specimens either in abundance or presence, miR-690 did not. All tested samples in their 

differentiated and undifferentiated states showed miR-690 as the highest expressed 

miRNA. Additionally, female mice treated with testosterone showed an increase in six 

miRNAs in the liver including miR-690. MiR-690 was the second highest upregulated 

miRNA and continued to increase for the full 3-week treatment51. This study only 

confirmed one target gene of miR-690 to be downregulated, Methylcrotonoyl-Coenzyme 

A carboxylase 2 beta (MCCC2). MCCC2 is a subunit of a larger enzyme in the 

mitochondria responsible for the metabolism of leucine52. Not much more was 

hypothesized regarding the role of miR-690, MCCC2, or why testosterone would regulate 

either.  

However, these findings lead to speculations that miR-690 can potentially regulate 
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mitochondrial liver-specific diseases53. More research will be needed to understand the role 

of miR-690 in the liver and more specifically its role in the mitochondria. Energy 

production is one of the main purposes of the mitochondria and yet we have very little 

understanding of the role of the third most abundant miRNA in the mitochondria. The liver-

specific research leaves many questions unanswered. However, these questions provide 

some interesting avenues and possibilities for future research. 

2.6 MiR-690 and metabolism 

Metabolism is the combination of both catabolic and anabolic activities in the cell which 

are governed by small molecules, hormones, peptides, fatty acids, and some small nucleic 

acids. Glucose is usually the first molecule that comes to mind when discussing metabolism 

as it represents the starting material or end product of many different metabolic and 

anabolic activities. Moreover, the liver is the main organ that comes to mind as it regulates 

many of these processes. That being said, some of these processes can begin elsewhere, for 

example in the pancreas, which is responsible for insulin production to signal much of the 

functions of the liver. Some organs have preferences for specific macromolecules; for 

example, the brain mainly relies on glucose for energy, while the heart mainly uses fats. 

These differences and codependence of these organs on each other makes the study of 

theses metabolic pathways a multicompartmental and multi-tissue ordeal.  

Research conducted with pancreatic MIN6 cells showed that a significant number of 

miRNAs responded to changes in glucose levels. MiR-690 was one of the few detected 

miRNAs to be significantly downregulated in this study54. Unfortunately, no further 

analysis or speculation was done regarding the role of miR-690 as a glucose sensitive 
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miRNA.  

Perhaps just as interesting is the identification miR-690 in heart tissue of mice undergoing 

heart failure. ATP imbalance has been identified as a major contributor leading to and 

causing heart failure and as such, mitochondrial dysfunction leading to reduced metabolic 

efficiency have been closely associated55,56. In a recent study, heart failure was induced 

through a pressure overload system followed by transverse aortic constriction. This study 

focused on miRNA regulation in the mitochondria during early and late stage heart failure. 

Among other miRNAs, miR-690 was found to be upregulated from the early stages of heart 

failure. Furthermore, miR-690 was specifically one of the highest unregulated miRNAs in 

the mitochondria of these mice. Pathway enrichment analysis of miR-690 targets, as well 

as the targets of the other highly upregulated miRNAs (mmu-miR-532-5p, mmu-miR-696, 

and mmu-miR-345-3p), revealed that the following pathways were most effected: 

biosynthesis of unsaturated fatty acids, thyroid hormone signaling pathway, and hippo-

signaling pathway, all of which play an important role in energy metabolism57. However, 

no specific targets or further speculation on the specific mechanism of miR-690 were 

discussed.  

Lastly, in a study comparing wildtype mice to growth hormone receptor knock out mice, 

miR-690 was found to be upregulated. MiR-690 was identified as a core component of an 

mRNA-lnRNA-miRNA network regulatory axis that was affected by the growth hormone 

receptor knock out. This axis included mRNAs (Hemxi2, Ero1Ib, 4933434i20RIK, Pde7a 

and Lgals1), lncRNAs (ASMM9PARTA014848, EL605414-P1, ASMM9PARTA051724, 

ASMM9PARTA045378 and ASMM9PARTA049185), and miRNAs (miR-188-3p, miR-
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690, miR-709 and miR-710). Among the most significantly affected pathways were steroid 

hormone biosynthesis, ascorbate and aldarate metabolism pathway, cytochrome P450 

pathway, retinol metabolism, PPAR signaling, and fatty acid metabolism58. However, no 

direct connection was drawn between these pathways and miR-690 in this study and no 

further speculation was made on the possible role that miR-690 may play in this axis.  

These metabolic studies suggest that miR-690 is a player in many metabolic pathways. 

Taken all together, miR-690 appears to be glucose sensitive, but not necessarily insulin 

sensitive. Moreover, these data suggest that miR-690 may play a mitochondrial specific 

role in fatty acid metabolism. The ubiquity of miR-690 in a variety of tissues as well as its 

enrichment in different cellular compartments makes drawing definitive conclusion very 

difficult without further studies.  

2.7 MiR-690 in osteogenesis and bones 

Osteogenesis and bone formation are complex mechanisms that share many overlapping 

aspects across different species. RUNX2, encoded by the Cbfa1 gene, is a conserved master 

regulator of osteogenesis and has been shown to be critical for proper bone formation and 

calcification59. Many bone modulators and osteogenic regulators have been discovered 

through RUNX2 interactions as well as direct and indirect regulation of RUNX2. Many 

labs choose to focus on this process during the latter part of differentiation, i.e. when 

mesenchymal cells transition to osteoblasts and mature.  

One of the co-transcriptional activators controlling Cbfa1 is beta-catenin (CTNNB1), 

which is itself a target of the canonical WNT signaling pathway. This pathway has been 

extensively investigated and shown to be one of the essential pathways in early 
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development of cell lineage formation and later in tissue differentiation and cell polarity60, 

including in the bone. Furthermore, disrupting the WNT signaling pathways through one 

or more of its components has been linked to disease development and cancers60–62. Much 

of the research on WNT canonical signaling does center around CTNNB1 and the 

consequential downstream control of transcription. Indeed, the stabilization and nuclear 

transport of CTNNB1 is the focal point of the WNT pathway. This is also reflected in the 

WNT regulation of bone development and bone specific diseases where the disruption of 

any number of WNT signaling related molecules, including WNT5A, WNT3A, DKK2, or 

CTNNB1 may lead to loss in bone density, reduced calcification, or osteoporosis 63,64.  

During early stages of development, WNT signaling is important in neural crest65–67 and 

mesoderm68,69 development both of which, as discussed in Chapter 1, represent the lineages 

from which bone is derived. Furthermore, WNT signaling is essential during osteoblast 

formation from embryonic stem cells (ESCs) as we had shown in our previous work where 

inhibition of WNT signaling on days 5-7 during osteogenic differentiation using rWNT5A 

yielded higher osteogenic cultures. However, inhibition of CTNNB1 after day 7 or 

activation using rWNT3A on days 5-7 led to a reduction in osteogenesis63. Others also 

showed similar fluctuations in WNT signaling are necessary for mesenchymal to osteoblast 

transition. More specifically, WNT signaling induced mesenchyme to osteoprogenitor 

transition, but inhibited osteoprogenitor to osteoblast transition64,70.  

To date, only two research groups (including ours) have been able to link miR-690 with 

osteogenesis.  Our research group was able to show that miR-690 can enhance the rate of 

osteogenesis in mouse and human cultures as well as increase the final calcification in 
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mouse cultures. Additionally, it was observed that these increases in mouse cultures were 

DGCR8 independent and worked, at least partially, through increasing ALP activity and 

through the increase in neural crest or paraxial mesoderm lineage formation in the early 

stages of the cell culture (see Chapter 3). More specifically, these effects correlated with 

the dampening of CTNNB1 levels at days 5-7 of osteogenic differentiation as we had 

previously shown63. Moreover, miR-690 transfection appeared to alter the lineage from 

which the osteoblast cultures originated from. Transient transfection of miR-690 appeared 

to be directing the cells towards head mesenchyme/prechordal mesenchyme of neural crest 

origin, while a stable transfection of miR-690 produced lateral plate mesoderm, paraxial 

mesoderm, and presomitic mesoderm.  

Although miR-690 has only been identified in murine so far it also had an effect on human 

ESCs with miR-690 transient transfection enhancing head mesenchyme and paraxial 

mesoderm formation (see Chapter 3). Furthermore, these cultures showed increased 

calcium deposits and increased ALP activity.   

While our data suggested that miR-690 controls mRNAs involved in osteogenesis, other 

groups have looked into how osteogenic transcription factors regulate miR-690 levels. 

Indeed, RUNX2 activation can rapidly induce miR-690 expression through directly binding 

the miR-690 promoter and activating its transcription. Although miR-690 is located in the 

intron of the Fgf12 transcript in mice, there is little to no evidence that RUNX2 regulates 

Fgf12 nor is Fgf12 known to be expressed in mesoderm or involved in osteogenesis. 

Therefore, RUNX2 likely only regulates miR-690 expression at that chromosomal locus. 

The miR-690 target investigated in this study was NF-ĸB p65, a known osteogenic 
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inhibitor71. NF-ĸB is a known inhibitor of Runx2 and was shown to induce β-catenin 

degradation through induction of Smurf1 and Smurf2 as well as disrupt Runx2 and β-

catenin binding to osteocalcin and bone sialoprotein by binding nearby elements72,73. 

Implying once again that the expression of a micro-RNA lock in a specific cell fate 

ensuring the cells will not fall back into a previous stage of development as also discussed 

in Sera and zur Nieden74.   

Lastly, work using iPSCs to induce insulin secretion found that miR-690 targets and 

inhibits Sox9. The targeting of SOX9 is very interesting as SOX9 has been shown to be 

essential for cartilage formation and has been shown to inhibit cartilage vascularization, 

bone marrow formation and endochondral ossification. Furthermore, SOX9 has been 

shown to directly bind RUNX2 and inhibit its function75. This is potentially another aspect 

of the role that miR-690 plays to induce osteogenesis. RUNX2 activates miR-690 

transcription and in turn miR-690 inhibits CTNNB1, NF-ĸB p65, and SOX9 to further 

enhance osteogenesis. Considering these research findings, it can be concluded that miR-

690 plays a critical role in mouse bone development and is a potential therapeutic tool for 

human applications. 

2.8 Conclusion 

MiR-690 has many other predicted targets that make it a very interesting miRNA for further 

investigation. These targets include metabolic genes such as Sirt1, and Pdgfa1 suggesting 

a role for this miRNA in controlling gluconeogenesis and fatty acid biosynthesis. Ctnnb1 

and Sirt1, along with other predicted targets, such as Nfib, suggest that miR-690 may be a 

potential tool for cancer treatment and research. The role of miR-690 in various paths of 
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differentiation, mitochondrial function, growth and metabolism, as well as the fact that this 

miRNA has not been identified in humans, but still potentially target conserved sequences 

in humans, make miR-690 a fascinating miRNA to study. 
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Figure 2-1 Summary of pathways known to be activated or inhibited by miR-690 
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Fig. 2.1: Summary of pathways known to be activated or inhibited by miR-690. Red arrows are 

pathways inhibited by miR-690 activation; green arrows are pathways activated by miR-690 activation. 

Mesenchymal cell (MC), Tetrahydrocannabinol (THC), Myeloid derived suppressor cells (MDSC). 

Artwork adapted from smart.servier.com.  
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3 CHAPTER 3: MiR-690 enhances osteogenic differentiation in mouse and 

human embryonic stem cells 

3.1 Abstract 

 

Osteogenesis is a complex and critical process for the proper development of vertebrates. 

The complexity of osteogenesis resides in the multitude of pathways that embryonic stem 

cells (ESCs) take to differentiate into osteoblasts and the intricate genetic regulatory 

network which controls this lineage development. Adding to the complexity, osteogenic 

differentiation is induced from either mesoderm or neural crest cells; both of which can 

differentiate into mesenchymal cells and subsequently into osteoblasts. This overlap of 

differentiation into mesenchymal cells creates a convenient point at which to study 

osteogenesis but reduces the focus on the intermediate stages of differentiation. 

Additionally, the role of microRNAs (miRNAs) in these stages appears to be crucial for 

the fate of specific progenitors, making them an important piece of the puzzle.  

In this study we show that overexpression of a specific miRNA, miR-690, upregulates 

osteogenesis through the direct targeting of β-catenin. Additionally, the increased 

osteogenesis achieved from miR-690 overexpression during differentiation is time 

dependent, best achieved with a transfection during days 5-7 of differentiation. 

Furthermore, stable and transient transfection of miR-690 result in morphological 

differences as well as a shift in the calcification timeline possibly stemming from a shift in 

the overall cell population origin. Both the transient and stable transfection resulted in a 

change of the overall cell population origin producing more neural crest head 
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mesenchyme/prechordal mesenchyme as well as lateral plate mesoderm, limb bud, and 

somatopleure. Additionally, these findings were mimicked in human ESCs yielding 

increased calcification and an alteration of cell fate origin. Together, our data indicate that 

miR-690 supports osteogenesis and plays a role in early cell fate decisions. 

3.2 Introduction 

Osteoprogenitors evolve from mesenchymal cells and may either be of neural crest or 

mesodermal origin1,2. Derived from osteoprogenitors, pre-osteoblasts begin the 

calcification process by expressing alkaline phosphatase (ALP), which generates 

hydroxyapatite from calcium and phosphate ions deposited into a collagen-based matrix. 

Osteogenesis ends with the maturation of matrix-secreting osteoblasts into osteocytes, 

which are deeply embedded in a calcified matrix and communicate through slender 

dendritic processes3.  

The origin of the osteoprogenitors, be that neural crest or mesoderm, differs throughout the 

body. The majority of the bones of the skull are made up of neural crest derived 

mesenchymal cells4,5. Mesoderm derived mesenchymal cells, differentiated from axial 

mesoderm, paraxial mesoderm and lateral plate mesoderm, form the rest of the bones and 

cartilage of the skeletal system2,6.The different mesoderm derivatives contribute to 

different parts of the skeleton: axial mesoderm gives rise to embryonic notochord and the 

adult nucleus pulposus; paraxial mesoderm produces axial skeletal bones and cartilage and 

their associated elements including the vertebrae, ribs and part of the shoulder girdle; and 

lateral plate mesoderm forms distal skeletal bones like bones in the limbs, the pelvic girdle, 

the sternum and part of the shoulder girdle7–9. 
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There are two main pathways for bone formation. Bone tissue develops from mesenchymal 

sheets that form osteoblast through either intramembranous bone formation or 

endochondral bone formation10. Basically, intramembranous bone formation is the more 

direct method where mesenchymal sheets cluster to form ossification centers which calcify 

leaving osteoclasts trapped in the middle11. The resulting bone has blood vessels and lymph 

nodes running throughout ensuring proper nutrition and waste disposal. This method forms 

most of the flat cranial bones as well as part of the clavicle11. Endochondral bone formation 

is the more complicated method utilized in the formation of the majority of the bones in 

the skeletal system. Briefly, endochondral bone formation is initiated via mesenchymal 

sheets differentiating into cartilage. This cartilage creates a template for the developing 

bone. The outer layer of the template continues expanding with cartilage. As the 

chondrocytes trapped inside die off, space is created for invading blood vessels carrying 

osteoprogenitor cells. Osteoblasts fill the cavity and differentiate into osteocytes within the 

calcified matrix12. The bone, with the aid of the cartilage template, will continue to grow 

using this method until it has replaced the majority of the cartilage. Finally, the outer layer 

is replaced with bone tissue (perichondrium changed to the periosteum) leaving cartilage 

only at the joint ends12. 

Both intramembranous and endochondral bone formation are tightly controlled processes 

that result in the proper size, shape, and cellular makeup of the developing bone. 

Mesenchymal differentiation into bone and cartilage is regulated by several signaling 

pathways and transcription factors13, which regulate the commitment and maturation of 

progenitor cells. These transcription factors include: Runt-Related Transcription Factor 2 
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(RUNX2), transforming growth factor-beta (TGFβ)/bone morphogenic protein (BMP) 

signaling, wingless-type MMTV integration site (WNT) signaling, Hedgehogs (HH), 

Notch, and fibroblast growth factors (FGFs)14. Specifically, we have shown that the 

canonical WNT pathway, through β-Catenin (CTNNB1), significantly increases 

osteogenesis 15; using an ESCs osteogenic differentiation model it was established that high 

levels of WNT signaling are essential during very early stages of differentiation via 

supplementation with recombinant WNT3A 15. Furthermore, mice expressing conditional 

Ctnnb1 null alleles, via loxP sites located in introns 1 and 6 of the Ctnnb1 (Catnbfloxed/floxed) 

gene, showed reduced BMP signaling and reduced chondrogenesis and osteogenesis16. 

Conversely, constitutive activation of CTNNB1 in mice, achieved via Tamoxifen-

inducible Cre fusion protein, Cre-ER™ under the control of the 3.2-kb mouse pro-collagen 

1 promoter (3.2 kb Col1-Cre ER™) crossed with Ctnnb1+/lox (exon 3) mice, resulted in 

significantly lower bone strength, reduced mineralization, and disorganized collagen17. The 

same study found these bones to have lower osteocalcin levels, indicating a problem in 

osteoblast differentiation. Together, these studies indicate that CTTNB1 is required for 

proper bone development, but that constitutively active CTNNB1 hinders osteoblast 

formation. Therefore, CTNNB1 levels must oscillate throughout the differentiation process 

to ensure proper bone formation as also suggested to be the case during ESC osteogenic 

differentiation18.  

Furthermore, WNT/CTNNB1 activation seems to be required for both neural crest and 

mesoderm formation. Several studies have shown that inhibition of WNT/CTNNB1 

signaling resulted in a reduction in NC induction and its proper formation. In Xenopus 
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embryos overexpression of canonical WNT signaling components, FRIZZLED, LRP6, or 

CTNNB1 enhanced neural crest formation19. Moreover, in chick embryos inhibiting 

canonical WNT signaling via injection of a dominant-negative Wnt1 construct disrupted 

neural crest induction and neural crest migration20. Similarly, Wnt1/Wnt3a knockout mice 

had significantly reduced neural crest induction21.  

As bone tissue is derived from either neural crest or mesoderm origins, using both in vitro 

and in vivo models, WNT/ CTNNB1 activation has been implicated in mesoderm formation 

as well. The addition of recombinant Dickkopf 1 (DKK1, canonical WNT inhibitor) to 

ESCs during mesoderm differentiation completely inhibited mesoderm induction, as 

assessed by Flk1 expression, a mesoderm precursor marker. Furthermore, DKK1 

overexpression in this study also inhibited Tbxt, Mixl1 and Evx1 induction; all three genes 

are known markers of early primitive streak formation. DKK1 treatment also inhibited the 

expression levels of the mesoderm markers Mesp1, Nrp1, and Pdgfra22. In Xenopus 

embryos, CTNNB1 has been shown to be expressed dorsally and all around the equatorial 

region, coinciding with the location of mesoderm formation23. This study also showed that 

CTNNB1 knockdown via morpholino oligonucleotides significantly reduced myoD (a 

myogenic transcription factor expressed in the ventro-lateral mesoderm), prevented MAPK 

activation in the dorsal and ventral sides, and reduced Gsc, Xbra, and Tbr2 expression 

(early pan-mesodermal markers)23. Therefore, activation of the WNT canonical signaling 

is essential for the proper development of both neural crest and mesoderm and is conserved 

between different vertebrates.  
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The WNT/CTNNB1 pathway is a tightly controlled and pat of this regulation is through 

microRNAs (miRNAs). MiRNAs are small RNAs, ~22 nucleotide in length, that repress 

their target genes mainly by binding the 3’UTR of the target mRNA and inhibiting 

translation. Several miRNAs have been shown to target WNT pathway components. MiR-

22, which has been shown to enhance osteogenesis and is dysregulated in gastric cancer, 

has been shown to target WNT124,25. MiR-26a, in turns targets the non-canonical WNT5A, 

which we have shown to enhance early osteogenesis15,25. DKK1, a known CTNNB1 

inhibitor, has also been shown to be targeted by miR-29a, miR-372, miR-373, and miR-

493 leading to increased activation of CTNNB125. Ctnnb1 itself has also be shown to be 

regulated by many different miRNAs, among which are miR-200c, miR-101, and miR-

320, the dysregulation of which have been associated with breast cancer, colon cancer, and 

prostate cancer25.  

As with other cellular processes, miRNAs play a significant role in osteogenesis26,27. Prior 

to osteoblast differentiation, miRNAs control mesenchyme maintenance by 

downregulating osteogenic transcription factors such as Runx2 and Osterix (Sp7), as well 

as adipogenic regulators, such as Peroxisome proliferation-activated receptor γ (Pparγ)27. 

During osteoblast differentiation, miRNAs targeting Runx2, such as miR-204 and miR-

211, are downregulated; allowing RUNX2 expression and upregulation of its osteogenic 

target genes28. Moreover, miRNAs that enhance osteoblast differentiation, such as miR-21 

and miR-22, considered osteogenic switches, are upregulated as they target Smad5 and 

Hdac6 respectively, whose inhibition increases osteogenesis29,30. To continue, miRNAs 

regulate protein expression during all phases of osteogenic differentiation. In mesenchymal 
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cells Runx2 is kept inhibited via miR-23a, miR-34c, miR-628-3p, miR-133, miR-137, miR-

204, miR-205, miR-338-3p, miR-375, and miR-433, allowing the mesenchymal cells to 

remain undifferentiated26,28,31–38. Sp7, another osteogenic regulator, is also kept 

downregulated during this phase via direct targeting by miR-143, miR-145, miR-214, and 

miR-63726,39–42. During pre-osteoblast formation, Osteopontin (OPN, coded by Spp1) is 

secreted into the matrix. miRNAs such as miR-299-5p and miR-127-5p target Spp1 in 

breast cancer cells and chondrocytes respectively26,43,44. Matrix building collagens, Col1a1, 

Col1a2, and Col3a1 have also been shown to be targeted by miR-29b, which in osteoblasts 

could allow the collagen matrix to develop prior to deposition of minerals26,45. Moreover, 

during osteoblast homeostasis, matrix building proteins are downregulated via increased 

miRNA levels: MiR-29a and -29c levels increase inhibiting matrix building protein 

Osteonectin26,46. Similarly, miR-125b has been shown to target both Ocn, Bglap as well as 

reduce vitamin D receptor levels26,47,48.  

While mesenchymal stem cells have been used to identify osteo-miRs26, their study in 

culture does not allow identification of miRNAs involved in fating neural crest or 

mesoderm derivatives into mesenchymal cells. Here, embryonic stem cells (ESCs) may be 

used, which have been widely applied to understand cell fate determination and manipulate 

differentiation throughout all stages of development. Several microRNAs have been 

identified to regulate the initial steps of differentiation by controlling whether and when 

ESCs exit from pluripotency.  

Since cells can utilize miRNAs to repress differentiation signals to maintain pluripotency 

or to repress genes associated with pluripotency to enhance specific differentiation 
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pathways, this study aimed to illuminate what role miRNAs might play in the early 

osteogenic process not accessible through other cellular systems. Pluripotency is 

maintained through important transcription factors like OCT4, SOX2, KLF4, and c-

MYC49. Pluripotency maintaining miRNAs from miR-17-5p/20-5p/93-5p/106-5p/519-

3p/526-3p families have been shown to be enriched in pluripotent cells and their 

upregulation increased OCT4 and CCNB1(Cyclin B1, increases cell proliferation) nuclear 

and cytoplasmic levels. Specifically, from the families above, miR-92a-3p, miR-101-3p, 

and miR-363-3p have been shown to promote pluripotency through targeting several genes 

in the Notch pathway including NOTCH1 and PSEN149. Moreover, miR-29a/b-3p reduced 

KLF4 expression levels and miR-30a-5p reduced OCT4 and CCNB1 levels, leading to 

inhibition of pluripotency maintenance49. 

3.3 Preliminary data 

Because ESCs are pluripotent stem cells, they can produce all cell types of the three germ 

layers, including osteoblasts50,51. A schematic of the differentiation protocol is shown in 

Appendix I, Figure A.1.1. Alkaline phosphatase levels can be measured as early as 11 days 

into the differentiation, and osteocalcin, a marker for mature osteoblasts is detectable by 

day 20 (Appendix I, Fig.A.1.1), with peak expression at day 3052. Bone forming 

mesenchymal cells from neural crest or mesoderm origins have also been produced from 

differentiating ESCs53,54 and mRNAs associated with neural crest development are 

expressed around d6-8 of in vitro differentiation, while mesenchymal genes appear by d8 

(Appendix I, Fig. A.1.2.). It seems likely that microRNAs are implicated in this osteogenic 
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fate regulation as well as neural crest and mesoderm commitment in ESCs, as they do in 

vivo55–58. However, so far, no published results exist to identify such microRNAs.  

To shed light in this question, previous work in our lab tracked the differential expression 

of miRNAs during the first 8 days of osteogenic differentiation, specifically on days 0, 3, 

5, 6, and 8, and identified several miRNAs with distinct patterning throughout the 

differentiation process (Fig. 3.1.A).  

Furthermore, a select set of these miRNAs, based on their expression pattern and degree of 

change, were validated via qPCR (Fig. 3.1.B). Most miRNAs were either upregulated or 

down regulated, on day 3 (Fig. 3.1.C) with most miRNAs notably upregulated on day 8 

(Fig. 3.1.D) indicating greater regulations of several pathways on day 8. Interestingly, there 

were distinct differentially expressed miRNAs throughout the differentiation process (Fig. 

3.1.E). Overexpression of selected candidate miRNAs led to either an enhancement or a 

reduction of osteogenic yield, depending on the endogenous expression level of the 

candidate microRNA at the time of transfection (d5) (Fig. 3.2). 

These miRNAs predictably targeted many different pathways, chief among them were 

MAPK and WNT signaling pathways (Fig 3.3.A). Among the many miRNA candidates, 

miR-690 stood out as it significantly targeted WNT and MAPK pathways as well as other 

osteogenically regulated signaling pathways, such as TGF-beta, insulin, and mTOR 

signaling pathways (Fig 3.3.B). Bioinformatics analysis predicted several genes from the 

Wnt/Ctnnb1 and Akt pathways to be targeted by miR-690 (Tables 3.1 and 3.2). 
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Figure 3-1 Differentially expressed miRNAs 
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Fig. 3.1 Differentially expressed miRNAs. Murine ESCs were differentiated according to the protocol 

shown in Appendix I Fig. A1.2A, and isolated small RNAs probed onto a CombiMatrix miRNA array. 

(A) Heat map of differentially expressed miRNAs identified by statistical assessment using R and 

BioConductor. Expression levels were quantile normalized and a linear model was fitted using the Limma 

package. Reliable variance estimations were obtained by empirical Bayes moderated t-statistics. The FDR 

was controlled by Benjamini–Hochberg adjustment. (B) Table listing the differentially regulated miRNAs 

according to their time point of expression. (C) Chart annotating the number of up- or down-regulated 

microRNAs (versus ESCs) depending on differentiation day. (D) Chart denoting the ratio between up- 

and down-regulated microRNAs. (E) VENN diagram of miRNAs differentially expressed throughout the 

differentiation process. Data courtesy of Dr. D. Kaniowska. 
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Since our lab has previously done work emphasizing the WNT pathway15 and investigated 

the role of its prime effector Ctnnb1 in osteogenic differentiation15, miR-690 was of special 

interest, not only because it was predicted to directly target Ctnnb1 itself, but also because 

it gave the second highest osteogenic yield in the overexpression screen (Fig. 3.2). To begin 

elucidating its role in osteogenic commitment and differentiation, two prior Graduate 

students, Dr. Dorota Kaniowska and Dr. Devon Ehnes, had performed a bioinformatic 

analysis using multiple online miRNA target prediction tools (miRANDA, TargetScan, 

miRdB) and performed a qPCR analysis on their expression with and without miR-690 

overexpression. The expression levels of Ctnnb1, Foxo3a, Akt2, and Sirt were down-

regulated following transient transfection with a pSuper plasmid expressing miR-690, but 

not following transfection of a scramble sequence (pSuper miR-scr) (Fig. 3.3.C). 

Contrarily, mRNA levels of RhoA and Wnt8a, also predicted as potential miR-690 targets, 

did not change in the expected direction (data not shown). Next, the protein down-

regulation of CTNNB1 was confirmed via western blot, while regulation of forkhead box 

O transcription factor FOXO3A, a co-transcriptional activator of CTNNB1, at the protein 

level could not be confirmed possibly due to already low FOXO3A levels (Fig. 3.3.D). Dr. 

Kaniowska then went on to confirm direct binding between miR-690 and the 3’UTR of 

Ctnnb1 via a luciferase assay using the pmiRGlo system (Promega) (Fig. 3.3.E). Based on 

these results we set out to gain a deeper understanding of the role of miR-690 in osteogenic 

differentiation and the mechanism by which miR-690 directs ESCs towards their 

osteogenic fate.  
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In the following chapter, we show that miR-690 directly inhibits Ctnnb1 to at least partially 

drive the commitment of mesenchymal cells during early osteogenesis. miR-690 

transfection of both mouse embryonic stem cells (mESCs) and human embryonic stem 

cells (hESCs) increased osteogenic gene expression and morphological features of both 

cultures. Furthermore, miR-690 transfection changed the cell origin of the cultures and 

appeared to work independently of miRNAs that require processing by DGCR8, which is 

necessary for polycistronic miRNA processing59,60. Ultimately, our findings indicate a 

potential novel therapeutic use for miR-690. 
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Figure 3-2 miRNA overexpression differentially affected osteogenic 

yield in differentiating mESCs Fig. 3.2 miRNA overexpression differentially affected osteogenic yield in differentiating mESCs. 

Differentiating ESCs were transfected with pSuper expression vectors comprising the candidate miRNA 

sequences at day 5 of differentiation. Calcification was assessed using Arenazo III on d20. Results are 

expressed as mean ±SD (n=5) and normalized to miR-scr expressing cells. Significant differences were 

apparent at * p<0.05. Data courtesy of Dr. D. Kaniowska 
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Figure 3-3 CTNNB1 is a direct target of miR-690 

Fig. 3.3 CTNNB1 is a direct target of miR-690: (A) Predicted pathways and GO processes affected by 

genes regulated by osteogenic miRNAs. (B) predicted pathways targeted by miR-690. (C) qPCR analysis 

of Ctnnb1, Foxo3a, Akt2, and Sirt1 in wildtype mESCs, mESCs transiently transfected with either miR-

scr or miR-690 at 24 and 48hrs post transfection, n=3. Fold change was normalized to Tbp. *p<0.05 based 

on Student’s T-test comparing groups to miR-scr. (D) Western blot analysis of CTNNB1 and FOXO3A 

in wildtype mESCs, mESCs transiently transfected with either miR-scr or miR-690 at 24 and 48hrs post 

transfection. (E) Luciferase assay showing downregulation of luciferase activity upon co-transfection of 

pSuper:miR-690 and CTNNB1 3’UTR. *p<0.05 based on Student’s T-test comparing groups to 

scrambled control. Data in A, B and E courtesy of Dr. Dorota Kaniowska, C Dr. Devon Ehnes. Data in 

D Omran Karmach. mm = mismatch, scr = scramble. 
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Table 3-2 Alignment of miR-690 binding to Ctnnb1 3’UTR Table 3-1 Prediction of potential targets of miR-690 

MiRDB target score: 84  
MiRmap Score: 91.96, 97.76 
TargetScan Context++Score: -0.08, -0.22 

Table 3.1 Prediction of potential targets of miR-690:  The binding score (mirSVR) of miR-690 to 

several factors important for osteogenesis was mined using the miRNA binding prediction tool 

miRANDA. 
targets of miR-690 

  

Table 3.2 Alignment of miR-690 binding to Ctnnb1 3’UTR: miR-690 was aligned to Ctnnb1 3’UTR in 

2 places using TargetScan. The scores for the binding were assessed using miRDB, miRmap as well as 

TargetScan. 
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3.4 Methods 

3.4.1 Embryonic stem cell maintenance and osteogenic differentiation  

Embryonic stem cells of the line D3 were acquired from (American Type Culture 

Collection) and maintained in the undifferentiated state on BD Falcon Primaria tissue 

culture flasks (BD Biosciences) in medium containing 1,000 U/ml Leukemia Inhibitory 

Factor (EMD Millipore). Cell-culture medium contained 15% fetal bovine serum (FBS) 

(Atlanta), batch tested for pluripotency maintenance, 0.1 mM non-essential amino acids, 

50 U/ml streptomycin and 50 U/ml penicillin, and 0.1 mM β-mercaptoethanol (Invitrogen) 

diluted in high glucose (4.5 g/l) Dulbecco’s Modified Eagle’s Medium (DMEM, Corning). 

Cells were passaged every 48 hr using 0.25% trypsin-EDTA (Invitrogen). Cells were 

maintained in an incubator at 37 °C and 5% CO2 and passaged with 0.25% trypsin-EDTA 

(VWR) every 48 hrs at a 1:10 ratio.  

Osteogenic differentiation was induced as described15,50. In brief, cells diluted in control 

differentiation medium (maintenance medium without LIF) were inoculated in hanging 

drops to form embryoid bodies, transferred to suspension dishes on day 3 and resulting 

embryoid bodies were trypsinized on day 5. 5x104 single cells/cm2 were seeded into 

osteogenic differentiation medium, which was composed of control differentiation medium 

plus 10 mM β-glycerophosphate (Sigma-Aldrich), 25 µg/ml ascorbic acid (Sigma-

Aldrich), and 50nM 1,25(OH)2 Vitamin D3 (Sigma-Aldrich). 

Human H9 ESCs (WiCell Research Institute) were maintained in mTeSR® medium (Stem 

Cell Technologies) and kept undifferentiated at 37°C in 5% CO2. Pluripotent colonies were 

dissociated with Accutase every 5 days. Cells were plated on culture plates coated in 
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Matrigel (BD Biosciences). Once confluent (designated day 0), the cultures were switched 

to control differentiation medium composed of Dulbecco’s Modified Eagle’s Medium 

(DMEM, Gibco) 15% FBS (Atlanta), 1% non‐essential amino acids (NEAA; Gibco), 1:200 

penicillin/streptomycin (Gibco), and 0.1 mM β‐mercaptoethanol (Sigma-Aldrich). On day 

5 the colonies were directed towards osteogenic differentiation using differentiation 

medium by supplementing with 10 mM β‐glycerophosphate (Sigma), 50 µg/ml ascorbic 

acid (Sigma-Aldrich), and 50 nM 1,25(OH)2 Vitamin D3 (Calbiochem). 

3.4.2 Transgenic and knockout ESCs 

To overexpress miR-690, its hairpin sequence 

(UGUGUUUUUGUGGAGCUAAUUGGCUGUAUUAAAGUGCUAGUAAGAAACA

UUCUCCUCCAGCUGGAGAGAUGGCUCAGCUGUUAAAGGCUAGGCUCACAA

CCAAAAUAUA) was cloned into the pSuper vector (Oligoengine). Oligonucleotides 

containing the mature miRNA sequence for miR-scr (as a control) and miR-690 

(EuroGenTech) were cloned into the pSuper plasmid according to the manufacturer 

protocol. Briefly, the oligonucleotides contained the specific target sequence, and either a 

Bgl II (forward primer) or a Hind III (reverse primer) restriction site, and a sequence that 

facilitated 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 vector61.  
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A Qiagen Effectene Transfection Reagent kit was used to transiently transfect cells on days 

0 or day 5 as described previously51 with slight modifications. Cells were suspended with 

1 µg of circular miR-690 or miR-scr plasmid/2 million cells and transfection agent for 8 

hours before seeding. For creation of stable miR-690 overexpressing cells, transfection was 

conducted similarly, but with linearized pSuper plasmid and stable clones selected using 

neomycin51. Stable integrants were identified with a PCR screen for the neomycin gene as 

described51. 

Dgcr8 Δ/Δ ESCs60 were a kind gift of Dr. Robert Blelloch (University of California San 

Francisco). 

3.4.3 Biochemical analysis of osteoblast parameters 

On days indicated, cells were scraped into radioimmunoprecipitation (RIPA) buffer with 

protease inhibitors, 1 mM Phenylmethylsulfonyl fluoride (PMSF, Calbiochem), 10 mM 

Sodium fluoride (NaF, Sigma-Aldrich), and protease inhibitor cocktail(Thermo Scientific, 

Halt protease inhibitor Cocktail) and collected into a microcentrifuge tube and nutated for 

1 hour at 4°C to lyse. The lysate was spun down for 30 minutes at 16,000 × g at 4°C and 

the supernatant transferred into clean microcentrifuge tubes. The remaining pellet was 

washed with ddH2O and lysed in 1N HCl with shaking overnight at 4°C. The remaining 

matrix on the plate was also lysed in 1N HCl and the two HCl lysates combined after 

complete lysis.  

For quantification of extracellular matrix calcium, the HCl lysate was centrifuged for 5 

minutes at 16,000 × g and calcium deposition determined from the supernatant as calcium 

ions (Ca2+) react with Arsenazo III (Genzyme) to form a purple Ca-Arsenazo III complex 
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which has an absorbance at 655 nm. The concentration of total calcium is calculated based 

on a CaCl2 standard62. Finally, the calcium content is normalized to total protein content 

measured from the RIPA lysate using the Lowry method (BioRad)62. Absorbances were 

measured using Safire II (Tecan). 

An alkaline phosphatase assay was also conducted from the RIPA lysate. 10 µL of the 

RIPA cell lysate was combined with p-nitrophenyl phosphate (pNPP) substrate (Sigma) at 

a 1:10 ratio. The absorbance was read at in 5 min intervals over 30 min and units of enzyme 

activity calculated as described50,62. 

3.4.4 Alizarin red staining 

Cells were fixed with 4 % paraformaldehyde (PFA) at room temperature for 15 min. The 

PFA was removed and the cells were washed 3 times with PBS. A 2% w/v solution of 

Alizarin Red S ddH2O was added for 5 min at room temperature. Cells were washed 3 

times with distilled water and taken through an ascending ethanol concentration series 

(70%, 80%, 90%, 95%, 100%) to remove non-specific staining. Images were taken using 

a Leica M165 FC.  

3.4.5 Von Kossa staining 

On days indicated, cells were fixed with PFA as described above and washed with distilled 

water. A 5% silver nitrate solution (Ricca Chemicals Company) was added, and the cells 

were incubated under direct light for 20 min. Cells were again washed with distilled water 

and incubated in 5% sodium thiosulfate solution (Red Bird Service) for 2 min. Then, the 

cells were rinsed and washed with distilled water. The stained areas are photographed. 
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3.4.6 Immunocytochemistry 

Cells were fixed with 4% PFA in phosphate buffered saline (PBS) at room temperature for 

15 min. The cells were then permeabilized with 0.1% triton-X 100 in PBS for 15 min at 

room temperature and non-specific binding blocked by incubating in 10% FBS, 0.5% BSA 

in 1X PBS for 30 min at room temperature. Primary antibodies: Sox10 (Santa Cruz 

Biotechnology, SC-17342), Twist (abcam, ab50887), PDGFRa (abcam, ab134123), 

TFAP2a (cell signaling technologies, 3215s), or Pax763 (gift from Dr. Martin Garcia-Castro 

(University of California, Riverside)) were diluted in blocking solution and added for an 

overnight incubation at 4°C. Cells were then washed and incubated in the appropriate 

secondary antibody (AlexaFluor conjugated) and DAPI (4',6-Diamidino-2-Phenylindole, 

Dihydrochloride) diluted in blocking solution and added to the cells for 2 hrs at room 

temperature in the dark. Cells were photographed in PBS using a Nikon Ti fluorescence 

microscope with a deconvolution package. 

3.4.7 Western blot 

Cells were lysed using RIPA lysis buffer (150 mM NaCl, 50 nM Tris pH 7.5, 5 mM EDTA, 

1% N P40, 1% sodium deoxycholic acid, and 0.1% Sodium Dodecyl Sulfate (SDS)  all 

diluted in deionized water with a final pH of 7.4), 1 mM phenylmethylsulfonyl fluoride 

(PMSF, Calbiochem), sodium fluoride (NaF, Sigma-Aldrich), 1 mM sodium orthovanadate 

(Sigma), 1:100 dilution of protease inhibitor cocktail (ThermoScientific #78429) and 1:100 

dilution of phosphatase inhibitor cocktail (ThermoScientific #1861281) were added. 

Lysates were centrifuged for 15 minutes at 16,000g. 20 µg of the lysates were mixed with 
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5X Sodium Dodecyl Sulfate (SDS, Fisher Scientific), loading dye and run on a 10% 

acrylamide gel (Separating gel buffer: 1.5 M Tris-HCl, 0.4% SDS, pH 8.8; Stacking gel 

buffer: 0.5 M Tris-HCl. 0.4% SDS, pH 6.8) and underwent an SDS-PAGE at 60V for 

~1hour until the bands passed the stacking gel, then at 100 V for the rest of the run (running 

buffer: 0.025 M Tris, 0.192 M glycine, and 1% SDS). The proteins are then transferred 

onto a polyvinylidene fluoride (PVDF) membrane for 10 minutes at 20V and 50minutes at 

60V (transfer buffer: 0.025 M Tris and 0.192 M glycine). The membrane was blocked with 

5% milk in Tris buffered saline, tween (TBST) (20 mM Tris base, 150 mM NaCl, 0.1% 

Tween-20, pH 7.6) for 30 min at room temperature. The appropriate primary antibody: 

Beta-Actin (Cell signaling technology, 3700s), Beta-Catenin (Thermo Scientific, MA1-

2001), or FOXO3a (abcam, ab23683) was added in 1% milk in TBST and was incubated 

overnight at 4°C. The appropriate secondary antibody was added in 1% milk in TBST and 

allowed to incubate for two hours on a shaker at room temperature. The blot was developed 

using SuperSignal West Dura Extended Duration Substrate (Thermo Scientific). Images 

were obtained using Gel Image (BioRad). Image Lab software (Biorad) was used to 

quantitatively and qualitatively analyze the resulting bands.  

3.4.8 RNA isolation and qPCR 

RNA was extracted using the NucleoSpin RNA II protocol (Macherey Nagel) and the 

concentration determined via a NanoDrop® 1000 spectrophotometer (Thermo Scientific) 

at 260 nm. cDNA of the obtained RNA was synthesized using 25 ng RNA, 0.5 mM dNTPs, 

20 U/µL RNase inhibitor, 0.8 U/µL reverse transcriptase, and 1 μM random primer. 25 ng 

of cDNA with a SYBR green super mix (BIO-RAD) was used for the quantitative 
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polymerase chain reaction (qPCR), which was performed on a Biorad CFX Connect (BIO-

RAD). Primers are listed in Appendix I in Table A1.1 and A1.2. All reactions were 

denatured for 10 minutes at 94°C, followed by 40 cycles of denaturing at 94°C, and 

annealing/elongation at 60°C for 45 seconds. All samples were standardized to their 

respective Tbp (TATA binding protein) housekeeping gene. The fold change was 

calculated based on the ΔΔCT method with standardized values to the house keeping gene.  

3.4.9 Database mining  

Lineup and in situ prediction of miR-690 binding to Ctnnb1 3’ untranslated region (UTR) 

was done using the TargetScan website (http://www.targetscan.org/vert_72/) and entering 

CTNNB1 and miR-690 into the mouse genome. MiRDB prediction tool 

(http://www.mirdb.org/) was used as well by searching for miR-690 or CTNNB1 in the 

mouse genome. miRmap (https://mirmap.ezlab.org/app/) was used by aligning miR-690 

and CTNNB1 in the mouse genome. Lastly, microRNA.org 

(http://www.microrna.org/microrna/home.do) was used to access miRANDA alignment 

tool and miR-690 was selected and the targets were mined for Ctnnb1, Axin2, Akt2, 

FoxO3a, Wnt8a, and RhoA. Any manual alignments were done by pulling the CTNNB1 

3’UTR sequence was pulled from UCSC genome browser using mouse genome mm10 and 

the miR-690 sequence was pulled from miRBase.  

3.4.10 Statistical analysis 

A paired Students’ T-Test (GraphPad QuickCalcs) was used to identify when the 

concentrations at which calcification or ALP activity was statistically different compared 

http://www.targetscan.org/vert_72/
http://www.mirdb.org/
https://mirmap.ezlab.org/app/
http://www.microrna.org/microrna/home.do
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to the untreated control. Additionally, the qPCR was analyzed using a Students’ T-test to 

compare gene expression between transfected and untransfected control cultures. For all 

statistical analyses used, P-values less than 0.05 were deemed significant. * P<0.05, ** 

P<0.01, *** P<0.001, **** P<0.0001. All conditions were compared to the relative 

control. 

3.5 Results 

3.5.1 Identification of Ctnnb1 as a direct miR-690 target 

To better understand the role of miRNAs in bone development, we previously sought to 

identify miRNAs involved in osteogenic differentiation of ESCs using a custom miRNA 

microarray screening approach. Using this sensitive and quantitative high-throughput 

technology, we profiled global miRNA expression during the first eight days of osteogenic 

differentiation, which comprise commitment steps into neural crest and mesodermal 

progenitors (see Fig. 3.1). 93 microRNAs were identified to be differentially regulated at 

varying time points with no chromosomal bias (Appendix I, Fig. A.1.3.). The screen 

identified microRNAs encoded in clusters as well as individual microRNAs. Next, the 

web-driven programs TargetScan 5.1 and microrna.org were used to identify putative 

miRNA target mRNAs related to osteogenesis. The additional use of DAVID enabled the 

integration of bioinformatically predicted miRNA target genes into common pathways and 

GO processes. The predicted biological processes comprised such that are associated with 

metabolic and developmental processes, and among the overrepresented signaling 

pathways was the WNT signaling pathway (Fig. 3.3.A). 
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The WNT signaling pathway is responsible for critical cell functions including cell growth, 

maintaining cell polarity, and directing cell fate and differentiation64. Thus, modulation of 

the WNT signaling pathway as caused by miRNA regulation could potentially alter cellular 

identity. The main effector of the WNT signaling pathway, beta-catenin, was predicted as 

a target mRNA of miR-690 (Table 3.1, Fig. 3.3.B), the microRNA that gave the second 

highest pro-osteogenic response in a previous overexpression screen (Fig. 3.2), along with 

Wnt8a and Axin2 (Table 3.1). 

In addition, miR-690 was predicted to target the AKT pathway through regulation of Akt2, 

Sirt1 and the forkhead box O transcription factor FoxO3a, a co-transcriptional activator of 

CTNNB165. In ESCs, Ctnnb1, FoxO3a, Akt2 and Sirt1 mRNAs were indeed downregulated 

24h and 48h after miR-690 overexpression (Fig. 3.3.C), providing further experimental 

evidence that these were true miR-690 targets. In contrast, Wnt8a and RhoA mRNAs were 

either unaffected or up-regulated with miR-690 overexpression and thus did not meet the 

criteria to suggest them as miR-690 targets (data not shown). Western blot analysis of 

mESC transiently transfected with miR-690 revealed a small downregulation of CTNNB1 

protein at 24hrs post-transfection and a more potent downregulation at 48hrs compared to 

the scrambled control (miR-Scr), possibly due to binding between miR-690 and two sites 

in the 3’UTR of the Ctnnb1 mRNA (Table 3.2). To unequivocally identify the capacity of 

miR-690 for binding to the Ctnnb1 3’UTR, a luciferase reporter assay was conducted using 

the commercially available pmiRGlo system and concomitant overexpression of miR-690 

in HeLa cells (Fig. 3.3.E).  Only when the Ctnnb1 3’UTR was co-transfected with the 

pSuper miR-690 plasmid was luciferase activity down-regulated. Co-transfection with 
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pSuper scr as well as using a Ctnnb1 3’UTR mismatch sequence or an empty pmiRGlo 

vector had no effect on luciferase activity, providing direct evidence to suggest Ctnnb1 as 

a direct target of miR-690.   

3.5.2 Osteogenic potential of miR-690 is time-dependent: transfection of miR-690 on 

day 0 does not increase osteogenesis 

The array identified miR-690 as a microRNA with differential expression on day 3 of the 

osteogenic differentiation protocol (Fig. 3.1.B). Specifically, a statistically significant 

downregulation was detected at that time point, which is coherent with an upregulation of 

its target Ctnnb1 during this period1,15. Since microarrays can sometimes give false positive 

results, especially for miRNAs of the same family that differ in one nucleotide only. To 

validate the array data, the expression of miR-690 was thus analysed using reverse 

transcription quantitative PCR (RT-qPCR) with a miRNA specific TaqMan assay. As a 

normalization control, expression levels of the Sno202 RNA were measured. Investigation 

of miR-690 expression via qPCR analysis confirmed low expression levels on day 3 

compared to levels in undifferentiated ESCs, with an increase in expression post day 5 

(Fig. 3.4.A). 

To examine whether the effects of transient miR-690 downregulation are temporally linked 

to allow for Ctnnb1 expression early on, osteogenically directed cell cultures were 

transiently transfected with pSuper miR-690 (miR-690t) on day 0, the beginning of the 

hanging drop protocol. Overexpression at this time point prevented the decrease in 

endogenous expression of miR-690 on day 3. A time course of the differentiation was 

performed to examine differences in calcification rate and pattern, by Alkaline Phosphatase 
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(ALP) activity, and day 20 alizarin red and von Kossa staining (both staining calcium). The 

time course images of the live cells showed a decrease in calcification in the miR-690t 

when compared to the miR-scr, which was detectable as early as d11 (Fig. 3.4.B).   
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Figure 3-4 Earlier transfection of miR-690 decreases osteogenesis 

  Fig. 3.4 Earlier transfection of miR-690 decreases osteogenesis: (A) Microarray and quantitative RT-

PCR data showing the fold change of miR-690 overtime during osteogenic differentiation (day 0, 3, 5, 6, 

and 8) n=3. Normalization was against sno202, n=3±SD. (B) Representative images of a time course of 

the osteogenic differentiation from day 0 to day 20 mESCs transiently transfected on day 0 with miR-scr 

or miR-690, were documented to show the difference in calcification rate, as well as calcification pattern. 

(C) Calcification was measured on days 7, 9, 11, 15, 20 and 30 of differentiation by Arsenazo III, n=5 

and ALP activity was measured on days 7, 9, 11, 15, 20 and 30 of differentation via the hydrolysis rate 

of p-nitrophenyl phosphate, n=5. (D) qPCR analyzing expression of Ibsp, Spp1, and Col1a1 in mESCs 

transiently transfected on day 0 with miR-scr or miR-690, n=3. Statistical analysis for A, C, and D was 

done using a Student’s T-test, * p<0.05. 
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Those observations were confirmed quantitatively via ALP activity and calcium 

measurements (Fig. 3.4.C). At the gene expression level, the levels of Ibsp, typically 

associated with a mature osteoblast phenotype, was lower in miR-690t cells than in the 

scramble controls on day 20 of the differentiation, while genes associated with an immature 

osteoblast phenotype, Spp1 and Col1a1, were either unchanged or up-regulated (Fig. 

3.4.D). 

3.5.3 Osteogenic potential of miR-690 is time-dependent: transfection of miR-690 on 

day 5 increases osteogenesis 

Because miR-690 levels were found to increase after day 5 when examined with qPCR 

(compare Fig. 3.4.A), cells were next transfected on day 5 to further enhance this increase. 

The miR-690t transfected on day 5 showed an increase in calcification rate compared to 

the miR-scr transfected cells (Fig. 3.5). Furthermore, miR-690t transfection deposited 

calcium in concentrated regions, and resulted in significantly darker calcium deposits. This 

contrasts the more diffused and lighter calcification seen in the miR-scr transfected 

cultures. Quantitatively, miR-690t calcium levels were significantly higher than miR-scr 

as measured by Arsenazo III (Fig. 3.6.A left).  Moreover, miR-690t ALP activity appeared 

to be shifted 2-3 days earlier and rose higher than miR-Scr (Fig. 3.6A right). It was 

significantly higher on days 7 and 9, then dropped to significantly lower levels than miR-

scr; on day 20 miR-690t ALP activity recovered and was significantly higher than in miR-

scr cultures.  

In addition, day-20 cell cultures were fixed and stained with Alizarin Red S and von Kossa 

staining to identify calcium deposits in the matrix. Alizarin Red staining showed an 
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increase in both calcified area as well as staining intensity in miR-690t (Fig. 3.5). Von 

Kossa staining showed light brown staining in the miR-Scr sample and dark brown and 

black staining in the miR-690t (Fig. 3.5). Taken together, these data indicate an increase in 

mineralization in the miR-690t transfected cultures.  

3.5.4 Recovery of decreased osteogenic potential of Dgcr8Δ/Δ cells via miR-690 

transfection 

DGCR8 is a protein required for canonical processing of many miRNAs. Dgcr8Δ/Δ mESCs 

have been shown to retain their pluripotency at a higher rate than wildtype (WT) cells and 

they have a reduced capability to differentiate60. Accordingly, they should exhibit a 

reduced osteogenic potential. To test whether they still responded to miR-690 

overexpression, a differentiation was setup as in the WT cells via the hanging drop protocol 

and the cells were transfected on day 5 of osteogenic differentiation. The Dgcr8Δ/Δ cell 

cultures had reduced calcification and ALP activity (Fig. 3.6.B right). However, the miR-

690t transfected Dgcr8Δ/Δ cells still had increased calcification compared to the miR-scr 

transfected Dgcr8Δ/Δ cells, observed visually in the time course images of the live cells 

(Fig. 3.5) and quantitatively via calcium assay (Fig. 3.6.B left). ALP activity was only 

higher in miR-690t compared to miR-scr cultures on day 7, though the miR-scr is 

significantly higher than the control at several time points indicating (as seen in the WT 

cells transfected at day 0) that the transfection is likely affecting the ALP activity. Alizarin 

red staining showed an increase in the stain intensity with more dark red areas. 

Congruently, von Kossa staining showed an increase in phosphate deposits with more 

prevalent black staining in the miR-690t compared to the miR-scr cultures (Fig. 3.5).  
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Lastly, the expression levels of known osteogenic markers Ibsp, Spp1, and Col1a1 were 

measured with qPCR. Analysis of day-20 cultures showed an increased expression of 

osteogenic markers in miR-690t cultures (Fig. 3.6.C). Day 5 transfection in both WT as 

well as Dgcr8Δ/Δ cells showed an increase in Ibsp and Spp1, both of which code for proteins 

integral for osteogenic matrix formation. Both cell types also showed a significant increase 

in Col1a1, albeit with a much greater increase in the WT transfected cells. Although 

Col1a1 is not specific to osteoblast matrix formation, it is present in significant amounts in 

the osteoblast matrix66. The large increase in Col1a1 due to miR-690 overexpression could 

potentially explain the difference in calcium deposit pattern observed with miR-690t 

transfection.  

3.5.5 Stable transfection of miR-690 increases osteogenic potential in mESCs  

Because miR-690t transfection showed varying results based on the transfection time point, 

a mESC line was produced that stably expressed miR-690 (miR-690s) to study the effects 

of prolonged exposure to elevated levels of miR-690. These cells were confirmed to express 

higher levels of miR-690 and to express the appropriate levels of pluripotency markers in 

the undifferentiated state (Appendix I, Figs. A.1.4 and A.1.5). The stable transfection of 

miR-690 (miR-690s) invoked an increase in the calcification rate and overall calcification 

compared to WT cells (Fig. 3.5). Furthermore, miR-690s appeared to cause the deposition 

of calcium ions in concentrated regions leading to significantly darker calcium deposits. 

This contrasts the more diffused and lighter calcification seen in the WT cells. These 

concentrated calcium deposits appeared in a pattern of isolate islands. Quantitatively, miR-

690s had significantly higher calcium deposits compared to the WT cells over the 30-day 



 117 

time course (Fig. 3.6.A left). In contrast, the ALP activity in miR-690s was only higher at 

day 11 and then significantly lower for the rest of the differentiation process (Fig. 3.6.A 

right).  

Alizarin Red S staining of fixed day 20 samples showed miR-690s to have reduced areas 

of calcification, though the present spots were darker than those found in the WT sample 

(Fig. 3.5). The pattern of isolated islands of strong calcification corresponded with the 

images of the live cells. Von Kossa staining of fixed day 20 samples showed the control 

sample with light brown staining, while miR-690s showed some light and some darker 

brown staining with concentrated islands of calcium deposits, similar to the Alizarin Red 

S results.  

Furthermore, the stable transfection showed an increase in mRNAs integral for osteogenic 

matrix formation, Ibsp and Spp1 as well as Col1a1 (Fig. 3.6.D). The increasing trend of all 

three markers is the same as the transient transfection albeit with lower increases in Col1a1 

and higher increases in Ibsp and Spp1. These differences may be due to the different 

mechanisms of osteogenic induction. Taken together, these data indicate an increase in 

mineralization in the miR-690s compared to the WT cell cultures. In summary, both miR-

690t and miR-690s increased calcification rate and the final calcification potential of these 

cell cultures. Additionally, the timing of the increase of miR-690 expression changed the 

pattern of calcium deposits in the cell culture. 
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Figure 3-5 miR-690 transfection increases calcification partially independent of Dgcr8 

  

Fig. 3.5 miR-690 transfection increases calcification partially independent of Dgcr8: Representative 

images of a time course of the differentiation from day 0 to day 20 of wildtype and Dgcr8
Δ/Δ 

mESCs 

transiently transfected on day 5 with miR-scr or miR-690, as well as mESCs stably expressing miR-690 

(miR-690s) documented a difference in calcification rate, as well as calcification pattern and yield. 

Alizarin Red S and von Kossa staining were used to visually assess calcium deposits in day 20 fixed 

cultures 
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Figure 3-6 miR-690 increases expression of osteogenic markers partially independent from Dgcr8 
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  Fig. 3.6 miR-690 increases expression of osteogenic markers partially independent from Dgcr8: 

Wildtype and Dgcr8
Δ/Δ 

mESCs were transiently transfected on day 5 with miR-scr or miR-690. (A) 

Calcification on days 7, 9, 11, 15, 20, and 30 was measured using Arsenazo III, n=5±SD. ALP activity 

was measured via the hydrolysis rate of p-nitrophenyl phosphate, n=5±SD. Statistical analysis using a 

one-way ANOVA comparing the mean of each treatment with the mean of the control and a DUNNETT 

test to correct for multiple comparisons. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Comparisons 

were done using a one-way ANOVA comparing the mean of each treatment with the mean of the control 

and a DUNNETT test to correct for multiple comparisons. * p<0.05, ** p<0.01, **** p<0.0001. (C) 

qPCR analysis of d20 cultures, assessing osteogenic markers Ibsp, Col1a1, and Spp1, n=3±SD.  *p<0.05 

vs miR-scr, $p<0.05 vs WT, one-way ANOVA. (D) qPCR analysis of mESCs at d20 of osteogenic 

differentiation: untransfected (control) and stably transfected with miR-690 (miR-690-s), assessing 

osteogenic markers Ibsp, Col1a1, and Spp1, n=3±SD.  *p<0.05 vs control, Student’s T-test 
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3.5.6 miR-690t and miR-690s change cell fate differently 

To elucidate the potential effect of miR-690 on enhancing cell fate determination, day 8 

cultures were fixed and probed for proteins associated with a mesenchymal state (Fig. 

3.7.A) and examined for genes typically expressed by an osteoprogenitor cell (Fig. 3.7.B). 

Both PPARα and TWIST1 antibody staining as well as qPCR for Dlx5 and Dlx6 were 

increased in miR-690t and miR-690s as compared to their respective controls.    

To determine at which stage of the differentiation miR-690 enhanced osteogenic potential, 

day 8 cultures were fixed and probed for the expression of the neural crest-specific SOX10, 

TFAP2α, and PAX7 and their respective mRNAs (Fig. 3.8.A, B). Co-expression and 

increased nuclear localization of SOX10/PAX7 in miR-690t suggested an increase in 

abundance of neural crest cells during early differentiation. Furthermore, the increased 

TFAP2α staining suggested that some of the cells may have differentiated into 

mesenchymal cells or were in the process of transitioning. These data suggest a role for 

miR-690 in either steering cell fate or accelerating the cell-state determination process.  

To elucidate to what extent the cell-origins changed and better characterize the specific cell 

fate driven by miR-690, day 8 qPCR of several additional genes was performed. These 

included Slug, Mixl1, Mier1, Sox10, Tfap2a, Tbx6, Fgf13, Pitx2, Cyr61, and Tbx20, which 

were chosen based on the unique combinations they can create to deduce the most prevalent 

cell fate in each treatment group. Day 8 miR-690t cells had a significant increase in Dlx5, 

Dlx6, Pax7, Slug, Sox10, Tfap2a, Fgf13, Cyr61, and Tbx20; while Mixl1, Mier1, Tbx6, and 

Zic3 were significantly decreased compared to the miR-scr transfected culture (Fig. 3.9).  

In contrast, day 8 miR-690s cells showed a significant increase in Dlx5. Dlx6, Pax7, Slug, 
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Pitx2, Cyr61, and Tbx20; while Mixl1, Mier1, Sox10, Tfap2a, Tbx6, and Zic3 were 

significantly decreased compared to the control untransfected culture. These gene 

combinations as well as the ICC staining suggested that miR-690t as well as miR-690s may 

be directing the cells towards head mesenchyme/prechordal mesenchyme of neural crest 

origin and lateral plate mesoderm, albeit at different rates in each condition.  

Due to the diverse cell fate possibilities an RNA sequencing (RNAseq) of the same day 8 

samples was carried out to better understand the genetic regulation imposed by transient 

and stable miR-690 transfections. The RNAseq data confirmed that both transfections 

increased osteoprogenitor and skeletal developmental markers compared to their respective 

controls (Fig. 3.7.C).  In contrast, miR-690 transfection did not enhance ossification of 

neural crest cell line O9-1 (Fig. 3.7.D) indicating that miR-690 plays an earlier role on 

neural crest cell osteogenic priming or favor mesodermal osteogenic derivatives.  

Generally, according to RNAseq analysis, the stable transfection had many more 

differentially expressed genes than the transient transfection (Appendix II, Fig. A2.1). 

Moreover, the stable transfection altered gene expression more, resulting in larger fold 

changes, than the transient transfection when compared to their respective controls 

(Appendix II, Fig. A2.2). That being said, there was significant overlap in pathways that 

were altered in both transfections; both notably affected embryonic organ development, 

cartilage development and skeletal system morphogenesis (Appendix II, Figs. A2.3, A2.3, 

Table A2.1). RNAseq and subsequent GO analysis also indicated that miR690 expression 

was associated with endochondral bone formation (Appendix II, Fig. A2.5). Furthermore, 

both transfections showed significant differential regulation of MAPK, Wnt, and insulin 
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pathways, all of which are known to be heavily involved and regulated during osteogenic 

differentiation67,68 (Appendix II, Fig. A2.6, Tables A2.2, A2.3, A2.4). Moreover, the 

RNAseq data along with the previous ICCs further supported lateral plate mesoderm 

enhancement by miR-690s, but also indicated a significant increase in limb bud markers, 

rostral skull membranous bone, somatopleure, and to a lesser degree head mesenchyme 

and brachial arches. MiR-690t enhanced limb bud, somatopleure, head mesenchyme, and 

to a lesser degree brachial arches and rostral skull membranous bone (Appendix III, Figs. 

A3.1, A3.2, A3.3, A3.4). In all cases, the stable transfection had larger fold changes and 

affected a larger number of the genetic markers of the affected lineages.  
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Fig. 3.7 miR-690 affects genes associated with a head/prechordal mesenchymal state: (A) Day 8 

cultures were fixed with 4% PFA and probed for PDGFRA (green) and TWIST1 (red). DAPI is 

represented in blue staining nuclei. MiR-690s shows an increase in PDGFRA as well as TWIST1. MiR-

690t shows an increase in TWIST1. (B) qPCR analysis of wildtype mESCs, mESCs transiently 

transfected with either miR-scr or miR-690, and miR-690s, n=3. Fold change was normalized to Tbp. 

*p<0.05, **p<0.01 based on Student’s T-test was used comparing WT vs miR-690s and miR-690t and 

miR-scr. Both Dlx5 and Dlx6 were increased suggesting an increase in proteogenic cultures. (C) 

RPKMs found with next generation RNA-sequencing (see Appendix) for mRNAs that associate with 

the head mesenchyme, lateral plate, and limb bud (D) Transient overexpression of miR-690 in the 

neural crest cell line O9-1 (kind gift of Dr. Robert Maxson, USC) did not result in an increase in 

calcium deposit nor ALP activity. (E) Transient transfection with pSuper:miR-690 increased osteogenic 

yield in human mesenchymal stem cells as evidenced with a calcium assay.  

Figure 3-7 miR-690 affects genes associated with a head/prechordal mesenchymal state 
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Figure 3-8 miR-690 affects the formation of neural crest cells 
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  Fig. 3.8 miR-690 affects the formation of neural crest cells: (A) mESCs in osteogenic differentiation 

media were transiently transfected with either miR-scr or miR-690 on day 5. Wildtype and mESCs stably 

transfected with miR-690 (miR-690s) were also analyzed. Day 8 cultures were fixed with 4% PFA and 

probed for SOX10 (green), TFAP2α (orange), and PAX7 (red). Nuclear DAPI staining is represented in 

blue. (B) qPCR analysis of wildtype mESCs, mESCs transiently transfected with either miR-scr or miR-

690, and miR-690s, n=3±SD. Fold change was normalized to Tbp. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 based on Student’s T-test comparing WT vs miR-690s and miR-690t versus miR-scr.  
 

Fig. 3.9 (next page) Analysis of mRNA expression to determine mESC cell fate decisions: qPCR 

analysis of wildtype mESCs, mESCs transiently transfected with either miR-scr or miR-690, and miR-

690s, n=3±SD. Fold change was normalized to Tbp. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

based on Student’s T-test comparing WT vs miR-690s and miR-690t versus miR-scr.  
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Figure 3-9 Analysis of mRNA expression to determine mESC cell fate decisions 
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3.5.7 CTNNB1 and FOXO3a levels changes during differentiation and miR-690 

transfection 

Earlier work had established that ESC differentiation into osteoblasts is sensitive to the 

level of CTNNB1 and that CTNNB1 may activate or inhibit osteogenesis based on the time 

of activation15. CTNNB1 is also known to associate with FOXO3a and cotransport to the 

nuclease to activate transcription of osteogenic genes69. This study established that miR-

690 inhibited CTNNB1 (Fig 3.3.E), thus changes in CTNNB1 and FOXO3a levels were 

examined during differentiation with and without miR-690.  

To examine the levels of CTNNB1 and FOXO3a in the different transfections, WT, miR-

690s, miR-690t and miR-Scr cultures were subjected to the hanging drop differentiation 

protocol. Protein extracts from days 0, 3, 5, 6 and 8 were obtained for analysis. The protein 

lysates were probed for CTNNB1 as well as its partner protein FOXO3a. WT cell cultures 

had the lowest levels of CTNNB1 on day 0 followed by a steady increase through day 5. 

The increase in day 5 was followed by a decrease in day 6 and an ensuing increase on day 

8. This pattern was closely mirrored by the FOXO3a levels, albeit with less of an increase 

on day 8 (Fig. 3.10A). In comparison, the pattern in the stably transfect cell line was altered. 

The highest levels of CTNNB1 were present on day 0 with a sharp decrease on day 3. This 

decrease was followed by a sharp increase on day 5 with these levels maintained on day 6. 

On day 8 there was another sharp decrease of β CTNNB1 level. Again, the FOXO3a levels 

closely followed the CTNNB1 levels apart from day 5. It appears that although there is an 

increase on day 5 of FOXO3a levels, that increase is not as sharp as the one seen in the 

CTNNB1 levels. Shortly, the rise in FOXO3a levels appears to delay slightly before 
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catching up (Fig. 3.10B). The WT CTNNB1 and FOXO3a fluctuations appeared more 

gradual whereas the observed changes in the stably transfected cell line were far more 

abrupt, seemingly losing some ability to properly regulate the expression of these proteins. 

Lastly, the miR-690t sharply reduced CTNNB1 levels on day 6. CTNNB1 levels recovered 

by day 8, albeit still at lower levels than the miR-Scr culture. FOXO3a follows suit with a 

marked reduction at day 6, however day 8 FOXO3a levels recovered more than the 

CTNNB1 levels and reached levels higher than those of the miR-Scr cultures (Fig. 3.10C). 

Overall, these results demonstrated a fundamental change in CTNNB1 and FOXO3a 

pattern of expression over time, induced by miR-690 transfections both in a transient or 

stable fashion.  
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Fig. 3.10 miR-690 affects fluctuation of CTNNB1 and FOXO3A during osteogenic differentiation: 

(A) Immunoblot of CTNNB1 and FOXO3A at days 0-8 of wildtype mESCs (A), mESCs stably 

transfected with miR-690 (miR-690s) (B) and at day 6 and 8 of mESCs transiently transfected on day 5 

of osteogenic differentiation with either miR-scr or miR-690 (C).  

Figure 3-10 miR-690 affects fluctuation of CTNNB1 and FOXO3A during osteogenic differentiation 
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3.5.8 MiR-690 activates osteogenesis through regulation of WNT signaling 

The previous experiments showed that miR-690 transfection increased calcification and 

that CTNNB1 levels decrease upon transfection with miR-690. Those findings suggest that 

the effect of increased osteogenic potential observed with miR-690 transfection could be 

linked to the regulation of the Wnt canonical signaling cascade. This hypothesis was tested 

with the use of canonical Wnt signaling activators as well as a FOXO1/3 KO cell line. 

FOXO1/3KO cell line would serve to demonstrate the effects on calcification when 

CTNNB1 loses the partner protein which had been observed to be closely regulated 

alongside CTNNB1. The Wnt pathway was activated via 10 μM CHIR, 3mM LiCl, or 50 

ng/ml of rwnt3a. All respective treatments were administered on day 5 alongside the 

aforementioned transfection protocol. All three treatments were visually less calcified than 

the miR-690 transfection alone. This pattern is confirmed quantitatively via calcium assay; 

all treatments were significantly lower than the control until day 15, when they diverged. 

By day 20, the treatments and the control equalized (Fig. 3.11A, B). The FOXO1/3 KO 

culture however began with significantly lower levels of calcium deposits and lagged 

behind the rest of the treatments for the entirety of the experiment duration (Fig. 3.11B). 

Alizarin red and von Kossa staining mirrored these findings (Fig. 3.11A). At day 20 there 

was no clear difference in the staining intensity of the alizarin red treatments. However, 

the black von Kossa staining appeared to occupy less area in the Wnt activation treatments.  

Furthermore, to counteract the initial effect miR-690t has on the levels of CTNNB1, WT 

cells were treated with WNT activators and transfected with miR-690. CHIR reduced 

SOX10, TFAP2a, PAX7, and less nuclear TWIST1 staining (Fig. 3.12A, B). rWNT3a 
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treatment appear to have reduced TFAP2a, PAX7, TWIST1 and PDGFRα staining, and 

less nuclear SOX10. LiCl treatment showed lower nuclear localization of SOX10, 

TFAP2a, PAX7 and less nuclear TWIST1. To further examine that the effects seen are due 

to dysregulation of the WNT/CTNNB1 pathway, we tested a FOXO1/3 -/- cell line. 

FOXO1/3KO also showed reduced TFAP2a, PAX7, TWIST1 and PDGFRα staining, with 

less nuclear SOX10 staining (Fig. 3.12A, B). FOXO1/3KO cell line would serve to 

demonstrate the effects on calcification when CTNNB1 loses the partner protein which 

have been shown to colocalize with CTNNB1 in the nuclease to drive transcription. 
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Figure 3-11 WNT signaling activation diminished miR-690 mediated increase in osteogenesis 

Fig. 3.11 WNT signaling activation diminished miR-690 mediated increase in osteogenesis: (A) 

Representative images of a time course of mESCs in osteogenic differentiation media transfected on day 

5 with miR-690 and treated with several WNT signaling activators including 10 μM CHIR99021, 3 mM 

LiCl, and 50 ng/ml rWNT3A. shFoxO1/3
 
mESCs were also analyzed. Alizarin Red and von Kossa 

staining were used to visually assess calcium deposits in day 20 fixed cultures. (B) Calcification on days 

7, 9, 11, 15, 20, and 30 was quantitatively measured with Arsenazo III, n=5±SD. ALP activity was 

measured via the hydrolysis rate of p-nitrophenyl phosphate, n=5±SD. Comparisons were done using 

one-way ANOVA comparing the mean of each treatment with the mean of the control and a DUNNETT 

test to correct for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (LiCl miR-690-

t
5-7

 vs miR-690-t
5-7

), #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001 (CHIR miR-690-t
5-7

 vs miR-690-

t
5-7

), 
 
+p<0.05, ++p<0.01, +++p<0.001, ++++p<0.0001 (rWNT3A miR-690-t

5-7
 vs miR-690-t

5-7
), 

 

$p<0.05, $$p<0.01, $$$p<0.001, $$$$p<0.0001 (shFoxO1/3 vs miR-690-t
5-7

).  
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Figure 3-12 WNT activation reduces the miR-690 actions on mesenchymal and neural crest cells 

  Fig. 3.12 WNT activation reduces the miR-690 actions on mesenchymal and neural crest cells: 

mESCs in osteogenic differentiation media transfected on day 5 with miR-690 and treated with several 

WNT signaling activators including CHIR99021 at 10 μM, LiCl at 3 mM, and rWNT3a at 50 ng/ml. 

shFoxO1/3
 
mESCs were also analyzed. (A) Day 8 cultures were fixed with 4% PFA and probed for 

SOX10 (green), TFAP2α (orange), PAX7 (red). DAPI is represented in blue. (B) Day 8 cultures were 

fixed with 4% PFA and probed for PDGFRα (green) and TWIST1 (red). DAPI is represented in blue.  
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3.5.9 miR-690, a murine miRNA, is also osteogenic in hESCs  

MiR-690 so far has only been identified in murine animals thus far, however some mRNAs 

are known to have large conserved sequences between species like CTNNB1 (Table 3.3). 

Since Ctnnb1 is one of these potential overlapping targets, miR-690 may have similar 

effects on hESCs cultured in an osteogenic environment. To test this hypothesis, hESCs 

were cultured and differentiated in a monolayer in differentiation media for 5 days54. On 

day 5 the culture was transfected with miR-690t or miR-Scr and the media was changed to 

osteogenic media. Images of the live cells over time showed an increase in calcium deposits 

(Fig. 3.13A). These visual observations were confirmed via quantitative calcium 

measurements, which showed an increase in calcium deposits as early as day 9 (Fig. 

3.13B). ALP activity was also significantly higher from days 7-11 before steadily 

decreasing over time. Cells fixed on day 20 showed an increase in the intensity and area of 

Alizarin Red S staining (Fig. 3.13A). Von Kossa staining also showed an increase in light 

brown staining as well as more prevalent darker black stains compared to the miR-Scr 

culture. 

To investigate if similar changes to cell origin and cell fate could be driven by miR-690 in 

humans, the transfected human cultures were fixed on day 8 and stained for SOX10, 

TFAP2a, and PAX7. Similar to the mouse cultures, there was an increase in staining as 

well as nuclear localization of SOX10, TFAP2α, and PAX7; with a reduction in PDGFRα 

(Fig. 3.14A, 3.15A).  

 Day 8 qPCR of several genes (DLX5, DLX6, PAX7, SLUG, MIXL1, MIER1, SOX10, 

TFAP2α, TBX6, FGF13, PITX2, and CYR61) was also performed to further investigate the 
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extent of the cell fate changes. Day 8 miR-690t transfected cells showed a significant 

increase in DLX6, ZIC3, FGF13, PITX2, and CYR61, and a significant decrease in DLX5, 

PAX7, MIXL1, TFAP2α, and TBX6 when compared to miR-Scr (Fig. 3.14B, 3.15B, 3.16). 

The ICC and qPCR results suggest that transient transfection of hESCs with miR-690 

enhanced head mesenchyme and paraxial mesoderm formation.  

CTNNB1 levels along with FOXO3a were also tested to investigate if the protein 

expression patterns mimic those found in the mouse cell cultures. CTNNB1 in the wildtype 

cells varied similarly to mouse cells, albeit with muted fluctuations.  Furthermore, FOXO3a 

levels showed similarly small fluctuations as CTNNB1 except for day 8 where FOXO3a 

levels nearly disappeared from all samples, however, a technical error cannot be ruled out 

here. MiR-690 transfection reduced CTNNB1 levels on day 8 but not on day 6. The delay 

may be due to the difference in transfection methodology. Mouse cells were transfected 

while suspended on day 5. Human cells on the other hands were transfected as a confluent 

monolayer. This difference in methodology may have inadvertently introduced a variable 

that appears to have caused a lag in the miRNA effect on CTNNB1 levels.  
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Table 3-3 miR-690 is predicted to differentially target genes in mice and humans 
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  Table 3.3 miR-690 is predicted to differentially target genes in mice and humans: datamining of 
highly predicted target genes of miR-690 in mouse and human and analysis of existence of matching 
sequence in the other species. Using miRANDA to find mouse specific genes and psRNA target to find 
human specific genes. GENCODE sequences for the mRNA were pulled using the UCSC genome 
browser, and BLAT was used to align sequences. LEGEND: Mismatch to miR-690, Matching seed 
sequence, Mismatch in seed sequence, matched in human homolog.  
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Fig. 3.13 miR-690 transfection increases calcification in hESCs: (A) Representative images of a time 

course of the differentiation from day 0 to day 20 of wildtype hESCs transiently transfected on day 5 

with miR-scr or miR-690 were documented to show the difference in calcification rate, as well as 

calcification pattern. Alizarin Red S and von Kossa staining were used to visually assess calcium deposits 

in day 20 fixed cultures. (B) Calcification on days 7, 9, 11, 15, 20, and 30 were measured by Arsenazo 

III, n=5±SD. ALP activity was measured via the hydrolysis rate of p-nitrophenyl phosphate, n=5±SD. 

Statistical analysis using one-way ANOVA comparing the mean of each treatment with the mean of the 

control and a DUNNETT test to correct for multiple comparisons. * p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001 (miR-scr vs control). # p<0.05, ## p<0.01, ### p<0.001, #### p<0.0001 (miR-690t vs 

miR-scr). 

Figure 3-13 miR-690 transfection increases calcification in hESCs 
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Fig. 3.14 miR-690 affects genes associates with the mesenchymal state in hESCs: (A) hESCs in 

osteogenic differentiation media were transiently transfected with either miR-scr or miR-690 on day 

5. Day 8 cultures were fixed with 4% PFA and probed for PDGFRα (green) and TWIST1 (red). DAPI 

is represented in blue. (B) qPCR analysis of wildtype hESCs, hESCs transiently transfected with either 

miR-scr or miR-690, n=3±SD. Fold change was normalized to TBP. *p<0.05, ***p<0.001 based on 

Student’s T-test comparing groups to miR-scr.  

Figure 3-14 miR-690 affects genes associates with the mesenchymal state in hESCs 
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Fig. 3.15 miR-690 affects neural crest fate: (A) hESCs in osteogenic differentiation media were 

transiently transfected with either miR-scr or miR-690 on day 5. Day 8 cultures were fixed with 4% PFA 

and probed for SOX10 (green), TFAP2α (orange), and PAX7 (red). DAPI is represented in blue. (B) 

qPCR analysis of wildtype hESCs, hESCs transiently transfected with either miR-scr or miR-690, 

n=3±SD. Fold change was normalized to TBP. *p<0.05, ****p<0.0001 based on Student’s T-test 

comparing groups to miR-scr.  

Figure 3-15 miR-690 affects neural crest fate 
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Fig. 3.16 Analysis of genes to determine hESC cell fate decisions in response to miR-690: qPCR 

analysis of wildtype hESCs and hESCs transiently transfected with either miR-scr or miR-690, n=3±SD. 

Fold change was normalized to TBP. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 based on Student’s 

T-test comparing groups to miR-scr.  
 

Figure 3-16 Analysis of genes to determine hESC cell fate decisions in response to miR-690 
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Fig. 3.17 miR-690 affects fluctuation of CTNNB1 and FOXO3A protein expression patterns during 

osteogenic differentiation differently in hESCs than in mESCs: (A) Immunoblot of CTNNB1 and 

FOXO3A showing levels of these two proteins during days 0-8 of osteogenic differentiation of hESCs 

transfected on day 5 with either miR-scr or miR-690. (B) Relative levels and patterns of CTNNB1 and 

FOXO3A expression overtime in mESCs and hESCs transfected with miR-690; based on Western blots 

shown in A and in Fig. 4.10.  

Figure 3-17 miR-690 affects fluctuation of CTNNB1 and FOXO3A protein expression patterns during osteogenic 

differentiation differently in hESCs than in mESCs 
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3.6 Discussion 

As with other cellular processes, miRNAs play a significant role in osteoblast 

differentiation and mesenchymal stem cell (MSC) maintenance26,28. MiRNAs help 

maintain MSCs by downregulating osteogenic transcription factors such as RUNX2 and 

Osterix (SP7) as well as adipogenic regulators, such as Peroxisome proliferation-activated 

receptor γ (PPARG)27. During osteoblast differentiation, miRNAs targeting osteogenic 

factors Runx2, BMP2, and SP7, such as miR-204, miR-211, miR-17-5p, miR-106a, and 

miR-637, are downregulated. Similarly, miRNAs that enhance osteoblast differentiation 

such as miR-21 and miR-22, considered osteogenic switches, are upregulated29,30.  

Our results show that miR-690t transfection of mESCs significantly increased osteogenic 

markers in a time-dependent manner. Furthermore, miR-690t rescued the diminished 

osteogenic potential in Dgcr8Δ/Δ cells. These results indicate that miR-690 has potent pro-

osteogenic effects that are not dependent on the miRNA processing protein DGCR8 and is 

therefore unaffected by pathways regulated through DGCR8-dependent miRNAs. In 

contrast, miR-299 and miR-127 are miRNAs that require DGCR8 processing and have 

roles during pre-osteoblast formation. The lack of these DGCR8- dependent miRNAs and 

therefore lack of regulation of their target proteins lowered osteogenic potential59,60. 

Despite that, our data show that overexpression of miR-690 in Dgcr8 Δ/Δ cells increased 

calcium deposits. Thus, miR-690 works at least partially independently of DGCR8 

controlled pathways.  

According to our data, the increase in osteogenic potential after miR-690 transfection is at 

least partially driven by miR-690 mediated Ctnnb1 regulation. This is consistent with other 
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findings that show miRNA fluctuation during osteoblast formation and the impact they 

have on the differentiation process26,27, yet miR-690 was not previously implicated. 

Additionally, others have shown a negative effect on bone formation via constitutive 

CTNNB1 activation17. CTNNB1 increases proliferation and fluctuating level of CTNNB1 

at discrete times are essential to enhance osteogenesis15. This is consistent with the 

observed decrease in growth rate in the miR-690 transfected cultures as well as the 

concentrated areas of calcification, as miR-690 is likely targeting and inhibiting Ctnnb1.  

WNT signaling is crucial for many biological processes from differentiation to growth. 

Dysregulation in one or more of the molecular components that make up the WNT 

signaling pathway has been linked to various developmental defects in osteoblast 

differentiation, cardiac, brain, testis, and lung development. Additionally, WNT 

dysregulation has been linked to various types of cancer including brain cancer, colorectal 

cancer, liver cancer, bladder cancer, prostate cancer, and breast cancer. Other WNT related 

diseases include heart disease, bladder pain syndrome, and diabetes. These diseases often 

stem from altering patterns of miRNA levels that target one or more components of the 

WNT signaling pathway. For example, in prostate cancer the WNT pathway dysregulation 

is achieved by downregulation of miR-15a, miR-16-1, miR-34a, miR-34b/c, miR-22, and 

miR-320 leading to the upregulation of their targets WNT3a, LEF1, CTNNB1, and DVL2.   

Our lab has previously shown that WNT activation is necessary for proper osteogenesis15. 

However, the timing of the activation is important, otherwise WNT activation could inhibit 

osteogenesis. Inhibition of CTNNB1 via rWNT5a enhanced osteogenesis when cultures 

are exposed on days 5-7, but inhibited osteogenesis when the cultures were exposed for 
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longer periods past day 7. Moreover, activation of CTNNB1 via rWNT3a treatment on 

days 7–9 enhanced osteogenesis15. These results support our finding of tightly controlled 

WNT signaling and more specifically of CTNNB1 levels throughout the osteogenic 

process. Both studies suggest that enhancing the natural increase or decrease of CTNNB1 

levels during osteogenesis increases the osteogenic potential of ESC cultures.  

We verified WNT signaling inhibition in miR-690 mediated osteogenesis via cotreatment 

with WNT activators. That is, WNT activators coupled with miR-690 transfection showed 

lower osteogenic markers during the early process of differentiation. These results confirm 

that miR-690 acts to increase osteogenic potential at least partially through canonical WNT 

pathway inhibition. 

In the absence of WNT signaling, CTNNB1 is complexed with AXIN, APC, GSK3, and 

CK1. CTNNB1 is phosphorylated in the this complex and recognized by E3 ubiquitin 

ligase β-TRCP, which marks CTNNB1 for degradation70. During early stages of 

osteoprogenitor formation high levels of WNT signaling is needed. WNT ligand activates 

the FRIZZLED receptor which forms a complex with LRP5/6 and recruits AXIN, therefore 

disrupting the complex responsible for CTNNB1 degradation70. MiRNAs could serve a 

similar purpose by targeting the other components in the complex like GSK3 or APC and 

thus disrupt the complex and increase CTNNB1 levels. Free of the this complex, active 

CTNNB1 can colocalize to the nuclease with partner transcription factors such as FOXO3a 

to induce the transcription of osteogenically favorable genes like Runx265,71,72. 

FOXO3a is a well-established co-transcription factor of CTNNB1 and together activate 

transcription in response to high glucose levels, oxidative stress, and other diseases64,65. In 
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this study the close mirroring of CTNNB1 and FOXO3a levels throughout the first 8 days 

of differentiation suggests a partnership between the two proteins to activate osteogenically 

favorable factors. Our results from the FOXO1/3KO cell line also support this as they 

showed significantly lower osteogenic potential. The lack of FOXO3a could potentially be 

inhibiting CTNNB1 transcriptional activity.                                                     

In addition, miR-690 was predicted to target the AKT pathway through regulation of Akt2, 

Sirt1 and Foxo3a, a co-transcriptional activator of CTNNB1; all of which are well 

established metabolic regulators. Therefore, since miR-690 potentially targets Akt2, Sirt1 

and Foxo3a, there is a possible role for miR-690 in metabolic regulation. Others have 

shown miR-690 to be glucose sensitive in pancreatic β-cells73 and our unpublished data 

show a decrease in miR-690 in response to high glucose levels in mESCs. These results fit 

our previous work showing that CTNNB1/FOXO3A are activated in response to high 

glucose levels and increase antioxidant enzymes65. Moreover, miR-690 has been shown to 

be the most abundant miRNA in murine livers74, the key metabolic organ. Taken together, 

this suggests a metabolic role for miR-690 dependent on levels of glucose that potentially 

functions through regulating the CTNNB1/FOXO3A, AKT2, and SIRT1 access.   

WNT signaling pathways and CTNNB1 are highly conserved between mice and humans70; 

because humans do not express miR-690, we investigated whether this miRNA would have 

an effect in human osteogenic cell cultures and thus could potentially be used 

therapeutically to increase osteogenesis. We showed that miR-690 transient transfection on 

hESC osteogenic cultures accelerated the overall osteogenic process by increasing calcium 

deposits and ALP activity as well as inhibited CTNNB1. As in mESCs, CTNNB1 levels 
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fluctuated in the human cultures, albeit to a lesser extent. MiRNAs have long been used as 

a therapeutic tool and are often discovered in model organisms and later found in the human 

genome75. To our knowledge, the use of a miRNA not expressed by the human genome to 

alter cell fate decisions and more specifically enhance osteogenesis has not yet been done.   

Thus far miR-690 has only been identified as a mouse miRNA. The differences in cell fate 

between mESCs and hESCs were not surprising as not all targets of miR-690 are conserved 

between the species. A quick BLAT analysis of the genomic sequence of miR-690 reveals 

possible overlaps in humans, zebrafish, and chimpanzees. However, these overlaps do not 

exist near identified promoters. Therefore, it is possible although unlikely that miR-690 

might exist in these other species. Nevertheless, the majority of the highly predicted targets 

of miR-690 in mice also exist in humans. The rest that do not seem to exist in humans either 

lack a matching seed sequence or simply are mouse specific genes that do not exist in 

humans. Additionally, miR-690 may have other targets in hESCs that are not present in 

mESCs. Using the psRNAtarget tool we also found novel potential targets of miR-690 in 

humans that do not match up well in mice. Again, either the seed sequence did not exist in 

the mouse homolog or the gene was human specific.  

Moreover, the differences in cell fate observed between miR-690t and miR-690s in mESCs 

were not surprising. Stable transfection of miR-690 significantly changed protein 

expression and thus changed the cell fate direction compared to the transient transfection. 

More specifically, the changes in CTNNB1 protein levels during the first 8 days of 

development were expected to be accompanied by significant changes in cell identity and 

differentiation patterns.  
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The stable and transient transfections significantly increased gene markers for lateral plate 

mesoderm as well as its derivatives limb bud and somatopleure; both of which are the 

major contributors to limb bone and cartilage formation76,77. These increases, though 

significant, were all shown at a diminished rate in the transient transfection. Furthermore, 

our data support the increased formation of rostral skull membranous bone and head 

mesenchyme as well as its derivatives branchial arches 1 and 2. However, once again, these 

markers were more abundant in the stable transfection. All of these tissues form by 

approximately day 7-9 of development which puts them within the developmental window 

of our cell culture.  

The reduced effects observed in the transient transfection may be due to several factors: 1. 

Transfection stress. Although the transient data were compared to a culture transfected with 

miR-scr, the transfection still induced unnatural stress on the cells which could alter 

developmental pathways targeted by miR-690. This is evident in the significant change in 

overall cell identity observed on day 8 when comparing the control, untransfected cultures 

and scrambled samples. 2. Altered CTNNB1 pattern. The Wnt pathway and its components 

are crucial during all stages of development, so fate alterations were expected. Specifically, 

miR-690s starts with higher CTNNB1 levels and decreases to reach very low levels on day 

3 and day 8. In contrast, CTNNB1 was lowest on days 0 and 6 in wildtype cells. Moreover, 

even though the pattern was different, the overall CTNNB1 level in miR-690s was lower 

than the wildtype at every time point. These changes appear to have slowed down the 

proliferation of the culture and delayed terminal differentiation. The lower proliferation is 

confirmed by lower acidification rate of the media in the miR-690t and miR-690s cells 
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(more so in the latter) as well as the lower protein yield in miR-690t and miR-690s (lower 

protein yield in the latter). The delayed terminal differentiation was observed in the 

increased parental cell fates such as lateral plate and head mesenchyme. 3. FOXO3A 

recovery lag. FOXO3A levels mainly mirrored those of CTNNB1 and recovered alongside 

CTNNB1 levels in both wildtype and miR-690t. In other words, if an increase in CTTNB1 

was observed there would be an equivalent increase in FOXO3A. However, in miR-690s, 

post day 3 recovery of CTNNB1 on day 5 was not mirrored by FOXO3A and FOXO3A 

did not recover on day 6 to similar levels as day 0 as was observed for CTNNB1. Since 

CTNNB1 is an adaptor partner protein lacking a DNA binding domain the delay in 

FOXO3A levels can alter CTNNB1 gene targets. For instance, other CTNNB1 partner 

proteins could direct CTNNB1 to different binding sites in the absence of FOXO3A or 

CTNNB1 may simply delay targeting genes until FOXO3A levels recover.  

Moreover, we have shown that earlier transfection of miR-690 did not induce osteogenesis 

in the same way as transfection on day 5. Therefore, timing of expression plays a role in 

early lineage choices. The stable transfection will have different expression levels overtime 

compared to the transient transfection. That being said, there were many common 

differentially expressed genes between miR-690t and miR-690s involved in MAPK, 

insulin, and Wnt pathways as well as an overlap in skeletal developmental markers.  

In conclusion, while we showed a shift in cell fate determination, the mechanism and 

pathways that miR-690 regulates during ESC differentiation need further investigation. 

Additionally, we showed that miR-690 functions independently of DGCR8 processing, 

however specific interactions with other miRNAs and their targets still need to be studied. 
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Lastly, the viability of miR-690 as a therapeutic tool in bone related diseases will need to 

be the subject of many subsequent studies.  
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4 CHAPTER 4: The deleterious effects of tobacco smoke on the early development 

of bones 

4.1 Abstract 

Cigarettes and other tobacco products have been the subject of many research topics 

illustrating their detrimental effects on various cellular and molecular processes. Among 

those detrimental effects is their negative association with osteoporosis and low bone 

density. However, many studies simply rely on testing one or two specific compounds of 

cigarette smoke or choose to use research grade cigarettes. In addition, so called “harm 

reduction” products with lower nicotine, tar, and/or nitrosamine content are often excluded 

from many studies with conventional products. These methods often end up diluting the 

results and confusing the public. In this study we show that cigarette smoke from several 

brands, including harm reduction versions, reduced osteogenesis in human embryonic stem 

cells and that harm reduction products did not show a significant improvement over the 

conventional products. Furthermore, all tested products, including harm reduction 

products, significantly impacted cartilage formation and/or bone development in zebrafish 

larvae, independent of whether the bones/cartilage formed from mesoderm or neural crest.  

4.2 Introduction 

The consumption of tobacco products is known to have widespread deleterious health 

effects, including delayed wound healing, an increased risk of cardiovascular, respiratory, 

and reproductive health related diseases, have been linked to an increased risk of 

schizophrenia1–4 and to cause and worsen many types of cancer. These effects are ascribed 
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to the exposure to mainstream (MS) and sidestream (SS) smoke. MS smoke is directly 

inhaled by the smoker from the butt of the cigarette and makes up firsthand smoke, while 

sidestream smoke is expelled from the tip of the cigarette and can be inhaled by the smoker 

and bystanders. Sidestream smoke is a component of secondhand smoke, together with 

exhaled MS smoke.  

Aside from the well-known health implications of tobacco exposure, lesser known adverse 

outcomes associate with skeletal health. In adults, exposure may impede bone development 

and healing, impair mesenchymal stem cell function, weaken ligaments and reduce the 

effectiveness of cartilage surgery4,5. Smokers were also shown to have significantly 

reduced bone mass at all bone sites compared to non-smokers and an increased risk of 

vertebral fracture6. Furthermore, smokers lost significantly more bone mass over time 

compared to non-smokers6. These results were exaggerated in postmenopausal smokers, 

who were shown to have diminished bone density compared to postmenopausal non-

smokers7. The difference between the two groups increased with age; hip fracture of 60, 

70, 80, and 90-year-old smokers was shown to be increased by 17%, 41%, 71% and 108%, 

respectively7. Osteopenia and osteoporosis rates were significantly higher in smokers 

compared to non-smokers, with lower levels of antioxidant enzymes and elevated oxidative 

stress also observed8. 

According to the Center for Disease Control (CDC), tobacco not only negatively impacts 

adult health, but when consumed during pregnancy increases health problems in the fetus 

such as preterm birth, low birth weight, and birth defects of the mouth and lip. Research in 

mouse oocytes and the resulting embryos showed that smoke or smoke condensate 
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exposure increased egg fragmentation, reduced development to blastocyst, increased 

reactive oxygen species, altered the expression of the well-established pluripotency 

maintenance factor, OCT4, and increased apoptosis in the blastocysts9.  

The CDC and other health organizations such as the American Cancer Society do not 

recognize any amount of smoke as being “safe” for a developing embryo. Yet in 2016, 

7.2% of women who gave birth smoked cigarettes during pregnancy. Many women may 

turn to new “harm reducing” tobacco products as a “safe” alternative. These “harm 

reduction” products are marketed for their lower nicotine and nitrosamine content and are 

therefore presumed to be the safer alternative. However, both in vitro and in vivo research 

showed that these smoke products that are marketed as safer still cause significant harm to 

embryo development10. Whether tobacco exposure negatively impacts developing bones 

as it does in adult bones is currently not known.  

Moreover, zebrafish are small teleost that develop bones through intramembranous 

ossification as well as endochondral ossification, as is done in humans11. Due to their 

environment and species, zebrafish bones lack specific characteristics when compared to 

mammalian bones. These include the absence of hematopoietic bone marrow tissue and the 

lack of osteocytes in most species12. However, these differences do not hinder the study of 

early bone development due to key bone regulators being highly conserved between 

mammals and teleosts11,13. These overlaps include RUNX2 and Osterix (SP7) regulation 

of osteoblast formation as well as SOX9 and COL2A1 expression during craniofacial 

development14–16. Zebrafish also express neural crest markers such as foxd3, sox10, snai1b, 

crestin, and tfap2a17–21. Furthermore, in zebrafish older than 72hrs craniofacial bones 
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develop and mineralize in a very similar manner to higher vertebrates as is evident from 

their pharyngeal arches being formed predominantly by two migratory cell types, neural 

crest and paraxial mesoderm22. Additionally, zebrafish offspring are fast-growing, large, 

and externally transparent, making it easy to visually evaluate the stage of embryonic 

development. There are prolific genetic maps, and an abundance of literature, making 

zebrafish a practical animal model to elucidate early bone development.  

Zebrafish have been used as an in vivo model in many toxicological studies such as the 

study of toxicants affecting muscle development and function, hormonal studies affecting 

eye and bone development, testing the safety of genetically modified crops, and genetic 

variation during differentiation and development23. Although elucidating mechanism is 

simplified in an in vitro model like hESCs, an in vivo model allows for examination of 

gross effects on the tissue and organismal level. Zebrafish are ideal for these studies due to 

their aforementioned early developmental similarities as well as their large offspring 

number and transparent embryo development. Together these factors make large scale 

toxicant studies much faster, more manageable, and more cost-effective compared to using 

a mouse or larger primate model. Zebrafish have specifically been used as a model for bone 

development studies and bone development under toxicological stress. In these studies 

zebrafish were exposed to mutagens like N‐ethyl‐N‐nitrosourea or tobacco smoke extracts. 

The overall embryo development, size of the fish, cartilage size/shape, and extra or missing 

mineralization were all altered due to the treatment with tobacco smoke components24–26. 

Both ESCs and zebrafish offer advantages and disadvantage for toxicological studies. 

ESCs are ideal for studying toxicant effects on specific differentiation pathways and how 
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these toxicants might alter gene expression and protein levels to change cell fate decisions. 

While these studies are informative and build a strong basis for mechanistic understanding, 

in vitro ESC models lack interactions with other tissues or organ systems present in a whole 

organism. This is where in vivo modeling becomes very handy. In addition to the large 

offspring yield and embryo transparency, zebrafish offer tissue and organ interactions 

missing from ESCs. That being said, the adult zebrafish model is less utilized for toxicant 

and developmental studies as the differences in organ and tissue structure between the fish 

and humans expands with the age of the fish. Together these two systems are used to 

expand the efficacy of toxicological studies in early bone development.  

The results from this study suggested that SS smoke reduced survivability and osteogenic 

potential of hESC significantly more than MS smoke. We also showed that SS smoke 

inhibited bone and cartilage formation during the early developmental stages of zebrafish 

larvae. While the extent of the damage to the bones and cartilage varied between the smoke 

products, overall, harm reduction tobacco products did not reduce the risk posed by the 

conventional products during early bone development.  

4.3 Previous data 

To provide first insights into the effect of tobacco on the developing skeleton, prior studies 

in our laboratory had selected two of the largest and most commonly used cigarette brands 

alongside their “harm reduction” alternatives and tested them using a human embryonic 

stem cell model of osteogenesis, developed in our lab27, and zebrafish embryos. The first 

tobacco brand was Marlboro as well its alternative Marlboro Gold. Both products have 

been shown to be hazardous to a smoker’s health and contain high levels of tar, and the 
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“safety” of Marlboro Gold has been shown to be significantly misrepresented in 

advertisements to smokers28,29. The other chosen brand was Camel and its alternative 

Camel blue. Smoking either Camel or Camel Blue also has been shown to be deleterious 

to a smoker’s health. Moreover, Camel Blue was shown to contain higher trace levels of 

heavy metals compared to Camel cigarettes30,31. We also tested the effects of American 

Spirit, marketed as an organic alternative as well as Snus (smokeless chewing tobacco) 

often thought of as a safer option as it lacks an ignition process.  

4.3.1 MS smoke from conventional cigarettes is neither cytotoxic nor teratogenic to 

differentiating osteogenic cultures 

First, MS smoke of two conventional brands of cigarettes (Marlboro Red and Camel) was 

tested to determine its effects on cell survival and differentiation inhibition. Cell survival 

was measured using an MTT assay after 20 days of culture, at which point these cultures 

express marker genes and proteins of osteoblasts27. Neither product revealed any adverse 

effects on mitochondrial dehydrogenase activity (Fig. 4.1A, B).  

As osteoblasts emerge from hESC cultures, they begin to form nodules made of calcified 

extracellular matrix27. This process is unique to bone forming cells. This functional 

characteristic of bone was assayed via the quantification of calcium ions deposited into the 

matrix. Neither conventional MS tobacco smoke solution affected calcification, as assessed 

using Arsenazo III a reagent for measuring calcium contents in samples32,33 (Fig. 4.1A, B). 

These results suggest that MS smoke had no observable effect on viability or functional 

calcification of osteogenic cultures at any of the concentrations tested.  
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Fig. 4.1 Effects of conventional mainstream smoke on bone development. A, C) Marlboro Red screen 

for effects on calcification using an Arsenazo III-based calcium assay, and on viability using MTT. B, D) 

Toxicity screen for effects of Camel on osteoblasts formation using calcium assay and MTT cell viability 

assay. Significance measured via one-way ANOVA analysis and unpaired Student’s T test, *p<0.05 

denotes lowest concentration significantly below solvent control in calcium assay; p<0.05 lowest 

concentration significantly below solvent control hESC MTT; §p<0.05 lowest concentration significantly 

below solvent control MTT hff. hESC, human embryonic stem cells; hff, human foreskin fibroblasts. 

Data courtesy of Dr. Ivann Martinez. 
 
Fig. 4.1 Effects of conventional mainstream smoke on bone development. A, C) Marlboro Red screen 

for effects on calcification using an Arsenazo III-based calcium assay, and on viability using MTT. B, D) 

Toxicity screen for effects of Camel on osteoblasts formation using calcium assay and MTT cell viability 

assay. Significance measured via one-way ANOVA analysis and unpaired Student’s T test, *p<0.05 

denotes lowest concentration significantly below solvent control in calcium assay; p<0.05 lowest 

concentration significantly below solvent control hESC MTT; §p<0.05 lowest concentration significantly 

below solvent control MTT hff. hESC, human embryonic stem cells; hff, human foreskin fibroblasts. 

Data courtesy of Dr. Ivann Martinez. 

Figure 4-1 Effects of conventional mainstream smoke on bone development 
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The third endpoint interrogated was the cytotoxicity of the tobacco product on the 

mitochondrial dehydrogenase activity of human foreskin fibroblasts. This endpoint is 

typically included in embryotoxicity screening assays to represent the maternal toxicity34. 

Here, such fibroblasts were equally sensitive to the MS smoke extract (Fig. 4.1A, B). 

4.3.2 SS smoke from conventional cigarettes demonstrates harmful effects on 

human osteoblast differentiation 

SS smoke, the major component of secondhand smoke, was next investigated using the 

previously described method and concentrations. Human ESCs were induced to 

differentiate into osteoblasts with concomitant treatment with SS smoke solution made 

from Marlboro Red and Camel cigarettes. In contrast to the MS smoke solution, both 

Marlboro Red and Camel SS smoke solutions caused cell death at 0.1 and 0.3 puff 

equivalents (PE), respectively (Fig. 4.1C, D). The calcification assay showed similar 

results to the cell viability assessment for each of the products and the fibroblasts were less 

sensitive than the hESCs. 

4.3.3 Harm-reduced tobacco products are more harmful to differentiating 

osteoblasts than conventional products 

To evaluate whether cigarettes that contain less carcinogens also cause less harm in 

differentiating cells, additive-free American Spirit cigarettes were tested. MS smoke 

solution from this brand showed no observable changes in cell viability and calcification 

compared to untreated cells (Fig. 4.2A). In contrast, and similar to SS smoke from the 

conventional Marlboro Red and Camel, American Spirit SS smoke treated hESC cultures 
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exhibited cytotoxicity and calcification reduction at 0.3 PE (Fig. 4.2B).   

Marlboro Gold and Camel Blue, previously marketed as “light” cigarettes, were also 

screened using five concentrations per cigarette type. Similar to MS smoke from the 

conventional brands, which showed no adverse effect, neither calcification of the hESC-

derived osteoblasts nor cell viability was inhibited (Fig. 4.2C and E). However, both 

Marlboro Gold and Camel Blue SS smoke ablated calcification starting at 0.1 PE but 

caused a reduction in cell viability only starting at 0.3 PE (Fig. 4.2D and F).  



 168 

 
Fig. 4.2 Effects of harm-reduction cigarette smoke on developing osteoblasts. A, C, E) Functional 

and Viability screen for mainstream smoke generated from harm-reduction cigarette products using 

Arsenazo III and MTT assay, respectively. B, D, F) Sidestream smoke calcification and cell survival 

screen for harm-reduction tobacco product. Significance measured via one-way ANOVA analysis and 

unpaired Student’s T test, *p<0.05 denotes lowest concentration significantly below solvent control in 

calcium assay; p<0.05 lowest concentration significantly below solvent control hESC MTT; §p<0.05 

lowest concentration significantly below solvent control MTT hff. hESC, human embryonic stem cells; 

hff, human foreskin fibroblasts. Data courtesy of Dr. Ivann Martinez.  
T test, *p<0.05 denotes lowest concentration significantly below solvent control in calcium assay; 
p<0.05 lowest concentration significantly below solvent control hESC MTT; §p<0.05 lowest 

concentration significantly below solvent control MTT hff. hESC, human embryonic stem cells; hff, 

human foreskin fibroblasts. Data courtesy of Dr. Ivann Martinez.  
 
Figure 4-2 Effects of harm-reduction cigarette smoke on developing osteoblasts  
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4.3.4 Smokeless tobacco products are detrimental to osteogenically differentiating 

hESCs 

To determine if a lack of tobacco combustion would reduce adverse effects on 

differentiating hESCs, extracts of Marlboro and Camel chewing tobacco were made in 

DMEM and tested on osteogenically differentiating hESCs as described above. These 

extracts of chewing tobacco also inhibited calcification of hESCs in a concentration-

dependent manner at concentrations that were not cytotoxic (Fig. 4.3A and B).  
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Figure 4-3 Effects of chewing tobacco extracts on developing 

osteoblasts 

Fig. 4.3 Effects of chewing tobacco extracts on developing osteoblasts. Functional and Viability screen 

for extracts made from chewing tobacco using Arsenazo III and MTT assay. A) Marlboro Snus, B) Camel 

Snus. Significance measured via one-way ANOVA analysis and unpaired Student’s T test, *p<0.05 

denotes lowest concentration significantly below solvent control in calcium assay; p<0.05 lowest 

concentration significantly below solvent control hESC MTT; §p<0.05 lowest concentration significantly 

below solvent control MTT hff. hESC, human embryonic stem cells; hff, human foreskin fibroblasts. 

Data courtesy of Dr. Ivann Martinez.  
 
Fig. 4.3 Effects of chewing tobacco extracts on developing osteoblasts. Functional and Viability screen 

for extracts made from chewing tobacco using Arsenazo III and MTT assay. A) Marlboro Snus, B) Camel 

Snus. Significance measured via one-way ANOVA analysis and unpaired Student’s T test, *p<0.05 

denotes lowest concentration significantly below solvent control in calcium assay; p<0.05 lowest 

concentration significantly below solvent control hESC MTT; §p<0.05 lowest concentration significantly 

below solvent control MTT hff. hESC, human embryonic stem cells; hff, human foreskin fibroblasts. 

Data courtesy of Dr. Ivann Martinez.  
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4.3.5 Teratogenicity of SS tobacco smoke solutions from conventional brands is 

based on their general cytotoxicity  

To determine if the SS smoke solutions and extracts of Snus were truly embryotoxic and 

not simply cytotoxic, the IC50 and ID50 values obtained from the concentration-response 

curves were contrasted (Fig 4.4A, B; Table 4.1). Only if the ID50 is significantly different 

from the IC50 can the chemical be considered embryotoxic. In other words, for exposure to 

an embryotoxicant, inhibition of differentiation would be found at concentrations that are 

not cytotoxic. When the IC50 and ID50 are similar, the embryotoxic effect of the chemical 

or chemical blend may not be due to a direct effect of the chemical towards the 

developmental process, but instead be based on its general cytotoxicity. 

The IC50 values were very similar to the ID50 values of the same tobacco product for the 

conventional products and for American Spirits (Fig. 4.4A). The P-values that were 

obtained by comparing the IC50 and ID50 with a paired t-test were above the significance 

cut-off of 0.05 (Fig. 4.4B). This indicated that the conventional products and American 

Sprit were cytotoxic, but not embryotoxic.   
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Figure 4-4 Comparison of ID50 and IC50 

Fig. 4.4 Comparison of ID50 and IC50 of convention and harm reduction product for side stream smoke. 

(A) graphical representation of IC50 vs ID50. (B) Significance for measurements in A.  

Table 4.1 Classification of degree of toxicity of harm reduction and conventional mainstream and 

sidestream smoke products: Comparison of IC50 from HFF cells and IC50 and ID50 from H9 cells.  
 
Table 4-1 Classification of degree of toxicity of harm reduction and conventional mainstream and 

sidestream smoke products 
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4.3.6 MS and SS tobacco smoke solutions from harm-reduction brands are truly 

teratogenic to differentiating osteogenic cultures 

In contrast to the IC50/ID50 relationship described above, both the SS smoke solutions from 

the harm-reduction products Marlboro Gold and Camel Blue and Snus tobacco all showed 

a decrease in osteogenic output, but at subtoxic concentrations (Fig. 4.4A, B). The IC50 

concentrations were statistically different from the ID50 values (Fig. 4.4B) suggesting that 

the harm-reduction products produced embryotoxic effects independent of cytotoxicity.  

In conclusion, conventional products, but also those with reduced levels of additives 

showed cytotoxicity that caused embryotoxicity to the developing osteoblasts. Among the 

seven products tested, our study revealed two harm-reduction products, Marlboro Gold and 

Camel Blue, to be the most harmful to developing osteoblasts, followed by Snus tobacco. 

While this human model offers invaluable information during risk assessment of unknown 

chemicals, these results were shown in an isolated environment unable to replicate the 

effects that other organs and tissues may have on bone development in a complete 

organism. Therefore, the assessment of the harm inflicted by SS smoke was examine in an 

in vivo zebrafish model where all smoke products proved detrimental to the development 

of the zebrafish. The methodology and results from this study will be presented as follows. 
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4.4 Methods 

4.4.1 Production of smoke solutions and Snus tobacco extract 

Marlboro Red, Marlboro Gold, Camel, Camel Blue and American cigarettes were obtained 

from a local retailer. The cigarettes were utilized to capture puff equivalents (PE) in 

solution for both mainstream (MS) and sidestream (SS) smoke using a method previously 

described (Knoll et al., 1995; Knoll and Talbot, 1998). These smoke solutions were made 

using a smoking machine, from the University of Kentucky; for MS smoke, a 2.2sec puff 

was collected every minute. The MS smoke solution was made by saturating 10 ml of E3 

fish medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4 at pH 7) with 

thirty puffs of MS smoke. SS smoke solution was produced during MS smoke production 

by collecting the smoke that burned from the tip of the cigarette for 30 minutes and again 

saturating 10 ml of E3 with the product. MS smoke was collected during each puff, while 

SS smoke was continuously collected. One PE of MS smoke is the smoke from one puff 

dissolved in 1 ml of medium, while one PE of SS smoke is the smoke produced from one 

minute of burning dissolved in 1 ml of medium. Both MS smoke and SS smoke solutions 

were produced at 3 PE concentrations. Smoke solutions were filtered using a 0.2µm 

Acrodisc® PSF Syringe Filter (Pall Corporation, Port Washington, NY). The solutions 

were then aliquoted into sterile microfuge tubes and stored at -80°C. Working PE solutions 

were made using serial dilutions. 
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Extract from chewing tobacco was at 10% volumetric solution in E3. The solution was 

centrifuged to remove large debris at 450 × g for 10 min. The supernatant was removed 

and centrifuged again to remove finer debris for 1 hr at 13,000 ×. Subsequently the pH of 

the supernatant was adjusted to pH=7.4 and the solution was filtered using a 0.45mm filter.  

4.4.2 Determination of nicotine content 

Nicotine concentrations in all tobacco extracts were measured commercially by Enthalpy 

Analytical (Henrico, VA). 

4.4.3 Zebrafish rearing and collection 

Zebrafish (strain 5D) were maintained on a recirculating system with UV sterilization and 

mechanical/biological filtration units (Aquaneering, San Diego, California). The fish were 

kept at 28°C, pH of approximately 7.2 with a 14-hr light and 10-hr dark cycle. Embryos 

were collected within 30 min of spawning, sorted and synchronized before treatment 

according to previously described methods (Kimmel et al., 1995). At 5 hours post 

fertilization (hpf) the individual embryos were moved into a 96-well plate with the different 

treatment solutions in E3 embryo media (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 

mM MgSO4 at pH 7). Control fish were placed in untreated embryo media. 6 days post 

fertilization (dpf) the fish were euthanized via overdose of tricaine methane sulfonate (MS-

222) (Western Chemical, Inc.) at 300 mg/l in embryo media. The fish were fixed with 2% 

paraformaldehyde (PFA) for 1 hr at room temperature and then washed 2-3 times with 

storage solution (50% glycerol, 0.1% KOH). The fish were stored for up to 2 weeks in 

storage solution at 4⁰ C before staining. 
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4.4.4 Skeletal staining 

The zebrafish were stained first with Alcian Blue (Sigma-Aldrich) solution (0.2% Alcian 

Blue, 0.1 M Tris-HCl pH=7.5, 80 µM MgCl, in 70% ethanol) overnight at 4⁰ C. The 

solution was removed, and the fish were rinsed with storage solution. The fish were 

bleached (1.5% H2O2, 1% KOH) for 12 min. The bleach was removed, and the fish were 

washed 3 times for 5 min using storage solution. The fish were then stained with Alizarin 

Red S (Sigma-Aldrich) solution (0.01% Alizarin Red S, 0.1 M Tris-HCl pH=7.5, 24% 

glycerol) for 30-45 min. After removing the stain, the fish were washed for 5 min with 

storage solution. The fish were stored in storage solution at 4⁰ C overnight until imaged, 

storage solution was added if the levels dropped to prevent drying of the fish. Alcian Blue 

staining was visualized under bright light microscopy, and Alizarin Red S was visualized 

using fluorescent microscopy; both using a Leica M165 FC.  

4.4.5 Statistical analysis 

One-Way analysis of variance (ANOVA) followed by the appropriate post hoc test was 

used to identify the concentrations at which calcification diminished or cell viability fell 

below the untreated control. Concentration-response curves were used to calculate the half-

maximal inhibitory doses of cytotoxicity (IC50) and differentiation (ID50) and the 

comparisons were evaluated by a paired Student's t-test (GraphPad QuickCalcs). For all 

statistical analyses used, P-values less than 0.05 were deemed significant. Zebrafish 

analysis was also done using a one-way ANOVA comparing the mean of each treatment 

with the mean of the control. DUNNETT test was used to correct for multiple comparisons. 
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*P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. All conditions were compared to the E3 

only control.  

4.5 Results 

4.5.1 In vivo zebrafish results  

In order to validate the findings gathered with the human in vitro osteogenesis model in 

vivo, a zebrafish study was designed to evaluate the potential harmful effects of 

developmental exposure to tobacco in an animal that exhibits metabolic activity, a feature 

that the in vitro cell system is lacking. Similar to the hESC study, both survival endpoints 

as well as osteogenesis endpoints were included. As for cytotoxicity, all tobacco products, 

including harm-reduction products, significantly reduced zebrafish survival. Visual 

representations of normal and defective zebrafish embryos can be found in Appendix IV 

Fig. A4.2. Specifically, Camel, between dosages of 0.01 PE and 0.3 PE, significantly 

reduced the survival rate of zebrafish at 6 dpf (Fig. 4.5A). The “harm-reducing” Camel 

Blue and Marlboro Gold showed a significant reduction in survival rate at 0.3 PE (Fig. 

4.5B and D). Marlboro significantly reduced survival rate at 0.1 PE and 0.3 PE (Fig. 4.5C). 

American Spirit significantly reduced survival rate at 0.03 PE, 0.1 PE, and 0.3 PE (Fig. 

4.5E).  At the highest concentration for both American Spirit and Marlboro, none of the 

fish survived. Lastly, Snus Tobacco Extract (STE) treatment significantly reduced 

zebrafish survivability, between 0.003% and 0.3%; no fish survived at 0.1% and 0.3% STE 

(Fig. 4.5F).  

Not all fish had hatched properly by 72 hrs, whether they survived to day 6 or not. Camel 
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treatment showed a significant increase in delayed hatching starting at 0.003 PE and 

increased with increased Camel concentrations (Fig. 4.5G). Camel Blue and Marlboro 

Gold showed a trend positively correlating with concentration but was only significant at 

0.3 PE (Fig. 4.5J and K). Marlboro treatment significantly increased the delay in hatching 

between 0.03 PE and 0.3 PE (Fig. 4.5H). American Spirit significantly increased hatching 

delay at 0.3 PE (Fig. 4.5I). Marlboro, American Spirit and STE treatments at 0.3 PE 

delayed hatching of all the fish. Moreover, all the fish tested delayed hatching with STE 

treatment at 0.001% and up (Fig. 4.5L).  
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Figure 4-5 Tobacco products reduce survivability and delay hatching in zebrafish 

Fig. 4.5 Tobacco products reduce survivability and delay hatching in zebrafish: Embryos were 

placed in a tobacco smoke or STE solution with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE 

(STE measured in % solution) at five hours post fertilization (hpf) then collected, assessed at six days 

post fertilization (dpf). The survival, and whether there was a delay in hatching at 3dpf, was measured 

out of the original 8 embryos, n=8. Statistical analysis done using a one-way ANOVA comparing the 

mean of each concentration to the mean of the control with a DUNNETT test to correct for multiple 

comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001  
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4.5.2 All tobacco products, including harm-reduction products, significantly 

increased general developmental defects in vivo  

In addition to impacting embryo hatching and survival, all treatments showed signs of 

increased yolk sac edema; Camel treatment between 0.03 PE and 0.3 PE and Camel Blue 

at 0.1 PE and 0.3 PE (Fig. 4.6A and B). Furthermore, Marlboro and American Spirit only 

showed significant increases in yolk sac edema at 0.1 PE (Fig. 4.6C and E). Marlboro Gold 

began trending at 0.03 PE and was significant at 0.1 PE and 0.3 PE (Fig. 4.6D). STE 

treatment trended positively as the percentage of the treatment increased with 0.01% and 

0.03% significantly different compared to the control (Fig.4. 6F).  

Additionally, most treatments caused an enlargement in the zebrafish heart. Camel and 

Camel Blue showed significant increases in the number of fish with an enlarged heart at 

0.1 PE and 0.3 PE (Fig. 4.6G and J). Marlboro only showed a significant increase at 0.1 

PE, while Marlboro Gold trended positively with a significant increase from 0.03 PE to 0.3 

PE (Fig. 4.6H and K). STE also showed an increase in heart enlargement at 0.01% and 

0.03% (Fig. 4.6L). American Spirit was the only treatment that did not show signs of heart 

enlargement (Fig. 4.6I).  
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Figure 4-6 Tobacco products caused sac and heart defects in zebrafish 

Fig. 4.6 Tobacco products caused sac and heart defects in zebrafish: Embryos were placed in a 

tobacco smoke or STE solution with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE (STE 

measured in % solution) at five hours post fertilization (hpf) then collected, assessed at six days post 

fertilization (dpf). Defects in sac or heart development were assessed in the surviving fish, n=8. Statistical 

analysis done using a one-way ANOVA comparing the mean of each concentration to the mean of the 

control with a DUNNETT test to correct for multiple comparisons *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 
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4.5.3 Different tobacco products affect distinct bone formation during zebrafish 

development 

Upon examination of the fish post treatment, it was noted that some treatments affected the 

curvature of the spine of the fish more than others. Others have linked tobacco smoke 

components to the compromise of bone development35,36. Thus, the decrease in 

calcification seen in the cell cultures treated with tobacco products as well as spinal 

curvature observations prompted the investigation of bone and cartilage formation in the 

treated zebrafish. 

While Camel treatment showed a trend but did not show an increase in spinal deformity, 

Camel Blue showed an increasing trend starting at 0.003 PE and was significantly 

increased between 0.03 PE and 0.3 PE (Fig. 4.7A and B), indicating that the “light” Camel 

Blue was more detrimental to spinal formation than the conventional Camel product. Both 

Marlboro and Marlboro Gold showed a trend in an increase in spinal deformity, which was 

significant at 0.1 PE and 0.3 PE respectively (Fig. 4.7C and D). STE also showed an 

increasing trend significant between 0.003% and 0.03% (Fig. 4.7F). American Spirit, 

similar to previous observations, had no significant effect on spinal deformity (Fig. 4.7E). 
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Figure 4-7 Tobacco products cause spinal deformities in zebrafish 

 

Fig. 4.7 Tobacco products cause spinal deformities in zebrafish: Embryos were placed in a tobacco 

smoke or STE solution with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE (STE measured in % 

solution) at five hours post fertilization (hpf) then collected, assessed at six days post fertilization (dpf). 

Defects in spinal development were assessed in the surviving fish, n=8. Statistical analysis done using a 

one-way ANOVA comparing the mean of each concentration to the mean of the control with a 

DUNNETT test to correct for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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The observed spinal curvatures were indicative of a severe osteogenic defect. To determine 

whether the treatments had effects on specific bones or such from specific lineages, the 

following bones were selected based on previous studies37 and were assessed: 

anguloarticular (aa), branchiostegal ray 1 (br1), entopterygoid (en), maxilla (m), notochord 

(n), opercle (o), parasphenoid (p), ceratobranchial 5 (cb), ceratohyal (ch), dentary (d), 

hyomandibular (hm) and spinal segmentation (s). A scoring system was implemented as 

follows: Bones that developed to the natural size and possessed similar staining intensity 

to that of the control were given a score of 4. One point was subtracted for misshapen or 

dim bones, resulting in a minimum score of 2 points for a deformed yet still present bone. 

Any bone that did not appear was given a score of 1.  
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Figure 4-8 Tobacco products affected bone development in zebrafish 



 186 

  Fig. 4.8 Tobacco products affected bone development in zebrafish: Embryos were placed in a tobacco 

smoke or STE solution with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE (STE measured in % 

solution) at five hours post fertilization (hpf) then collected, fixed, and stained at six days post fertilization 

(dpf) n=8. Representative images of alizarin red staining assessed with a fluorescence microscope and a 

532nm filter from zebrafish treated with (A) Camel, (B) Camel Blue, (C) Marlboro side stream smoke at 

the indicated concentrations in puff equivalents (PE).   

Fig. 4.9 (next page) Tobacco products affected bone development in zebrafish: Embryos were placed 

in a tobacco smoke or STE solution with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE (STE 

measured in % solution) at five hours post fertilization (hpf) then collected, fixed, and stained at six days 

post fertilization (dpf) n=8. Representative images of alizarin red staining assessed with a fluorescence 

microscope and a 532nm filter from zebrafish treated with (A) Marlboro Gold and (B) American Spirit 

side stream smoke at the indicated concentrations in puff equivalents (PE). (C) SNUS tobacco extract 

treated fish at the indicated concentrations in percent solutions.  
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Figure 4-9 Tobacco products affected bone development in zebrafish 
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Using this grading scale, the significance of the overall damage imposed by each of these 

treatments was assessed. This breakdown allowed the determination of the point at which 

each treatment elicited bone damage.   

Both Camel and Camel Blue had similar effects on targeted bones and the type of 

deleterious effects (Figs. 4.8-9). At 0.1 PE and lower the two treatments appeared to 

damage the same set of bones (m, d, ch, br1, p, hm, s), albeit with a higher concentration 

required for Camel Blue to inflict equivalent damage (Figs. 4.10-12). 

Overall, the Camel treatment appeared to be more damaging to bone development than 

Marlboro. Even with treatments as low as 0.001 PE, many of the smaller bones were 

undetected in the Camel treatment. Moreover, spinal calcification was hindered and 

reached a point of complete impedance at 0.01 PE and higher (Fig. 4.12D). The rest of the 

Camel and Camel Blue affected bones fell into one of three categories: 1. Unaffected or 

nearly unaffected until 0.1 PE (p). 2. Immediate effect at 0.001 PE (d, en, ch, hm, and m) 

and 3. Only affected at the highest concentrations (cb, n, and o) (Figs. 4.10-12). 

Similar to the Camel, Marlboro required a lower dosage than its “Light” equivalent to 

achieve similar bone developmental impedance. Both Marlboro and Marlboro Gold 

treatments affected the following bones: m, d, en, ch, hm, and s (Figs. 4.10-12). Like the 

Camel treatment, spinal calcification was hindered and reached a point of complete 

impedance at 0.01 PE and higher (Fig. 4.12D). Both Marlboro and Marlboro Gold showed 

no statistically significant decrease in bone development at the lowest PE concentration 

with the exception of lowered calcification of the spinal notches with Marlboro treatment. 

The rest of the affected bones fell into one of three categories: 1. Affected at 0.003 PE or 
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higher (m). 2. Affected mid-way 0.01/0.03 PE and higher (d, en, ch, and hm). 3. Not 

affected (br1, p, o, and cb) (Figs. 4.10-12).  

American Spirit was more detrimental to a wider array of bones, even at lower 

concentrations. Interestingly, American Spirit was the only brand to not completely prevent 

spinal calcification even at the highest concentration tested (Fig. 4.12D). This was in stark 

contrast to every other treatment, which impeded the calcification potential of the spine at 

6 dpf. Lastly, STE was the most destructive of the tested compounds. At lower 

concentrations STE, similar to American Spirit, was detrimental to a wider array of bones 

with reduced recovery rates compared to Camel, Camel Blue, Marlboro, and Marlboro 

Gold (Figs. 4.10-12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 190 

  
Figure 4-10 Quantification of effect tobacco products had on bone formation 
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 Fig. 4.10 Quantification of effect tobacco products had on bone formation: Embryos were placed in 

a tobacco smoke or STE solution with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE (STE 

measured in % solution) at five hours post fertilization (hpf) then collected, fixed, stained with alizarin 

red at six days post fertilization (dpf) imaged using a florescent microscope with a 532nm filter. the 

following bones were assessed and scored: maxilla (m), dentary (d), entopterygoid (en) and ceratohyal 

(ch). Bones that developed to the natural size and possessed a similar staining intensity to that of the 

control were given a score of 4. One point was subtracted for misshapen or dim bones, resulting in a 

minimum score of 2 points for a dim and deformed yet still present bone. Any bone that did not appear 

was given a score of 1. These comparisons were done using a one-way ANOVA comparing the mean of 

each treatment with the mean of the control with a DUNNETT test to correct for multiple comparisons. 

*<0.05, **<0.01, ***<0.001, ****<0.0001.  
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Figure 4-11 Quantification of effect tobacco products had on bone formation 
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  Fig. 4.11 Quantification of effect tobacco products had on bone formation: Embryos were placed in 

a tobacco smoke or STE solution with 0.3 PE, 0.1 PE, 0.03 PE, 0.01 PE, 0.003 PE and 0.001 PE (STE 

measured in % solution) at five hours post fertilization (hpf) then collected, fixed, stained with Alizarin 

Red S at six days post fertilization (dpf) imaged using a florescent microscope with a 532nm filter. the 

following bones were assessed and scored: branchiostegal ray 1 (br1), parasphenoid (p), branchiostegal 

ray 2 (br2) and hyomandibular (hm). Bones that developed to the natural size and possessed a similar 

staining intensity to that of the control were given a score of 4. One point was subtracted for misshapen 

or dim bones, resulting in a minimum score of 2 points for a dim and deformed yet still present bone. Any 

bone that did not appear was given a score of 1. These comparisons were done using a one-way ANOVA 

comparing the mean of each treatment with the mean of the control with a DUNNETT test to correct for 

multiple comparisons. *<0.05, **<0.01, ***<0.001, ****<0.0001. 

Fig. 4.12 (next page) Quantification of effect tobacco products had on bone formation: Embryos 

were placed in a tobacco smoke or STE solution with 0.3 PE, 0.1 PE, 0.03 PE, 0.01 PE, 0.003 E and 

0.001PE (STE measured in % solution) at five hours post fertilization (hpf) then collected, fixed, stained 

with Alizarin Red S at six days post fertilization (dpf) imaged using a florescent microscope with a 532nm 

filter. the following bones were assessed and scored: opercle (o), ceratobranchial 5 (cb), notochord (n), 

and spinal calcification (s). Bones that developed to the natural size and possessed a similar staining 

intensity to that of the control were given a score of 4. One point was subtracted for misshapen or dim 

bones, resulting in a minimum score of 2 points for a dim and deformed yet still present bone. Any bone 

that did not appear was given a score of 1. These comparisons were done using a one-way ANOVA 

comparing the mean of each treatment with the mean of the control with a DUNNETT test to correct for 

multiple comparisons. *<0.05, **<0.01, ***<0.001, ****<0.0001. 
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Figure 4-12 Quantification of effect tobacco products had on bone formation 
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4.5.4 Melanocyte migration 

The identity of the affected bones scored upon exposure to tobacco products suggested that 

the development of the neural crest was impacted. Indeed, cigarette smoke has previously 

been shown to cause mutations and defects linked to inhibition of neural crest migration38–

42. Neural crest migration has often been studied measuring the distances the neural crest-

derived pigments cells, the melanocytes, travelled during embryogenesis43–45. In addition, 

melanocytes have been used in developmental studies for analysis of cell specification, 

migration, and survival46. In our zebrafish, the Alcian Blue staining visualized melanocytes 

so that we exploited this to measure their travel length and area (Fig. 4.13). Camel exposure 

elicited a decrease in the travel distance and area of melanocytes between 0.01 PE and 0.3 

PE (Fig. 4.14A and G). Camel Blue did not cause a significant decrease in the melanocyte 

area, but most concentrations showed significantly reduced melanocyte travel length (Fig. 

4.14B and J). Marlboro and STE exposure triggered a significant difference in the length 

of travel in melanocytes between 0.003 and 0.1 PE (Fig. 4.14C and F). In fact, the reduction 

at 0.01% STE was also accompanied by a significant reduction in the overall fish length 

(Fig. 4.15F). These results are consistent with earlier bone findings showing all treatments 

had significantly reduced calcification of neural crest-derived bones. That is with the 

exception of American Spirit treatment, which did not show significant alteration to 

melanocyte migration, though it still had an effect on neural crest-derived bones (Fig. 

4.14E and I). 

  



 196 

  

Fig, 4.13 Tobacco products affected cartilage development in zebrafish: Embryos were placed in a 

tobacco smoke or STE solution with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE (STE 

measured in % solution) at five hours post fertilization (hpf) then collected, fixed, and stained with Alcian 

Blue at six days post fertilization (dpf) n=8. Representative images of Alcian Blue staining assessed with 

a light microscope.  

Figure 4-13 Tobacco products affected cartilage development in zebrafish 
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Figure 4-14 Tobacco products affected neural crest derived melanocytes 

Fig. 4.14 Tobacco products affected neural crest derived melanocytes: Embryos were placed in a 

tobacco smoke or STE solution with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE (STE 

measured in % solution) at five hours post fertilization (hpf) then collected, fixed and stained with alcian 

blue at six days post fertilization (dpf). The length and area of the location of the melanocytes was 

assessed for the surviving fish, n=8. Statistical analysis done using a one-way ANOVA comparing the 

mean of each concentration to the mean of the control with a DUNNETT test to correct for multiple 

comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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Figure 4-15 Only harm-reducing products affected fish length 

 

Fig. 4.15 Only harm-reducing products affected fish length: Embryos were placed in a tobacco smoke 

or STE solution with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE (STE measured in % solution) 

at five hours post fertilization (hpf) then collected, fixed and stained with alcian blue at six days post 

fertilization (dpf). The length of the surviving fish was measured, n=8. Statistical analysis done using a 

one-way ANOVA comparing the mean of each concentration to the mean of the control with a 

DUNNETT test to correct for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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4.5.5 Both conventional and harm reducing tobacco products affect cartilage 

formation  

In both humans and zebrafish, bone is formed by either intramembranous bone formation 

or endochondral bone formation (EBF)47. EBF is the more prevalent of the two and it 

begins with the formation of a cartilage template that is replaced by osteoprogenitor cells 

that differentiate into osteocytes within a calcified matrix48. Thus, to better understand the 

effect of the tobacco products cartilage formation was also examined.  

Camel, American Spirit, and STE appeared to have significant effects on cartilage 

formation. Particularly, Camel appeared to be significantly changing cartilage architecture. 

To assess the damage done to the cartilage architecture, the length of 4 parameters were 

measured (see Fig. 4.16): A: from the left hyosymplectic (h) to the top of anterior limit 

(an). B: from the left hyosymplectic (h) to the right hyosymplectic (h). C: from the right 

hyosymplectic (h) to the top of ceratohyal (ch). D: from the right articulation (ar) to the left 

articulation (ar). Both A and C measurements were then compared to distance B with A/B 

and C/B ratios respectively (Fig. 4.16). 
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Figure 4-16 Effect of tobacco products on cartilage development in fish 

 

Fig. 4.16 Effect of tobacco products on cartilage development in fish: Embryos were placed in a 

tobacco smoke or STE solution with 0.3 PE, 0.1 PE, 0.03 PE, 0.01 PE, 0.003 PE and 0.001 PE (STE 

measured in % solution) at five hours post fertilization (hpf) then collected, fixed and stained with Alcian 

Blue at six days post fertilization (dpf). Representative images of the surviving fish, n=8. The length of 4 

parameters were measured: A: from the left hyosymplectic (h) to the top of anterior limit (an). B: from 

the left hyosymplectic (h) to the right hyosymplectic (h). C: from the right hyosymplectic (h) to the top 

of ceratohyal (ch). D: from the right articulation (ar) to the left articulation (ar). Both A and C 

measurements were then compared to distance B with A/B and C/B ratios respectively. 
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Camel significantly reduced distances A and C at 0.1 PE and 0.3 PE. Distance B was 

consistently decreased throughout all concentrations (Fig. 4.17A, C, E). Distance D was 

reduced at 0.003 PE and higher (Fig. 4.17B). These measurement changes caused A/B ratio 

to be consistently reduced throughout all concentrations (Fig. 4.17D). On the other hand, 

the C/B ratio was increased, but only at concentrations lower than 0.1 PE (Fig. 4.17F). 

Camel Blue showed significant differences with Measurements A and C at 0.1 PE and 0.3 

PE (Fig. 4.17G and I). Measurement D only showed a significant difference at 0.1 PE (Fig. 

417J). Similar to the Camel treatment, measurement B showed a significant difference at 

all concentrations (Fig. 4.17H) These changes in measurements led to a significant 

difference in both A/B and C/B ratios between 0.001 PE and 0.03 PE (Fig. 4.17K and L). 

The Marlboro and American Spirit treatments did not show any consistently significant 

pattern of cartilage altering effects according to the measurements taken (Fig. 4.18A-F and 

4.19A-F). Marlboro Gold on the other hand showed a decreasing distance B as well as 

Distance D at the highest concentrations (Fig. 4.18H and J). These differences led to a 

significant decrease in A/B ratio between 0.001 PE and 0.1 PE (Fig. 4.18K). That being 

said, the skulls of the zebrafish appeared to have shrunk due to the Marlboro Gold 

treatment, which decreased any effect on the ratios compared to Camel treated fish (Fig. 

4.16). Lastly, STE treatment showed a gradual decrease in measurements A, B and C (Fig. 

4.19G, H, and I). There were no significant differences in the D measurements (Fig. 4.19J). 

The A/B ratio was significant between 0.001 PE and 0.1 PE, while the C/B measurement 

was only significant at 0.001 PE (Fig. 4.19K and L).  
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Figure 4-17 Quantification of the effect of Camel (blue) and Camel Blue (light blue) on cartilage development in fish 

Fig. 4.17 Quantification of the effect of Camel (blue) and Camel Blue (light blue) on cartilage 

development in fish: Embryos were placed in a tobacco smoke or STE solution with 0.3PE, 0.1PE, 

0.03PE, 0.01PE, 0.003PE and 0.001PE (STE measured in % solution) at five hours post fertilization (hpf) 

then collected, fixed and stained with alcian blue at six days post fertilization (dpf). The length of 4 

parameters were measured: A: from the left hyosymplectic (h) to the top of anterior limit (an). B: from 

the left hyosymplectic (h) to the right hyosymplectic (h). C: from the right hyosymplectic (h) to the top 

of ceratohyal (ch). D: from the right articulation (ar) to the left articulation (ar). Both A and C 

measurements were then compared to distance B with A/B and C/B ratios respectively. Statistical analysis 

done using a one-way ANOVA comparing the mean of each concentration to the mean of the control with 

a DUNNETT test to correct for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001  
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Figure 4-18 Quantification of the effect of Marlboro (black) and Marlboro Gold (grey) on cartilage development in 

fish 

 

Fig. 4.18 Quantification of the effect of Marlboro (black) and Marlboro Gold (grey) on cartilage 

development in fish: Embryos were placed in a tobacco smoke or STE solution with 0.3PE, 0.1PE, 

0.03PE, 0.01PE, 0.003PE and 0.001PE (STE measured in % solution) at five hours post fertilization (hpf) 

then collected, fixed and stained with alcian blue at six days post fertilization (dpf). The length of 4 

parameters were measured: A: from the left hyosymplectic (h) to the top of anterior limit (an). B: from 

the left hyosymplectic (h) to the right hyosymplectic (h). C: from the right hyosymplectic (h) to the top 

of ceratohyal (ch). D: from the right articulation (ar) to the left articulation (ar). Both A and C 

measurements were then compared to distance B with A/B and C/B ratios respectively. Statistical analysis 

done using a one-way ANOVA comparing the mean of each concentration to the mean of the control 

with a DUNNETT test to correct for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001   
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Figure 4-19 Quantification of the effect of American Spirit (red) and SNUS tobacco extract (STE) (green) on cartilage 

development in fish 

Fig. 4.19 Quantification of the effect of American Spirit (red) and SNUS tobacco extract (STE) 

(green) on cartilage development in fish: Embryos were placed in a tobacco smoke or STE solution 

with 0.3PE, 0.1PE, 0.03PE, 0.01PE, 0.003PE and 0.001PE (STE measured in % solution) at five hours 

post fertilization (hpf) then collected, fixed and stained with alcian blue at six days post fertilization (dpf). 

The length of 4 parameters were measured: A: from the left hyosymplectic (h) to the top of anterior limit 

(an). B: from the left hyosymplectic (h) to the right hyosymplectic (h). C: from the right hyosymplectic 

(h) to the top of ceratohyal (ch). D: from the right articulation (ar) to the left articulation (ar). Both A and 

C measurements were then compared to distance B with A/B and C/B ratios respectively. Statistical 

analysis done using a one-way ANOVA comparing the mean of each concentration to the mean of the 

control with a DUNNETT test to correct for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 
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In sum, the results from this study suggested that all SS smoke treatments from 

conventional and harm reduction products proved cytotoxic and embryotoxic during 

osteogenic ESC differentiation. In addition, all SS smoke from conventional and harm 

reduction products proved detrimental to fish survival, bone formation, cartilage formation, 

and altered melanocyte migration.  

4.6 Discussion 

Cigarette smoke has been implicated in many different types of cancers, impaired lung 

function, impaired wound healing, osteoporosis, and has deleterious effects on cellular 

functions such as decreasing stem cell capability to differentiate5,49–52. Cigarette smoking 

accounts for roughly 1 in 5 deaths in the United States as it is responsible for 87% of lung 

cancer deaths as well as 30% of all cancer deaths2. This may be due to the delayed 

manifestation of harmful effects as well as the societal unawareness of the extent of the 

harm presented by these products. Thus, cigarettes are the largest source of preventable 

death and disease in the United States.  

The presence of “light” varieties, combustion-less chewable tobacco, and more recently 

electric cigarettes obscure the harmful effects of tobacco and tobacco related products. The 

diversity of tobacco products targets a wide customer base and leads to the spread of 

misleading information and false advertising regarding the safety of these products. For 

decades, tobacco companies have sold cigarettes marketed as less toxic due to lowered 

nicotine, tar, and/or nitrosamine contents. Research for the past two decades has shown 

that these marketing schemes have been very effective in making smokers believe they are 

inhaling less nicotine, tar, and other harmful chemicals and therefore are significantly 
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safer29,53–55. However, the literature and the internal data of tobacco companies show that 

smokers of “light” cigarettes crave more nicotine and will compensate by smoking more, 

inhaling longer and more deeply, and taking more frequent puffs29. Consequently, smokers 

that choose the “light” version of cigarettes inhale significantly more nicotine, tar, and 

other harmful chemicals than the amounts reported from smoke-machine data29. Others 

have also shown no significant difference in heavy metal content between conventional 

and light cigarettes30,31.  

Our in vitro data showed that SS smoke from harm reduction products were equally 

cytotoxic and more teratogenic than conventional products. In that, our results were 

consistent with other studies that found harm reduction products to be as harmful or more 

harmful to murine ESC cultures and the viability of blastomeres during the preimplantation 

stage of development56,57. Additionally, others have shown that light cigarettes are 

nevertheless able to induce diseases that the conventional cigarettes are known to cause, 

such as emphysema58. 

Tobacco smoke has been shown to reduce bone density and increase osteopenia and 

osteoporosis rates in humans8,59. There are several well-established mechanisms to explain 

these differences in bone density. Some indirect mechanisms include smoking-induced 

appetite suppression; this can lead to a lower BMI (body mass index), which decreases the 

mechanical loading needed for increased osteogenesis60. Additionally, a lower BMI is 

usually associated with less adipose tissue, which could affect hormone levels by reducing 

androgen to estrogen conversion, as well as lowering leptin levels60. Likewise, smoking 

enhanced estrogen metabolism resulting in a reduction in estradiol levels achieved through 
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inhibition of aromatase enzyme (estrogen synthase), enhanced irreversible inhibition of 

estradiol in hepatic tissue, and increased serum levels of sex-hormone-binding-globulin, 

reducing freely circulating estradiol levels36,61–64. Smoking has been shown to reduce 

vitamin D and calcium absorption through alteration in parathyroid hormone60,65–68. 

Moreover, smokers have higher cortisol levels which has been shown to decrease bone 

mass by converting osteoblasts to osteoclasts or by inhibiting gastrointestinal absorption 

and renal resorption of calcium69–72. Smokers have lower antioxidant enzyme activity and 

higher oxidative stress, which increase bone calcium resorption and reduce overall bone 

mass8,73. Lastly, specific compounds like polycyclic aryl hydrocarbon compounds, and 

nicotine have been shown to inhibit angiogenesis and osteoblast formation35,68,74,75. 

Our data show that all smoke products had deleterious effects on bone and or cartilage 

formation. Camel, Camel Blue, Marlboro, Marlboro Gold, American spirit, and STE had 

some similarity in the targeted bones, however there were niche effects for each product. 

More specifically, these niche effects include the absence of p targeting in Marlboro and 

Marlboro Gold, a bone that was targeted by all other treatments. Camel damaged the 

overall structure of the cartilage with similar targets and effects observed in the Camel Blue 

treatment. American Spirit was unique in its preservation of the spinal calcification and 

showed no heart or spinal damage. STE was the most lethal to the zebrafish in the 

concentrations tested and caused severe damage to bone formation. These facts may allow 

for the conclusion that there seems to be a commonality in the pathways that cause a 

disruption in bone formation due to exposure to tobacco products, however, there are a few 

nuances between the products as some treatments preserved specific bones and exasperated 
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damage in others.  

Our data further confirm that cigarette smoke negatively impacts neural crest development 

and migration as well as mesoderm formation. Across all treatments, the majority of the 

targets affected were neural crest-derived bones. Furthermore, apart from the spinal 

segment calcification, Marlboro, Marlboro Gold, and Camel Blue did not affect any other 

mesoderm derived bones. “Harm reducing” products either targeted the same bones as the 

conventional counterpart, worsened cartilage structure, or were more devastating to the 

zebrafish overall as observed in American spirit and STE treatments. All the tested tobacco 

products, including those marketed as “harm reducing”, were detrimental to bone 

development. 

While the adverse outcome of tobacco exposure on developing bones seems indisputable, 

the molecular mechanism whereby this occurs remains elusive. Specific pathways in bone 

formation and bone integrity shown to be dysregulated by cigarette smoke are also essential 

for neural crest and mesoderm development. For example, estrogen signaling induces 

neural crest differentiation and impacts mesoderm differentiation rate76–78. It has also been 

shown tobacco smoke reduces estradiol79, a hormonal activator of CTNNB180,81, a 

transcription factor essential in proper neural crest and mesoderm development82.  

Other studies in our lab have concluded that the reduction in osteogenic potential of hESC 

cultures exposed to tobacco smoke is accompanied by an increase in oxidative stress 

(dissertation Dr. Nicole Sparks, unpublished). Since oxidative stress negatively impacts 

ESC differentiation and enhances apoptosis83–86, it seems likely that oxidative stress may 

also be, at least in part, a reason for the delayed hatching and deaths observed in all the 
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treatments at higher concentrations.  

Our previous work also showed a dysregulation of nuclear localization of FOXO1 and 

FOXO3a in response to Camel Blue and STE treatment of hESCs. This link seems 

important since FOXOs together with CTNNB1 induce the transcription of antioxidant 

enzymes in response to oxidative stress87. Thus, tobacco smoke may both increase 

oxidative stress and inhibit the antioxidant enzymes through disruption of 

FOXO/CTNNB1, more specifically reduction in FOXO protein levels and reduction of the 

CTNNB1 activator, estradiol. In addition to regulating the oxidative stress response, 

FOXOs are becoming more and more implicated in bone as well as neural crest 

development88–91. In fact, depletion of FOXO1 and FOXO3a during hESC differentiation 

before osteoprogenitors have been committed significantly reduced calcification (doctoral 

thesis, Nicole Sparks), suggesting that FOXOs not only regulate antioxidant enzyme 

MRNA transcription, but may also occupy specific regions on the chromatin that directly 

participate in osteogenesis, neural crest or paraxial mesoderm development.    

Additionally, our previous data show that osteogenic cultures exposed to STE specifically 

disrupted paraxial mesoderm formation as judged from many mRNAs differentially 

regulated as identified with RNA-seq, which could explain the increased deleterious effects 

observed from STE treatment in this study.  

An additional challenge in the research ahead will be the identification of the chemical in 

tobacco smoke that executes the deleterious outcome. In fact, recent studies estimate that 

cigarettes contain more than 7000 individual chemicals3. This number of chemicals, and 

therefore chemical interactions, makes studying the individual effects of cigarette smoke 
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components a difficult task. While many researchers have chosen to focus on a single 

component, such as nicotine, to study the resulting harm effects of exposure in cell culture 

or in an in vivo model, which simplifies the study of specific mechanisms for the 

detrimental effects seen by cigarette smoke, the compounds studied as individuals do not 

work in isolation and can have thousands of interactions with the other chemical 

compounds present in the cigarette. In fact, our data suggested that nicotine was not the 

culprit chemical that induced the noted decrease in human ESC in vitro osteogenesis92 

(Appendix IV, Fig. A4.1). In other words, the additional compounds may enhance or 

repress the function of the specifically studied compound, reducing the application of these 

studies in understanding the impact of cigarette smoke on the body.  

In fact, preliminary unpublished data from our lab show that even if an individual toxic 

cigarette chemical induces cytotoxicity and embryotoxicity, combining two chemicals alter 

the effects seen with just one individual compound, either, predictably, leading to an 

increase in the cytotoxicity and/or embryotoxicity through a synergistic effect or less 

intuitively repressing the cytotoxic and/or embryotoxic effects (Madeline Vera, 

unpublished data). These combinations became even less predictable when tested as a 

combination of three. Taken together, our research shows that it may prove difficult to 

identify a single toxic compound responsible for the deleterious health effects observed 

and that the effects of cigarette smoke are better assessed as a whole.  
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SUMMARY 

Skeletal development or the process of ossification in the human embryo does not begin 

until 6-7 weeks post-conception. However, these skeletal ossifications are predicated on 

the proper development and migration of their cell origin. Both mesoderm and neural crest 

can give rise mesenchyme cells which in turn will differentiate into bones. The resulting 

bones from mesoderm and neural crest each contribute to a specific region in the skeleton. 

The flat bones in the skull are primarily formed from bone derived from mesenchyme of 

neural crest origin. Additionally, parts of the pelvis are derived from neural crest origin. 

The rest of the skeleton is comprised of mesenchyme of mesoderm origin. Mesoderm 

contributes to the skeletal development though multiple lineages: lateral mesoderm 

contributes to the pelvic and limb skeleton, while paraxial mesoderm makes the vertebrae, 

ribs, and the rest of the skull. Lastly, axial mesoderm makes the embryonic notochord and 

later the adult nucleus pulposus. The various sources of bone and cartilage producing 

mesenchyme must be considered when differentiating bones through the appropriate 

lineage.  

Furthermore, bones are formed either through intramembranous ossification or 

endochondral ossification. Intramembranous bone formation occurs through mesenchymal 

sheets condensing together to form ossification centers and produce osteoblasts. 

Endochondral bone formation on the other hand requires a cartilage base that forms the 

template for the forming bone. The chondrocytes in the middle of the formed template die 

and leave a cavity for blood vessels to invade and bring osteoprogenitors to fill in the 
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cavity. The cartilage template continues to grow, and the process repeats until the bone 

reaches its final length. These differences must be considered when developing 

experiments as these pathways and cell lineage formations are tightly regulated and are 

affected by several signaling pathways, miRNA regulation, and may be perturbed by 

several environmental toxicants.   

WNT signaling is an essential transduction pathway for bone formation. WNT signaling 

plays a role in the development of not only osteoblast formation but in the formation of 

mesoderm and neural crest lineages. Previous work in our lab demonstrated that osteoblast 

formation in ESC is impacted by WNT signaling as early as day 5. In this thesis we showed 

that CTNNB1 levels fluctuate during early ESC differentiation and specifically increase 

during embryonic body formation. This is consistent with other literature describing neural 

crest development increasing WNT signaling throughout the neural crest induction and 

migration. It is also consistent with earlier data from our lab showing that our mESC 

osteogenic protocol yielded significantly more osteoblast from neural crest origin. We also 

showed that the WNT signaling increase is followed by a large decrease on day 6; if this 

decrease is disrupted by the addition of WNT activators, this perturbs the osteogenic 

process. 

WNT and other pathways that control skeletal development and lineage differentiation are 

regulated by several miRNAs. Our microarray data uncovered the fluctuation of multiple 

miRNAs during the process of differentiating mESC into osteoblasts. Namely, miR-690 

was intriguing as its expression increased after the addition of osteogenic factors. We 

showed in our work through bioinformatics, immunoblot, and luciferase assay analysis that 
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miR-690 directly targets and inhibits CTNNB1. To further enhance the increase of miR-

690 and thereby the decrease of CTNNB1, we transfected cells with miR-690. This resulted 

in an increase in osteogenic potential and suggested a lineage change. Stable transfection 

of miR-690 (miR-690s) yielded a different pattern of CTNNB1 protein levels during 

osteogenic differentiation albeit at consistently lower levels than the wild type. The stable 

transfection still increased the osteogenic yield, but the pattern of calcification differed. 

ICC, qPCR, and RNAseq data suggest that transient as well as the stable transfections 

enhanced several cell fates including head mesenchyme/prechordal mesenchyme/brachial 

arches of neural crest origin, lateral plate/somatopleure, limb bud of mesoderm origin. 

Most interesting perhaps is that miR-690, a miRNA only confirmed in murine, also has 

potential human targets. We confirmed the CTNNB1 target via western blot analysis and 

showed that miR-690t also increased the osteogenic yield in hESC. In human cultures miR-

690 enhanced head mesenchyme and paraxial mesoderm formation. This possible lineage 

change pointed to the possibility of altered, added, or missing targets in the hESC compared 

to the mESC. Furthermore, bioinformatics analysis of miR-690 targets between mouse and 

human showed a remarkable overlap between most of the proposed genes. However, there 

were a few genes which miR-690 potentially targets in mice that were not conserved in 

humans or the gene itself was not present in humans. Similarly, miR-690 potentially 

targeted in human genes that were not conserved in mice or the gene itself was not present 

in mice. These results along with the metabolic regulatory potential of miR-690 make it an 

intriguing miRNA for further investigation. 
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Environmental toxicants have long been linked to deleterious health and developmental 

effects, and perhaps none more so than cigarette smoke. Cigarette smoke is among the most 

studied form of toxicants and has been shown to cause and worsen cancers, wound healing, 

and osteoporosis. The effect that smoke has on a smoker’s bones is well documented 

showing lower bone density, increased osteoporosis, increased hip injury, and slower 

healing times. These harmful effects were linked to oxidative stress, hormonal imbalances, 

and osteoblast differentiation inhibition. Furthermore, tobacco companies attempt to 

bypass the stigma against cigarettes with alternative cigarette branding claiming lower 

nicotine, and tar contents. However, research shows that these harm reduction products do 

not significantly reduce the actual consumption of nicotine or tar and may contain just as 

many if not more heavy metals. In this thesis, our work shows the deleterious effects of 

both conventional and “harm-reduction” cigarette smoke both in vitro and in vivo.  

Side stream cigarette smoke from both conventional cigarettes showed significant 

cytotoxic and teratogenic effects in hESC osteogenic cultures. These deleterious effects 

were not curbed in alternative lower nicotine versions of the cigarettes, nor were they 

curbed with combustion-less chewing tobacco (SNUS) or organic cigarettes were tested. 

Similarly, all tobacco products negatively impacted early bone development in zebrafish, 

specifically SNUS, and American spirit appeared to be most detrimental. Cartilage 

formation was also severely impacted by SNUS, Camel, Camel Blue, and Marlboro gold. 

Furthermore, these treatments also inhibited melanocyte migration indicating a perturbance 

in neural crest formation or migration. In fact, most of the targeted bones were of neural 

crest origin.  
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These findings add to the already long list of deleterious effects of cigarette smoke. 

However, they offer insight into their potential mechanism of action in disrupting early 

bone formation. Furthermore, this work serves to dispel the notion of “safe” cigarette 

smoke. 
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CONCLUSION 

The work in this thesis links the importance of the WNT and FOXO pathways in both bone 

development and their role in response to toxins (reference Chapters 3 and 4). MiR-690 

transfection inhibited both CTNNB1 and FOXO3A protein levels indicating a role for miR-

690 in the regulatory control over the specific functions executed by the pair. FOXOs in 

general have been shown to be pro-apoptotic and to activate osteogenic biosynthesis1,2. 

These contrasting roles appear to be modulated by the partner protein of choice. CTNNB1 

is one such partner3,4 that stimulates pro-osteogenic signals during specific developmental 

windows. The pair activates transcription factors such RUNX2, DLX5, and ALP5. The 

tight partnership during early osteoprogenitor formation explains the mirrored oscillating 

protein levels during the first 8 days of osteogenic development. However, this 

codependency during this developmental period is not always necessary for optimal 

osteogenesis as was shown by the observed lag of FOXO3A protein levels in miR-690s 

(discussed in chapter 3). The lag may increase osteogenic potential but may also delay 

overall development as a side effect. Therefore, timely activation of these transcription 

factors is essential to achieve optimal osteogenic differentiation. As such the disruption, 

whether it be up or down regulation, of these two partner proteins via miRNAs, small 

molecules, or toxin exposure leads to alteration in osteogenic potential. Furthermore, these 

two factors have been shown to be crucial during early germ layer formation and as such 

their disruption at these early stages may lead to alterations in overall osteogenic potential 

through neural crest and mesoderm specific growth inhibition.  
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MiR-690 overexpression, whether transient or stable, altered cell fate and increased 

osteogenesis through CTNNB1 and FOXO3A pattern and protein expression modification. 

In addition, previous work in our lab showed that cigarette smoke exposure altered FOXO 

levels and inhibited osteogenesis (Dr. Nicole Sparks, doctoral thesis). Similarly, cigarette 

smoke exposed zebrafish suffered from cartilage and bone formation inhibition. These 

retardations in osteogenic development could be due at least in part to cigarette smoke 

inhibition of FOXO3 and therefore alteration of CTNNB1 and FOXO3A functions.  
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APPENDIX I:  Supplemental material for Chapter 3 

 

Figure A1.1 mESC osteogenic differentiation experimental design: (A) A time course of the mESC 

hanging drop osteogenic protocol. (B) ALP activity was measured via the hydrolysis rate of p-nitrophenyl 

phosphate, n=5±SD. Calcification on days 11, and 30 was measured by Arsenazo III, n=5±SD. *P<0.05, 

Student’s T-Test. (C) qPCR analysis of wildtype mESCs of Cbfa1 (RUNX2) mRNA).  
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Figure A1.2 Genetic and protein analysis of cell mESC during a 20-day differentiation course: (A) 

RT-PCR results for Pou5f1 (OCT4) on days 3, 5, 6, and 8. Gapdh is a loading control. (B) FACS analysis 

of T-BRA and PAX7 on day 3 of differentiation. (C, D, E) qPCR analysis of wildtype mESCs on days 0, 

5, 8, 12, and 20 of the differentiation. Genes analyzed are T/Bra, Pax7, Tbx6, Gbx2, Mixl1, Zic1, Sox9, 

Tfap2a, Sox1 Pdgfrα, and Twist1 normalized to Tbp; n=3±SD. (F) FACS analysis of CD105 on day 5 and 

8 of differentiation.  
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Figure A1.3 Chromosomal location of identified microRNAs. (A) microRNA organization according 

to genomic location reveals clustered microRNAs. Red writing denotes microRNAs identified to target 

AMPK. Chromosomal length not to scale. 
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Figure A1.5 Expression of genes in miR-690s cell line: qPCR analysis mESCs stably transfected with 

miR-690 (miR-690s), n=3 normalized to Tbp. 

Figure A1.4 Relative efficiency of miRNA overexpression in ESCs: ESCs were transfected with the 

pSuper miRNA expression vector using Effectene transfection reagent. Total RNA was isolated 24h and 

48h post-transfection and miRNA expression was analyzed by RT-qPCR using miRNA-specific TaqMan 

Assay. Results are expressed as mean ± SD, (n=3) and normalized to signal obtained from sno202.  
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Table A1.1 and A1.2 List of primers used in this study.  
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APPENDIX II: RNAseq Analysis 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure A2.1: RNA-seq analysis uncovered differentially regulated mRNAs upon miR-690 

manipulation. (A) Principle component analysis showed that all triplicates clustered together 

within their sample group. (B) Bland–Altman (MA) plots. (C) Volcano plots of differentially 

expressed genes for miR-690t5-7 [Log2FC >1 and p.adjust< 0.05 (FDR = 5%)], and miR-690s 

[Log2FC >2 and p.adjust< 10e-6 (FDR = 0.0001%)]. (D) Table listing the number of differentially 

regulated mRNAs across samples. (E) VENN diagram signifying the overlap between up- and 

downregulated mRNAs between miR-690t5-7 and miR-690s. Diagrams were created with 

VENNY 2.1 (Oliveros, J.C. (2007-2015) Venny. An interactive tool for comparing lists with 

Venn's diagrams. https://bioinfogp.cnb.csic.es/tools/venny/index.html). Cell culture and library 

prep Omran Karmach, bioinformatic analysis Desiree Williams. 
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  Figure A2.2 Heatmaps showing the top 100 DEGs in mESCs transiently or stably transfected 

with miR-690. The following criteria were used to select differentially expressed genes: (i) RPKM of 

≥0, (ii) rlog transformation of count data to a log2 scale, then (iii) subset 100 of the most highly 

variable genes and calculating the amount by which each gene deviates in a specific sample from the 

gene's average across all samples (row means). Cell culture and library prep Omran Karmach, 

bioinformatic analysis Desiree Williams.   
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Figure A2.3: Over-representation analysis for enrichment of genes within biological processes was 

performed using differentially expressed genes with an FDR of 5%. Graphs were generated using 

compareCluster function within the clusterProfiler R package (https://doi.org/10.1089/omi.2011.0118). 

Cell culture and library prep Omran Karmach, bioinformatic analysis Desiree Williams.  
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Figure A2.4: Enrichment map containing a network of over-represented gene ontologies. Generated 

from the differentially expressed genes with an FDR of 5% using the emapplot function in the 

clusterProfiler R package (https://doi.org/10.1089/omi.2011.0118). Cell culture and library prep Omran 

Karmach, bioinformatic analysis Desiree Williams.   
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Figure A2.5: miR-690 expression associates with endochondral bone formation GO terms. (A) 

Overrepresented upregulated GO terms shared between miR-690t5-7 and miR-690s include such that 

denote a role for miR-690 in skeletal development. (B) VENN diagram created with VENNY 2.1 

(Oliveros, J.C. (2007-2015) Venny. An interactive tool for comparing lists with Venn's diagrams. 

https://bioinfogp.cnb.csic.es/tools/venny/index.html) from all GO terms that associated with skeletal 

development showed a significant overlap between GO terms in miR-690t5-7 and miR-690s. (C) Average 

RPKMs were charted for genes associated with endochondral bone formation, the topmost significant 

overlapping GO term category (see Table Appendix 2.1). *p.adjust<0.05 over respective control 

condition (miR-scr5-7 or WT). Cell culture and library prep Omran Karmach, bioinformatic analysis 

Desiree Williams. 
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Table A2.1: List of GO terms categorizing mRNAs differentially regulated in miR-690t5-7 and 

miR-690s, as well as the ones shared between both conditions. Cell culture and library prep Omran 

Karmach, bioinformatic analysis Desiree Williams. 
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  Figure A2.6: GO term analysis for KEGG signaling pathways (DOI: 10.1038/nprot.2008.211) shows 

substantial overlap between MAPK, insulin and Wnt signaling pathways in both conditions. Cell culture 

and library prep Omran Karmach, bioinformatic analysis Desiree Williams.  

Table A2.2(next page): List of differentially regulated mRNAs that associate with MAPK signaling.  

https://doi.org/10.1038/nprot.2008.211
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Table A2.3. List of differentially regulated mRNAs that associate with Wnt signaling. Note that non-

canonical WNt signaling is up-regulated in both conditions. 
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Table A2.4. List of differentially regulated mRNAs that associate with insulin signaling.  
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APPENDIX III: RPKM for genes associated with cell lineages 

  

Figure A3.1 (continued next page): RPKMs found with next generation RNA-sequencing for 

mRNAs that associate with the Limp bud 
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Figure A3.2: RPKMs found with next generation RNA-sequencing for mRNAs that associate with 

the Lateral Plate 
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Figure A3.3: RPKMs found with next generation RNA-sequencing for mRNAs that associate with 

the Somatopleure 
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Figure A3.4: RPKMs found with next generation RNA-sequencing for mRNAs that associate with 

the Brachial Arches 1 



 248 

APPENDIX IV: Supplemental material for Chapter 4 

 

  

Fig. A4.1 Nicotine was not the cause of the reduction of osteogenesis: (A) Nicotine content of 

the tested cigarettes. (B) Mineralization of hESCs after treatment with different concentrations of 

tobacco extract normalized to nicotine content. 
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Fig. A4.2 Visual representation of normal and defective zebrafish embryos: Representative images 

of healthy fish and the different types of defects quantified in this study.  




