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ABSTRACT 
 
 
 

THE ROLE OF CD49f - INTEGRIN α6- IN HUMAN STEM CELL BIOLOGY 
 

by 
 

SURAJ TIMILSINA 
 

Adviser: Luis Villa-Diaz, Ph.D. 
 
 
Owing to the intrinsic capability for unlimited self-renewal and the ability to make all the 

cells in the body, pluripotent stem cells (PSC) are an ideal candidate to be used as starting 

material for cell therapies. The development of a standard human PSC (hPSC), which 

includes embryonic stem cells (hESC) and induced pluripotent stem cells (hiPSC), 

culture methods using completely defined and xeno-free culture environment will 

advance our knowledge of hPSC biology, and also increase the effectiveness of hPSC 

expansion on defined conditions for potential human applications.  

It has been shown that stem cell fates are controlled by their specialized 

microenvironment, the stem cell niche, via direct cell-cell interactions, cell-extracellular 

matrix (ECM) contact- largely by surface proteins known as integrins- and the molecular 

signals emitting from the niche. Activation of integrins by binding to their ligands 

triggers signal transduction mechanisms involved in cell fate determination. In addition, 

because of their cell surface localization, integrins are used as biological markers to 

identify cell populations, and in this regard, integrin α6 (ITGA6), also known as CD49f, 

is a key biomarker identifying stem cells as it is commonly expressed in all identified 

stem cell types. Although, numerous findings strongly suggest that CD49f plays 



vi 
 

important functions in stem cell biology, the underlying molecular mechanisms by which 

CD49f sustain stem cell’s self-renewal have been only partially described. 

In this project I have established a chemically defined and xeno-free culture condition for 

long-term maintenance and derivation of hPSC using chemically defined and xeno-free 

culture conditions. I also described a novel molecular mechanism involved in the 

maintenance of self-renewal and proliferation of hPSC using simulated microgravity 

(sµg). Moreover, my results highlighted CD49f as a reliable biomarker in identifying and 

characterizing functional status of human mesenchymal stem cells (hMSC). 
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CHAPTER ONE 

BACKGROUND AND SIGNIFICANCE 
 
 
 

1.1: Human Stem Cells as Experimental Model 

1.1.1: Statement of the Problem  

Three basic categories of cells make-up the human body: germ cells, somatic cells 

and stem cells. A stem cell has the ability to divide indefinitely and to give rise to mature 

specialized cell types. In other words, when a stem cell divides, the daughter cells can 

either enter a path leading to the formation of a differentiated specialized cell or self-

renew to remain a stem cell, thereby ensuring that a pool of stem cells is constantly 

replenished in adult organs (1).  

It has been shown that stem cell fates are controlled by their specialized 

microenvironment, the stem cell niche, via direct cell-cell interactions, cell-extracellular 

matrix (ECM) contact and the molecular signals emitting from the niche. Stem cells are 

anchorage-dependent cells and are bound to ECM largely by cell surface proteins known 

as integrins. Integrins are a large family of receptors which play key roles in cellular 

adhesion to ECM ligands and adjacent cells and serve as a link between extracellular 

components (matrisome), the cytoskeleton and non-receptor serine/threonine and tyrosine 

kinases. In mammals, there are 24 known heterodimeric integrin receptors comprising of 

a non-covalent pairing of one of 8 β subunits with one of 18 α subunits; and each with 

unique substrate affinities to ECM components including laminins, collagens, and 

fibronectin, as well as specific and non-redundant functions (2, 3).  
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Activation of integrins by binding to their ligands triggers signal transduction 

mechanisms involved in survival, shape, proliferation, motility, polarity, gene expression, 

cell differentiation, and apoptosis (4). In addition, because of their cell surface 

localization, integrins are used as biological markers to identify cell populations, and in 

this regard, integrin α6 ( CD49F), also known as CD49f, is a key biomarker identifying 

stem cells (5). CD49f is identified as the only biomarker commonly expressed in all 35 

identified populations of stem cells, including pluripotent stem cells (PSC) (which 

includes embryonic stem cells (ESC) and induced Pluripotent stem cells (iPSC)), somatic 

stem cells and cancer stem cells (5). CD49f distinguish stem cells from progenitor cells 

and differentiated somatic cells of their lineages (6). In the cardiac lineage, for example, 

CD49F is highly expressed in cardiac stem cells and atrial cardiomyocytes, while its 

expression is lower in ventricular cardiomyocytes, and absent in cardiac fibroblasts (7).  

 CD49F forms heterodimers with integrin B1 (ITGB1, also known as CD29) 

and/or integrin B4 (ITGB4, also known as CD104), to function as laminin receptors (2). 

ITGB4 is reported to be found in one stem cell population (8, 9), while ITGB1 (10-20) 

and laminins (21-28) have been identified in 11 stem cell populations. Furthermore, it has 

been shown that both ITGB1 and laminin contribute to regulating the balance between 

self-renewal and differentiation in several stem cell populations (29). While these 

findings strongly suggest that CD49f plays important functions in stem cell biology, the 

underlying molecular mechanisms by which CD49f sustain stem cell’s self-renewal have 

been only partially described. Thus, further elucidation of these mechanisms is critical to 

advance our understanding of stem cell regulation. In the present work I will explore the 
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role of α6 integrin in regulating the fate of human stem cells (self-renewal and 

differentiation). 

1.1.2: Stem Cells and Their Biological Properties and Classification 

Stem cells are a subset of unspecialized cells that are found in multicellular 

organisms. They have the unique abilities to replenish themselves through self-renewal 

and to differentiate into different types of mature cells, which play essential roles in 

organogenesis during embryonic development and tissue regeneration (30, 31). Since the 

1980’s when stem cells were first isolated, scientists have been working to understand 

their behavior and properties in hopes of altering care of individuals with hematologic, 

oncologic, dermatologic, ophthalmologic, and orthopedic conditions. In recent years, 

there has been a great increase in our understanding of stem cell biology. The potential 

clinical applications lead to an extended interest in the use of stem cells in many medical 

disciplines. The most important role stem cells play in medicine is in cell therapy – 

replacement of cells that have been lost, destroyed, or altered.  

Most of the 300 trillion cells of the body have completely specialized functions. 

Blood, lung, brain, skin or liver cells are all specialized for what they do. Stem cells, on 

the other hand, do not have a specialized function; they are an immature/unspecialized 

kind of cells that still have the potential to develop into many different cell types (32). 

Blastocysts, formed 4 to 5 days after the ovum is fertilization, are composed of two 

distinct cell types: the trophectoderm (TE, which will give rise to placental tissue) and the 

inner cell mass (ICM), which develops into epiblasts and induces the development of a 

fetus and also if isolated in the right in vitro conditions form embryonic stem cells (ESC) 

(33). Blastocysts are responsible for the regulation of the ICM microenvironment. As the 
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TE continues to develop and begins to form specialized support structures needed for the 

successful uterus implantation of the embryo, such as the placenta, the ICM cells remain 

pluripotent and proliferative. The pluripotency of stem cells allows them to form any cell 

of the organism (34). During the process of embryogenesis, cells form aggregations 

called germ layers: endoderm, mesoderm and ectoderm (Fig. 1.1.3(35)), each eventually 

giving rise to differentiated cells and tissues of the fetus and, later on, the adult organism. 

After ESC differentiate into one of the germ layers, they become multipotent stem cells, 

whose potency is limited to only the cells of that particular germ layer. After that, 

multipotent stem cells exist all over the organism as undifferentiated cells, and their key 

abilities are proliferation by the formation of the next generation of stem cells and 

differentiation into specialized cells under certain physiological conditions. 

Signals that influence the stem cell specialization process can be divided into 

external, such as physical contact between cells or chemical secretion by surrounding 

tissue, and internal, which are signals controlled by the expression and transcription of 

genes. 

The ESC can be described as pluripotent because they are able to eventually 

differentiate into every cell type in the organism as their in vivo counterpart, the ICM. 

Somatic or adult stem cells, on the other hand, are found in specialized niches among 

differentiated cells in the body during development and adult life. The function of these 

cells is to enable the healing, growth, and replacement of cells that are lost each day, by 

reaching end of their live cycle, by damage and/or diseases.  
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Figure 1.1.3: The potency tree of stem cells. The more developed stem cells become, and 
the more committed to their lineage, the lower their potential to give rise to different 
types of cells. A few exemplary stem cell lineages and some of their progeny are 
depicted. 

 

 

In addition to being unspecialized, all stem cells have two additional properties: self-

renewal, and potency. They can reproduce over and over again through asymmetric cell 

division, the newly produced offspring cells preserve the characteristics of the mother 

cell that has a different potency and lineage potential, such as a committed progenitor that 
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transiently amplifies to make several offspring. Most progenitor cells are multipotent or 

unipotent; therefore, they are also compared to adult stem cells. But they are in ‘center’ 

between stem cells and fully differentiated cells. Progenitor cells are usually found in 

adult organisms where they act as a repair system for the body. They replenish special 

cells and also maintain blood, skin, and intestinal tissues (1, 34). Examples of progenitor 

cells include satellite cells in muscles, bone marrow stromal cells, etc. 

Below is a glossary of words that are frequently used in these project 

Self-renewal: The ability of cells to proliferate without the loss of differentiation potential 

and without undergoing senescence (biologic aging). Stem cells are hypothesized to be 

able to divide symmetrically (in which both daughter cells are either stem cells or 

differentiated cells) or asymmetrically (yielding one stem cell and one more 

differentiated cell).  

Homing: A process by which stem cells reach and stablish into the different parts of the 

body. 

Plasticity: The ability of stem cells to differentiate into cell types beyond the tissues in 

which they normally reside. 

Potency: Stem cells exist both in embryos and adult cells. There are several steps of 

specialization. Developmental potency is reduced with each step, which means that a 

unipotent stem cell is not able to differentiate into as many types of cells as a multipotent 

or a pluripotent one. Hence, potency is the ability to differentiate into different cell types, 

and can be either totipotent, pluripotent, multipotent, or unipotent. 

 Totipotent cells have the capability to produce all cell types of the developing 

organism, including both embryonic and extraembryonic (such as placenta) 
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tissues. Example is a zygote. These cells can later develop either into any of the 

three germ layers or form a placenta. After approximately 4 days of the zygote 

formation, the blastocyst’s inner cell mass becomes pluripotent and is the source 

of pluripotent cells. 

 Pluripotent stem cells (PSC) form cells of all germ layers but not extraembryonic 

structures. Embryonic stem cells (ESC) are an example. Another example is 

induced pluripotent stem cells (iPSC). Their pluripotency is a continuum, starting 

from completely pluripotent cells and ending on representatives with less potency 

- multi-, oligo- or uni-potent cells.  

 Multipotent stem cells have a narrower spectrum of differentiation, but they can 

specialize in discrete cells of specific cell lineages. One example is a 

hematopoietic stem cell, which can develop into several types of blood cells. 

After differentiation, a hematopoietic stem cell becomes an oligo-potent cell 

whose differentiation abilities are then restricted to cells of its lineage. In day 10 

to 14 post-fertilization in the human, most stem cells are restricted to be either 

multipotent or unipotent. 

 Unipotent cells make cells of a single cell type. An example is a germ cell, a stem 

cell that only makes the cells that mature to become egg or sperm.  

1.1.3: Sources of Stem Cells  

Embryonic Stem Cells 

Embryonic stem cells are derived from the embryo. In humans, they are derived 

7-10 days after fertilization from the pre-implantation blastocyst. As mentioned above, 

ES cells are pluripotent (36).  



8 
 

Adult stem cells  

Adult stem cells, also known as somatic stem cells, are undifferentiated 

pluripotent or multipotent cells, found throughout the body after embryonic development 

that multiply by cell division to replenish dying cells and regenerate damaged tissues. 

They persist throughout life, and have been identified in many tissues including brain, 

bone marrow, blood vessels, heart, liver, and others. However, unlike embryonic stem 

cells, which are defined by their origin (the inner cell mass of the blastocyst), the origin 

of adult stem cells in some mature tissues is still under investigation (37). 

Induced pluripotent stem cells 

In 2006, an experiment was done in which genes that were usually expressed in 

ESC were introduces into mature cells. This process called genetic reprogramming, lead a 

small number of mature cells to revert back to a highly immature cell state that resembled 

an ESC. It induced a pluripotent state in a previously differentiated cell, hence the name 

(38).  

1.1.4: Major Historical Perspective in Stem Cell Research 

The discovery of stem cell populations has been an ongoing effort of several 

decades. The term ‘stem cell’ goes far as back as 1908 when the Russian histologist 

Alexander Maximow developed and introduced a theory of hematopoiesis, a theory upon 

which our present concept of blood cells' origin and differentiation is based(39). 

The presence of self-renewing cells in mouse bone marrow was first illustrated in 1963 

by McCulloch et al (40). In 1968, the first successful bone marrow transplant between 

two siblings was done. Hematopoietic stem cells were discovered in human cord blood in 

the year 1978. Martin et al (41)derived ESC from the inner cell mass of mouse embryos 
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in 1981. Gail Martin is attributed for coining the term "embryonic stem cell." The first 

evidence of cancer stem cell was observed in 1997. Leukemia is shown to originate from 

a hematopoietic stem cell. A year later, James Thomson and co-workers at University of 

Wisconsin-Madison derived the first human ESC line (42, 43).  

In 2006, Professor Shinya Yamanaka and his group published the groundbreaking 

work about induced pluripotency in stem cell research. By the end of 2007, a Nobel Prize 

was awarded to Mario Capecchi, Martin Evans, and Oliver Smithies in Physiology and 

Medicine for their work on ESC from mice using gene-targeting strategies producing 

genetically engineered mice (known as knockout mice) for gene research (42, 44).  

In 2010 Xu et al. revealed the core signaling regulatory mechanism for pluripotent stem 

cell survival and self-renewal. In 2012, Nobel Prize for Medicine and Physiology was 

awarded to Dr. Yamanaka for creating induced pluripotent stem cells, and to Dr. John 

Gurdon who demonstrated early the adult cells have the genetic information to be 

pluripotent. In 2014, teams led by Dieter Egli and Young Gie Chung independently 

produced monkey embryonic stem cells from adult cells, using therapeutic cloning. Egli’s 

team use skin cells from a woman with diabetes and demonstrate that the resulting stem 

cells can be turned into insulin-producing beta cells (42, 44). Hence, there are many alike 

reports of putative stem-cell-based treatments in genetic and degenerative disorders or 

severe injuries, however, the number of proven stem cell therapies still remain small.  

1.1.5: Stem Cells in Medicine 

Stem cells have great potential to become one of the most important aspects of 

medicine, as pluripotent stem cells give rise to the entire body of the organism. In some 

adult tissues, such as bone marrow, muscle, and brain, discrete populations of adult stem 
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cells generate replacements for cells that are lost through normal wear and tear, injury, or 

disease. In addition to the fact that they play a large role in developing restorative 

medicine, their study reveals much information about the complex events that happen 

during human development. 

Many serious medical conditions, such as birth defects or cancer, are caused by 

improper differentiation or cell division. Currently, several stem cell therapies are 

possible, among which are treatments for spinal cord injury, heart failure(45), retinal and 

macular degeneration(46), tendon ruptures, and type 1 diabetes(47). Stem cell research 

can further help in better understanding cell physiology, human development and 

diseases and this may result in finding new ways of treating currently incurable diseases. 

1.1.6: Stem Cell Microenvironment: The Niche 

In vivo stem cells live in a complex microenvironment called the stem cell niche 

(Fig. 1.1.6(48)) (48, 49) and this niche influences cell behavior and regulates cell fate 

decisions by providing a variety of signals (50). These signals may be structural, 

physical, electrical, or biochemical. The stem cell niche typically constitutes stem cells, 

supporting cells, and the ECM. The ECM, the physical scaffold synthesized by cells, is 

involved in almost all of these signals. Cells elaborate their ECM by secreting proteins, 

and later, the ECM regulates cell behavior and influences the remodeling of their matrix. 

It’s now widely accepted that ECM properties play a critical role in controlling stem cell 

fate. Such ECM properties include the protein composition of matrices, the availability of 

binding sites for specific integrin heterodimers, growth factor and cytokines, and physical 

properties like rigidity. Integrins, as a micro-environmental sensor, mediate interactions 

between stem/support cells and the surrounding ECM. The cell-ECM interactions are 
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critical for niche morphogenesis, anchorage of stem and support cells, positioning of 

dividing stem cells, and controlling the balance between stem cell renewal and 

differentiation (51, 52). 

1.2: Cell Adhesion and Significance in Stem Cell Biology 

The ability of a cell to adhere to other cells and to the surrounding extracellular 

matrix in a highly specific manner is essential to maintain integrity and order in 

multicellular organisms. Adherence provides fundamental cues to the cell to polarize, 

elaborate specific products, migrate to correct destinations, or make physiological 

barriers and cooperative tractions (2). This high specificity in cell adhesion is reflected in 

the multiplicity of cell adhesion molecules that a cell normally has and the variety of 

extracellular matrix molecules that the cell interacts with (53-55).  

Several adhesion receptor supergene families have been described: integrins, 

cadherins, selectins, CD44 related molecules and transmembrane proteoglycans (53). 

Integrins are the major group of cell adhesion receptors that mediate attachment to the 

extracellular matrix and are the focus of this thesis. 

1.2.1: Integrins and Their Structure 

The name “integrin” was suggested for an integral membrane protein complex first 

characterized in 1986 (56). The name was devised because the protein identified linked 

the extracellular matrix to the cytoskeleton (early developments in this field have been 

well described (57). 
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Figure 1.1.6: Schematic diagram of the stem cell niche. A stem cell and its interacting 
factors and components of the microenvironment known to regulate resident stem cells 
are shown. The actual niche architecture and components may vary for different types of 
embryonic, adult stem cells and progenitor cells. Not drawn to scale are examples of 
various cellular niche elements (fibroblasts, MSC, pericytes, endothelial cells, 
macrophages, tissue-specific niche architecture cells, and the interacting receptors); 
extracellular matrix (collagen, laminin, fibronectin, basement membrane, and the 
interacting integrins); secreted factors (exosomes, chemokines, hormones, and the 
signaling receptors); metabolism producing nutrients and redox state and their channels 
and transporters; and physical forces within the niche architecture and the corresponding 
mechanoreceptors.  

 

The integrin family of adhesion molecules is drawing increasing attention as 

active regulators of stem cells. They are present in all nucleated cells, often in large 

numbers and many members can be expressed simultaneously in a given cell. Cells 

interact with ECM molecules via these surface receptor glycoproteins. The type and 

quantity of integrins on each cell are specific to the cell and tissue type. Integrins primary 

function is to facilitate the interactions between cells and ECM and transduce chemical 

and physical signals from the matrix. They are involved in many cellular functions, 

including cell cycle progression, cell adhesion, migration, survival and are also 
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responsible for the organization of the cytoskeleton and structural components of the 

ECM(58).  

Integrins are heterodimeric transmembrane receptors composed of two 

glycoprotein subunits, α and β. In vertebrates, 18 α subunits and 8 β subunits have been 

found, and they can form at least 24 different heterodimeric structures. Each subunit has a 

large extracellular domain and short cytoplasmic fragment (50 amino acids, with the 

exception of β4 which is about 1000 amino acids) forming a typical type I 

transmembrane glycoprotein (4, 59, 60). 

The extracellular domain of integrins binds to ECM ligands, such as laminin, 

fibronectin, collagen, and vitronectin, while the intracellular domain connects with 

cytoskeletal proteins, such as α-actinin and talin, as well as regulatory proteins, like 

calreticulin and cytohesin. Integrins interact with ligands through weak interactions, 

however, the ligand-binding affinity may be modulated by intracellular signals. In 

general, the ligand-binding domain of integrins is at the ends of integrins, and it has 

portions on both subunits. Once the ligand binds the two subunits, the induced 

conformational change physically pushes the two subunits apart and initiates downstream 

signaling. The binding between integrin receptors and ECM proteins is not specific. One 

ligand may interact with different integrin receptors, while one integrin may recognize 

different ligands. This transmembrane linker role makes integrins important in cell–

cell/cell–ECM adhesion, signal transduction, and growth factor receptor responses (5, 61, 

62). 

Integrins communicate in both directions in a cell. In outside-in signaling, ligands 

bind to extracellular integrin domains, where a conformational change occurs so that the 



14 
 

signal is transmitted into the cell. Inside-out signaling originates from non-integrin cell 

surface receptors or cytoplasmic molecules and it activates signaling pathways inside the 

cells, ultimately resulting in the activation/deactivation of integrins. And here, adhesion 

may be regulated both by conformational changes in the integrin and by valency change 

(integrin clustering) (2). 

In order to understand signaling dynamics, it is important to have a good 

knowledge of integrin structure. As described above, integrins are heterodimers of non-

covalently associated α and β subunits. The α and β subunits are constructed from several 

domains with flexible linkers between them. Each subunit has a single membrane-

spanning helix and, usually, a short unstructured cytoplasmic tail. The size varies but 

typically the α and β -subunits contain around 1000 and 750 amino acids, respectively (3, 

58, 59).  

Integrin α subunits 

The α subunit is composed of a seven-bladed β-propeller, which is connected to a 

thigh, a calf-1, and a calf-2 domain, together forming the leg structure supporting the 

integrin head (Fig. 1.2.2)(58). The last three or four blades of the β-propeller contain 

EFhand domains that bind Ca2+ on the lower side of the blades facing away from the 

ligand-binding surface. Nine of the integrin α chains contain an I domain, also called the 

A domain, which is a domain of approximately 200 amino acids, inserted between blades 

2 and 3 in the β-propeller. Ligand binding occurs via a coordinating Mg2+ ion in the 

metal-ion-dependent adhesion site (MIDAS) motif (63, 64).  

Integrin β subunit 
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The β subunit contains a plexin-sempahorin-integrin (PSI) domain, a hybrid 

domain, a βI domain, and four cysteine-rich epidermal growth factor (EGF) repeats(65). 

The βI domain contains an Mg2+ coordinating MIDAS and a site adjacent to MIDAS 

(ADMIDAS) binding an inhibitory Ca2+ ion, and where binds the Mn2+ ion leading to a 

conformational change resulting in an active form of the integrin(64). The β integrin 

chains share homology in the cytoplasmic tail, with NPX/Y motifs able to bind proteins 

containing PTB domains, and several proteins were reported to interact with the β 

subunit. Talin 1–2 and kindlins 1–3 seem to act synergistically to activate integrins by 

binding to integrin β subunit tails, whereas filamin A negatively regulates activation. 

More recently, the integrin linked kinases (ILK) and focal adhesion kinase (FAK) 

enzymes taking part in outside-in signaling have also been shown to affect integrin 

activation via inside-out signaling (58, 66, 67). 

1.2.2: Integrin Activation and Signaling 

For the interaction of integrins with their ligands to be meaningful, the binding 

event must be able to regulate signal transduction. As integrins lack enzymatic activity, 

signaling is instead induced by the assembly of signaling complexes on the cytoplasmic 

face of the cell. Such signaling complexes are formed in two ways; first, by receptor 

clustering, which increases the avidity of molecular interactions thereby increasing the 

on-rate of binding of effector molecules, and second, by induction of conformational 

changes in receptors which creates or exposes effector binding sites, and this sort of 

regulation seems to be the primary mode of affinity regulation of integrins. This later 

demands a mechanism for conveying conformational changes between the cytoplasmic 

tails and the ligand-binding head domain over a relatively large distance (around 20 nm) 

(58). 
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Figure 1.2.2. Integrin structure. A, Domain structure of αxβ2; B, structure of αxβ2 using 
same color code as A; C, cartoon representation of integrin conformations with 
approximate dimensions. 

 

 

Integrins control cellular functions through inside-out and outside-in signaling 

including cell motility, survival, differentiation and proliferation (through interaction 

with members of the Cyclin family) as well as ECM remodeling and embryonic 

development. 

The extracellular domain of integrins can bind ECM proteins used in ESC support 

such as collagen, fibronectin, laminin and vitronectin. Integrins can also associate with 

receptors on the surface of other cells through direct interaction with membrane bound 

proteins such as vascular- or intracellular- cell adhesion molecules (VCAM and ICAM) 

or through linker molecules such as von Willebrand factor, which assists in the binding of 

platelets to one another during blood clotting (67).  
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Outside-in signaling of integrin receptors through interactions with the ECM 

generates clustering of integrin heterodimers called focal adhesion sites. Integrin 

clustering occurs after ECM adhesion promoting lateral association with other cell 

surface receptors and increases in the cytoplasmic concentration of cell signaling 

molecules such as PI3-kinase and MEK-ERK, which are already implicated in human 

ESC maintenance. The focal adhesion sites can recruit over 50 different cytoplasmic 

proteins to the integrin cytoplasmic domain, and comprise of 3 general classes: 1) 

integrin binding proteins (e.g. talin or focal adhesion kinase), 2) scaffold and adaptor 

proteins (e.g. those of the cytoskeleton, tensin, vinculin, paxillin and α-actinin) and 3) 

enzymes that effect downstream signaling to influence cytoskeletal remodeling, cell 

migration, survival and gene regulation (e.g. tyrosine kinases, serine/threonine kinases, 

tyrosine phosphatases) (68, 69). 

 

1.2.3: Stem Cell Self-Renewal 

Stem cell self-renewal is the process by which a mother stem cell divides 

symmetrically or asymmetrically to generate at least one daughter cell, which retains a 

developmental potential similar to the mother stem cell. The ability of stem cells to 

divide asymmetrically to produce one stem and one non-stem daughter cell is often 

considered to be one of the defining characteristics of stemness. Stem cells are capable of 

two types of symmetric divisions: a proliferation division resulting in the creation of two 

stem cells, and a differentiation division resulting in the creation of two differentiated 

cells (70). 
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The ability to self-renew is essential for stem cells to expand their numbers during 

development, to be maintained within adult tissues, and to restore the stem cell pool after 

injury. Defects in self-renewal mechanisms can lead to developmental defects, premature 

aging phenotypes, and cancer (71). Hence, the elucidation of self-renewal mechanisms 

offers the potential for fundamental insights into development, cancer, and aging. 

Stem cell self-renewal requires mechanisms that confer the ability to divide while 

remaining undifferentiated. In the case of ESC, the self-renewal potential which is 

conferred by unique transcriptional regulation (marked by an OCT4-SOX2-NANOG 

transcriptional network) as well as unusual cell cycle regulation (marked by a very short 

and relatively unregulated G1 phase). The self-renewal of tissue-specific stem cells is 

mitogen dependent, and mechanisms regulating the G1-S transition, including the 

p16Ink4a-Rb and p19Arf-p53 pathways, govern quiescence versus activation (72). On the 

other hand, the maintenance of self-renewal in tissue stem cells is achieved by inhibiting 

the expression or function of lineage-specification genes, by asymmetrically segregating 

their gene products into differentiating daughter cells, or by balancing the activities of 

mutually inhibitory lineage specification gene products. The long-term self-renewal 

ability of tissue stem cells depends on mechanisms that maintain their genomic integrity, 

such as those involved in ROS detoxification, telomere maintenance, and DNA damage 

repair. Tissue stem cell self-renewal also depends on cell-extrinsic regulation. The niche 

provides stem cells with physical anchorage as well as membrane-bound and secreted 

factors that regulate survival, polarity, quiescence, and differentiation. Long-range 

signals dynamically modulate stem cell activity according to physiological demands. 

Tissue stem cells undergo changes in self-renewal potential, developmental potential, and 
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cell cycle status at different stages of life, in response to changing developmental and 

regenerative demands. These changes require stem cells to employ distinct self-renewal 

programs at different stages of life. Self-renewal programs involve networks that balance 

proto-oncogenes (which promote self-renewal), gate-keeping tumor suppressors (which 

limit self-renewal), and care-taking tumor suppressors (which maintain genomic 

integrity) (70).  

More importantly, before stem cell-based therapies are applied in clinics, a 

fundamental issue needs to be elucidated to gain a precise control over stem cells 

response, in terms of self-renewal and differentiation. Specifically, a broader 

understanding of the interplay between stem cells, their niche, and external forces that 

can aid in either self-renewal or differentiation of stem cells, is currently lacking. 

1.2.4: Integrin Signaling on Human Pluripotent Stem Cells Self-Renewal 

Molecular mechanisms for hPSC self-renewal have been recently started to be 

uncovered. Generally, integrins transmit their signals via intracellular signaling proteins, 

such as ILK and FAK (73). ILK was shown to mediate integrin signals to AKT signaling 

pathway, and this signaling pathway had an antagonistic effect on endoderm 

differentiation, and thus promoting self-renewal and survival of hPSC (74-76). On the 

other hand, a recent study showed that the integrin-FAK signaling pathway was not 

active in undifferentiated hPSC, and was localized in the nuclei of hPSC, interacting with 

OCT4and SOX2. During differentiation, however, integrin α6 levels diminished, and 

FAK became active (or phosphorylated at Y397) (61). Taken together, the integrin-ILK 

signaling pathway is active in order to maintain hPSC self-renewal and survival through 
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the activation of AKT signaling pathways, and the integrin-FAK signaling pathway is 

inactive.  

1.2.5: Integrin α6 in Stem Cell-Niche Interaction and Self-Renewal 

The ability of stem cells to reside in the niche for a long period of time is 

paramount for tissue homeostasis and regeneration. Α6-Integrin-mediated ECM adhesion 

is critical for anchorage and long-term maintenance of a variety of stem cell populations 

in the niche. Disruption of interactions between α6β1 and laminin in the lateral ventricle 

of mice causes the release of neural stem cells (NSCs) in the sub-ventricular zone and 

activation of NSCs (26). Studies also support that α6β1 integrins play vital role in 

anchoring spermatogonial stem cells (10) and hematopoietic stem cells (77), and α6(β4) 

in anchoring dermal stem cells (78) to their niches. 

In breast cancer, α6(β1) expression promotes self-renewal of tumor-initiating cells 

(TICs) and mediates transduction of cell signals essential for establishment of an 

autocrine loop to maintain the TIC niche (19). Deletion of α6β1 results in random 

orientation of the basal cell division plane and impairs epithelial homeostasis (79). 

Furthermore, laminin511 (LM511) engagement of α6β1 supports the self-renewal of 

mouse ESC, whereas internalization of α6β1 promotes mESC differentiation towards an 

epithelial lineage via a FAK/Akt/Erk-dependent mechanism (80, 81).  

Currently, there is limited information for the role of α6 cytoplasmic variants in 

the regulation of stem cell–niche interactions. CD34+ and CD34+CD38− bone marrow 

stem/progenitor cells express both α6A and α6B. Although α6A and α6B are equally 

associated with the β1 subunit and also have similar specificity and affinity for ligand 

binding, it was reported that only α6A(β1) was responsible for protein kinase C-
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dependent activation of MAP kinases. Also, α6A(β1) was found to be more active than 

α6B(β1) in promoting migration of bone marrow stem cells. 

1.3: In-Vitro Culture of Human Pluripotent Stem Cells 

The growth and advancement in the applications of hESC/hiPSC technology have 

been accompanied by a huge body of work dedicated to optimizing and standardizing 

hPSC culture. Optimization of culture systems is not only limited to defining culture 

media components but also the extracellular matrices, environmental cues, and modes of 

passaging, which has led to the development of simple and defined culture conditions and 

also facilitated the development of 3D and bulk cell culture systems. Chemically defined 

media are ideal for minimizing lot-to-lot variation and ensure consistency, for both 

research-based and clinical applications, while xeno-free and cGMP-compliant culture 

systems are preferred for cellular transplantation. Efforts in this direction have largely 

focused on understanding the signaling molecules required, replacing nonhuman 

components of media and developing synthetic substrates, which have an immediate 

application in disease modelling and can eventually be used to engineer cells and their 

substrates for therapeutic applications. Most of the commercially available media 

formulations consists of a core of three major signaling components: 1) insulin or insulin 

growth factor (IGF1), that bind INSR and IGF1R to signal the PI3K/AKT pathway 

promoting survival and growth; 2) FGF2 and/or neuregulin 1 (NRG1), that bind 

FGFR1/FGFR4 or ERBB3/ERBB4, respectively, activating the PI3K/AKT/mTOR and 

MAPK/ERK pathways; and 3) TGF-β1, NODAL, or Activin A, that bind TGFBR1/2 

and/or ACVR2A/2B/1B/1C to activate the TGF-β signaling pathway. 
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Multidisciplinary approaches are available for the derivation and culture of 

different stages of pluripotency, development of xeno-free culture conditions as well as 

the generation of GMP-compatible protocols. The derivation and maintenance hPSC have 

to be done in a manner that recapitulates their equivalent niche in vivo, suggesting that 

the media in which these cells are cultured in are central to the success of all downstream 

applications and their use in stem cell engineering.  

1.4: Obstacles in Stem Cell Biology 

Revolutionary scientific and medical advances always have to be carefully 

policed in order to make sure they are both ethical and safe. Because stem cell therapy 

already has a large impact on many aspects of life, it should not be treated differently. 

Currently, there are several challenges concerning stem cells. First, the most important 

ones are about fully understanding the mechanisms regulating stem cells fate. The 

efficiency of stem cell-directed differentiation must be improved to make stem cells more 

reliable and trustworthy for a regular patient. Future stem cell therapies may be a 

significant obstacle and will require interdisciplinary collaboration. The identification and 

proper isolation of stem cells from a patient’s tissues is another challenge. Immunological 

rejection is a major barrier to successful stem cell transplantation. Although these 

challenges facing stem cell science can be overwhelming, the field is making great 

advances each day. Stem cell therapy is already available for treating several diseases and 

conditions. Hence, considering stem cell therapy and all regenerative benefits their 

impact on future medicine appears to be highly significant. 
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CHAPTER TWO 

MATERIALS AND METHODOLOGY 
 
 
 

2.1: Preparation of Matrigel-Coated Plates 

Matrigel (BD BioSciences, NJ, USA) was diluted to a concentration of 0.1 mg/ml 

in cold Dulbecco's modified Eagle's medium/F12 (DMEM/F12; GIBCO) and then 

applied to TCPS dishes. The coating was allowed to polymerize during 2 h incubation at 

room temperature. Before plating cells, excess Matrigel-DMEM/F12 solution was 

aspirated and the dishes were washed with sterilized D-PBS. 

2.2: Synthetic Surface Preparation on TCPS 

The UVO-initiated free radical polymerization was carried out in a fume hood 

with connections for nitrogen gas. Each reaction was used to prepare 24 TCPS, and this 

procedure was reproducible repeated 10 times producing 240 PMEDSAH-grafted plates. 

The monomer solution consisting of 0.25 M MEDSAH was dissolved in a mixture of 

deionized water and ethanol (4:1, v/v) in a 500 mL reaction vessel. The solution was 

degassed for 60 min by nitrogen purge. Then, the monomer solution was heated to 70-

720C. While the reaction vessel was being heated, TCPS plates were activated by UV 

ozone treatment for 40 min to create initiation sites on the surface. After activation, the 

plates were transferred to the reaction vessel and the temperature was raised to 76-800C. 

The surface-initiated polymerization occurred over a 2 h time period under nitrogen 

atmosphere at 76-800C. Once the process was complete, grafted plates were removed 

from the reaction vessel and were rinsed with 1% saline (w/v) solution at 500C, followed 

by ultra-sonication in DI-water and air drying inside the hood. 
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2.3: Preparation and Use Of 10% Human Serum (HS) Treated (HSt)-PMEDSAH Grafted 
Plates. 
 

Freshly prepared PMEDSAH grafted plates were treated with 10% HS (v/v 

DMEM/F12) 10% for 30 minutes at room temperature, followed by couple washes with 

cold D-PBS. 

Two sets of 10% HSt-PMEDSAH plates were prepared. The first set was used 

right after its preparation for culturing hESC for 20 consecutive passages. For the other 

set of 10% HSt-PMEDSAH plates, after their wash with cold sterilized Dulbecco's 

phosphate buffered saline (D-PBS), the plates were air dried and wrapped with parafilm 

and stored at 40C until their use for cell culture and were sued for weekly passaging of 

hESC until passage 13. In both conditions, after 5 passages the cells were characterized 

for self-renewal and pluripotency. 

2.4: Preparation of Microgravity Chamber Slides and Cell Culture Substrate 

Microgravity chambers were prepared inside Clipmax chamber-slides flasks (TPP 

Techno Plastic Products AG, Switzerland), in which a small culture channel was created 

with polydimethylsiloxane (PDMS), as described before (82). Briefly, a 1∶10 (w/w, 

curing agent: base monomer) ratio PDMS pre-polymer (Sylgard 184, Dow-Corning, 

Midland, MI) was poured over the two sides and on the top of the Clipmax chamber-

slides flasks, and cured at room temperature for 12 hours each side, leaving the bottom of 

the chamber without PDMS (Fig. 1A). The ug chambers have an approximate dimension 

of 10 x 60 mm, and align to the rotation axis (Fig. 3.2B). Matrigel (BD BioSciences, San 

Jose, CA) was diluted to a concentration of 100 μg/ml in cold DMEM/F12 (Gibco Life 

Technologies, Waltham, MA) and then applied to the bottom of the ug chamber. The 
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coating was allowed to polymerize during 2 hours incubation at room temperature(12). 

Before plating cells, excess Matrigel‐DMEM/F12 solution was aspirated, and chambers 

were washed with Dulbecco's phosphate buffered saline (D-PBS) (Gibco Life 

Technologies).  

2.5: Simulated Microgravity (sµg) 

A clinostat rotator was developed following a previous report (83) to create 2-D 

sµg conditions for adherent cells. Cells were seeded on the ug chambers and located in 

close proximity to the rotation axis, where they were exposed to minimal centripetal 

forces at a speed of 80 rpm and experienced simulated chronic free fall. The magnitude of 

ug spans from ≤0.012g to ≤0.034g, depending on the location of cells in relation to the 

rotation axis, as reported previously (83) (Fig. 3.2B). Two ug chambers were placed 

back-to-back on a custom-designed holder that was 3D printed using ABS plastic (Fig. 

3.2C). The holder was connected to a Multi-purpose Tube Rotator (Fisherbrand, Ontario, 

Canada). The instrument holding the two ug chambers was placed inside of a dedicated 

cell culture incubator set up at 37°C, 95% humidity and 5% CO2 conditions (Fig. 3.2D). 

As a control, cells were cultured in ug chambers in static 1g conditions for the same 

period of time (Fig. 3.2E).  

2.6: Cell Culture 

2.6.1: Cell Culture, Evaluation of Pluripotency and Induced Differentiation of Human 
Pluripotent Stem Cells (hPSC) 
 

All experiments were repeated at least in triplicates with NIH‐approved hESC H1 

and H9 (WiCell Research Institute Inc., Madison, WI) and hPSC derived in our 

laboratory. The undifferentiated hPSC were cultured on Matrigel coated tissue culture 
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plates (Applied Biosystems, Foster City, CA) with StemFlex Medium (Gibco Life 

Technologies) and maintained in cell culture incubators with high humidity and 5% CO2 

at 37°C. For experimental conditions in ug chambers, hPSC were dissociated into single 

cells using L7 dissociation solution (Lonza, Basel, Switzerland) and 10,000 cells were 

plated on Matrigel coated ug chambers completely filled with StemFlex medium and 10 

μM of ROCK inhibitor (Stem Cell Technology, Vancouver, Canada) (84). Twenty-four 

hours post-seeding, two ug chambers were transferred to sµg condition, while the other 

remaining two ug chambers were assigned as control group and were cultured at 1g in 

static conditions. The culture medium was replaced every other day. Human foreskin 

fibroblasts (hFF; ATCC) were cultured in similar conditions with α-MEM medium 

supplemented with 10% fetal bovine serum (FBS).  

In-vitro analysis of pluripotency of hPSC from each group was evaluated by 

embryoid body (EB) formation. Cells were cultured in suspension with DMEM (Gibco 

Life Technologies) supplemented with 10% FBS for 10 days. Direct differentiation of 

hPSC was performed on ug chambers with chemically defined medium (CDM) 

consisting of DMEM/F12 (Gibco Life Technologies) supplemented with 1 × N2 

(Invitrogen), 1 × B27 (Invitrogen), 0.11 mM 2‐mercaptoethanol, 1 mM nonessential 

amino acids (Gibco Life Technologies), 2 mM L‐glutamine (Gibco Life Technologies), 

and 0.5 mg/ml bovine serum albumin (BSA) (fraction V; Sigma‐Aldrich) for 4 days 

following established protocols (85). To induce trophectoderm differentiation, cells were 

cultured in CDM supplemented with 50 ng/ml human recombinant bone morphogenetic 

protein (BMP) 4 (Stemgent, Cambridge, MA) and in CDM supplemented with 4.5 μM 

retinoic acid (RA) (Stemgent) to induce neuro-ectoderm differentiation. 
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In addition, formation of EB from hESC passage 20 cultured on 10% HSt-

PMEDSAH plates was done using cell clusters cultured in suspension in 10% 

FBS/DMEM alpha (Life Technologies) on ultra-low cell attachment dishes (Corning) for 

10 days to promote differentiation. Quantitative analysis of self-renewal and pluripotency 

assessed by the trilineage differentiation potential of hESC cultured on 10% HSt-

PMEDSAH plates at passage 20 was done using TaqMan hPSC Scorecard Assay 

(Thermo Scientific) following the manufacturer's protocol. Briefly, total RNA from 

undifferentiated hESC cultured on 10% HSt-PMEDSAH plates and EB obtained from 

same pool of hESC was extracted and used to generate respective cDNA as described 

above. Respective cDNA samples, TaqMan Fast Advanced Master Mix Template and 

RNase-free water were combined and reconstituted in each well of two 96-well plates 

contains 94 predefined TaqMan Gene Expression assays (including endogenous controls) 

dried-down in the wells TaqMan® hPSC Scorecard™ Panel by adding 10 µL of the 

reaction mixture per well. Each plate was loaded and run using StepOnePlus Real-Time 

PCR System (Thermo Scientific) with the fast thermal cycling condition. The gene 

expression data was analyzed using the web-based hPSC Scorecard™ Analysis Software 

to confirm the pluripotency of the samples and predict their differentiation potential and 

outcome by comparing to a common reference set. 

2.6.2: Derivation, Culture and Characterization of MSC 

To induce differentiation of iPSC into MSC, embryoid bodies (EB) were formed 

and cultured in suspension for 7 days with hCCM in low-attachment culture dishes. 

Approximately 70 EB were plated onto 0.1% gelatin-coated dishes in growth medium 

(alpha minimum essential medium: α-MEM, 10% fetal bovine serum: (FBS), 200 mM L-
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glutamine and 10 mM NEAA). Cells growing from these EB were cultured for up to 2 

weeks to reach confluence and passaged until a homogeneous fibroblastic morphology 

appeared. In subsequent culture, cells were seeded at a density of 7 × 103/cm2. 

2.6.3: Cell Doubling Time  

The cell doubling time was calculated using the algorithm provided by 

http://www.doubling-time.com/compute.php, with an initial seeding of 7 × 103 cells per 

well and evaluated at 6, 24, and 48 hours post-seeding. The assay was performed in 

triplicate. 

2.7: Quantitative Analysis of Undifferentiated Colony Size and Total Number of Cells 

Microscopic images of undifferentiated hPSC colonies were used to calculate the 

colony area of at least 10 randomly selected colonies after 96 hours of culture under sµg 

and 1g conditions using NIH ImageJ software (http://rsb.nih.gov/ij). Data from 

independent replicates were averaged and standard deviations were calculated, compared, 

and used for statistical analysis. The total number of cells after 96 hours of culture under 

sµg and 1g conditions was calculated after dissociation of colonies into single cells and 

counted using a hemocytometer. 

In addition, during 5 initial and consecutive weekly passages the total number of 

cells grown on each plate of 10% HSt-PMEDSAH and Matrigel was counted and 

recorded at the time of passage for comparative analysis. From the total number of cells 

obtained, 10,000 cells were used per passages into a new substrate. A theoretical yield of 

total cell number of hESC obtained on different substrates was calculated assuming that 

all cells would be passaged each week instead of the only 10,000 single cells that were 

seeded. The theoretical yield of cells was determined with the formula CN(n + 1) = CNn × 
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TN(n + 1)/20,000, in which CN is the calculated total cell number, TN is the total cell 

number and n is the passage number.  

2.8: MSC Differentiation Assays and Alkaline Phosphatase Staining 

For functional differentiation, MSC at passages 6 and 7 were used. For 

osteogenesis, cells were incubated in α-MEM with 10% fetal calf serum (FCS), 100 U/ml 

penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine, 10 mM β-glycerophosphate 

(Sigma), 100 nM dexamethasone (Sigma), and 50 μM ascorbate-2-phosphate (Sigma). 

Media were changed two times per week for 3 weeks. Cells were fixed with 10% 

formalin for 20 minutes at RT and stained with Alizarin Red, pH 4.1 for 20 minutes at 

RT. 

For adipogenesis, cells were incubated in DMEM with 15% fetal calf serum 

(FCS), 100 U/ml penicillin, 100 μg/ml streptomycin, 12 mM L-glutamine, 5 μg/ml 

insulin (Sigma), 50 μM indomethacin (Sigma), 1 × 10−6 M dexamethasone (Sigma), and 

0.5 μM 3-isobutyl-1-methylxanthine (Sigma). Media were changed two times per week 

for 3 weeks. Cells were fixed with 10% formalin for 20 minutes at RT and stained with 

Oil Red (Sigma) in ethanol for 20 minutes at RT. 

Chondrogenic differentiation was induced by culturing 2 × 106 iPS-MSC in 

pellets. Cells were suspended in 2 ml of chondrogenic medium in 15 ml centrifugation 

tubes and centrifuged at 600g for 5 minutes and cultured for 21 days. Medium was 

changed every 3 days and consisted of high-glucose DMEM (Gibco; Grand Island, NY; 

http://www.invitrogen.com) with 10% FBS (Gibco), 100 mM sodium pyruvate, 40 μg/ml 

proline, 100 nM dexamethasone, 200 μM ascorbic acid (all from Sigma), and 10 ng/ml 

transforming growth factor (TGF)-β3 (R&D systems; Minneapolis, MN; 
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http://www.RnDSystem.com). Cells were fixed with 10% formalin for 20 minutes at RT 

and stained Safranin O (Sigma) in ethanol for 20 minutes at RT. 

Undifferentiated colonies were identified by specific alkaline phosphatase 

staining, which was done using the Alkaline Phosphatase Staining Kit (Stemgent). 

Briefly, cells were fixed with fixing solution for 2-5 minutes, then rinsed and incubated in 

AP Substrate Solution in the dark at room temperature for 15 minutes. Cells were rinsed 

and covered with 1 × PBS to prevent drying before quantitative analysis. 

2.9: Immunofluorescence Staining 

Cells grown on 10% HSt-PMEDSAH plates were fixed in 4% paraformaldehyde 

for 15 min at room temperature and then permeabilized with 0.1% Triton X-100 for 10 

min. Primary antibodies raised against OCT3/4 (Cell signaling), SOX2 (Millipore), 

NANOG (Abcam), TRA 1-60 (Abcam), TRA 1-81 (Millipore) were diluted in 1% normal 

serum and incubated overnight at 40C, and detected with respective secondary antibodies. 

Micrographs were captured using an EVOS®FL Cell Imaging System (Thermo 

Scientific).  

2.10: Flow Cytometry Analysis 

Cells were washed with PBS and harvested by incubation in L7 hPSC passaging 

solution. After this, cells were incubated for 30 minutes in dark at 40C first with human 

IgG to block un-specific binding and then with human/mouse NANOG APC-conjugated 

antibody (Biolegend), OCT4PE-conjugated antibody (Biolegend), SSEA3 APC-

conjugated antibody (R&D systems), SSEA4 PE-conjugated antibody (R&D systems), 

TRA 1-60 FITC-conjugated antibody (Biolegend), TRA 1-81 PE-conjugated antibody 

(Biolegend), NANOG. At least 10,000 events were acquired for each sample using a BD 
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FACSCanto II (BD Biosciences) and flow cytometry data were analyzed using FlowJo 

software (https://www.flowjo.com/). 

2.11: RNA Isolation and Quantitative Real-Time PCR and Reverse Transcription PCR 

Total RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA) and purified 

using RNeasy Mini Kit (Qiagen, Hilden, Germany) and DNase I treatment. The yield and 

purity of RNA was estimated spectrophotometrically using the A260/A280 ratio. One ug of 

total RNA was reverse transcribed into cDNA using Superscript III Reverse 

Transcriptase (Invitrogen) and the equivalent of 10 ng was used for PCR. These reactions 

were carried out in a final volume of 20 μL containing 0.2 mM deoxynucleotide 

triphosphates, 120 nM of each primer, and 1 U Taq-DNA-polymerase. The Taqman 

probes used are listed in Supplementary Table 1. Gene expression was determined by 

quantitative real-time PCR on an ABI Prism 7700 Sequence Detection System (Applied 

Biosystems). The relative RNA expression levels of target genes were analyzed by the 

comparative ΔΔCT method (86) using GAPDH as an internal control. Subsequently, 

expression levels of the investigated genes were normalized to expression levels of 

control samples and reported as fold changes. Changes larger than 2‐fold in relative 

mRNA expression were considered significant. The Taqman human cyclins and cell 

cycle regulation gene array (Applied Biosystems; Waltham, MA) was used following the 

company protocol.  

For reverse transcription PCR, 1 μg of total RNA was reverse transcribed using 

SuperScript™ One‐Step RT‐PCR with Platinum® Taq (Invitrogen). The primer sequences 

for KI67 are for forward: TTGTGCCTTCACTTCCACAT and for reverse: 

CTGGTAATGCACACTCCACCT, while for TBP forward: 
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CTCCCACCCAAAGTCTGATGA and reverse: GCCATAAACCAAGCAGGACG. The 

cDNA synthesis and pre‐denaturation were carried out at 95°C for 2 minutes. PCR 

amplification was performed for 35 cycles at 95°C for 30 seconds, 55°C for 30 seconds 

and 72°C for 30 seconds. The final extension cycle was run at 72°C for 10 minutes. 

Finally, 14 μL of PCR product was loaded onto a 1.0% agarose gel. Band densitometry 

analysis was performed using ImageLab 6.0 (Bio‐Rad, Hercules, CA, USA). 

2.12: Western Blot Analysis 

The following antibodies were used: OCT4 (Santa Cruz Biotechnology), NANOG 

(Cell Signaling Technology), SOX2 (Cell Signaling Technology), Integrin α6 

(Millipore), Integrin β1 (Santa Cruz Biotechnology), PSMD11 (Novus Biologicals; 

Centennial, CO) and GAPDH (Cell Signaling Technology). Whole cell lysates were 

prepared from cells, separated on 10% SDS‐polyacrylamide gel, and transferred to 

polyvinylidene difluoride membranes. The membranes were incubated with 5% milk in 

TBST (w/v) for 1 hour and then incubated with primary antibodies diluted in 5% BSA in 

TBST overnight at 4°C. Blots were incubated with horseradish peroxidase‐coupled 

secondary antibodies (Promega, Madison, WI; R&D systems, MCKInley NE, MN) for 1 

hour, and protein expression was detected using SuperSignal West Pico 

Chemiluminescent Substrate or SuperSignal West Femto Chemiluminescent Substrate 

(Thermo Scientific, Waltham, MA). NIH ImageJ software was used for quantification of 

Western blot images. 

2.13: Reprogramming of Human Somatic Cells into iPSC on 10% Hst-PMEDSAH 
Dishes and Quantification of Reprogramming Efficiency 
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For iPSC reprogramming, 3 x 105 human gingival fibroblasts (hGF) were seeded 

on a 10% HSt-PMEDSAH plate in high‐glucose DMEM supplemented with 10% Human 

Serum (HS; Sigma), 1% nonessential amino acids (NEAA) (Gibco Life Technologies), 

1% GlutaMax (Gibco Life Technologies), and 1% penicillin streptomycin (Gibco Life 

Technologies). When cell confluence reached about 50%, the Sendai viral vectors 

carrying KLF4, SOX2, OCT3/4, and c‐MYC (CytoTune kit 2.0, ThermoFisher Scientific) 

supplemented with 10 µg of hexadimethrine bromide (Polybrene; Sigma‐Aldrich) was 

used for reprogramming into iPSC using standard protocols. Eight hours later, fresh 

medium was added. Seventy-two hours later, cells were subcultured into six 10% HSt-

PMEDSAH plates and then twenty-four hours later the medium was replace with 

StemFlex medium (Thermo Scientific) supplemented with 10 µM Y‐27632 

dihydrochloride (Stem Cell Technologies, Vancouver, CA). The hPSC culture medium 

with ROCK inhibitor was refreshed every day until week 3 or 4 until iPSC colonies 

appeared. The human iPSC colonies were analyzed by alkaline phosphatase (AP) 

activity, and together with colony morphology (well defined borders and high nuclei per 

cytoplasmic ratio) was used to identify reprogrammed hiPSC colonies. The number of 

hiPSC colonies obtained on 10% HSt-PMEDSAH plates and Matrigel coated plates were 

quantified and used to calculate the respective reprogramming efficiency as follows: the 

number of hiPSC colonies in each group was divided by 3 × 105, which was the original 

number of fibroblasts plated for each group before reprogramming. In addition, the 

human iPSC were further characterized for self-renewal and pluripotency potential by 

immunostaining, flow cytometry, and qPCR analysis. 
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2.14: Cytogenetic Evaluation 

After 20 weeks of cell culture, standard G-band analysis (Karyotype analysis) on 

was performed on cells cultured on 10% HSt-PMEDSAH dishes by a cytogenetic 

specialist at the WiCell Institute (Madison, WI). Chromosomes were prepared using 

standard protocols and measurements were performed using Giemsa/Trypsin/Leishman 

(GTL) ‐banding method on at least 20 metaphase preparations. 

2.15: RNA Sequencing 

Total RNA (>500 ng with RIN >7.0) was used to prepare TruSeq Stranded 

mRNA library using the TruSeq Stranded mRNA LT Sample Prep Kit following 

manufacturer’s library preparation protocol (TruSeq Stranded mRNA Sample Preparation 

Guide, Part #15031047 Rev. E). Whole transcriptome sequencing for six samples (three 

sμg and three matched control samples) were performed using Illumina NovaSeq6000 S4 

sequencer. More than 100 million 2x151 pair-end reads were generated per sample with 

phred quality score Q30 > 90%. In order to test the robustness of the RNA-seq gene 

expression quantification results with respect to different bioinformatics pipelines, we 

generated five versions of raw counts matrices using several pipelines with different 

parameter settings. First, RNA-seq reads were aligned to GRCh38.p13 (GENCODE 

release 36, www.gencodegenes.org/human) using STAR (2.7.7a) with default parameters. 

In addition, we changed the default parameters outFilterScoreMinOverLread and 

outFilterMatchNMinOverLread from 0.66 to 0.30 and generated a second-version of 

alignment. Both RSEM (v1.3.3) and Salmon (1.4.0) were used to quantify the gene 

expression with their default parameters using the two versions of STAR alignments, 

resulting in four versions of the gene expression raw count matrices. In addition, Salmon 
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was used in mapping-based mode (without using STAR alignments) to generate the fifth 

version of gene expression raw count matrices. The fifth version of gene expression 

results was highly consistent with each other (Supplementary. Fig. 6). DESeq2 (1.30.0) 

was used to perform differential gene expression analysis using all five versions of the 

gene expression results. GSEA (v4.1.0) was used to perform gene set enrichment 

analysis. 

2.16: Data Analysis 

Three independent replicates for each experiment were performed and data were 

expressed as mean value ± SD. Two data sets were compared using unpaired student t-

test function to calculate p values. Levels of statistical significance were set at p < 0.05. 

Asterisk denotes statistically significant differences (* = P < 0.05, ** = P <0.005 and *** 

= P <0.0005) detected by Student t- test. 
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CHAPTER THREE 

EXPERIMENTAL RESULTS 
 
 
 
3.1: Optimization and Standardization of Growth and Culture Conditions to Study hPSC 

To successfully utilize hPSC in regenerative medicine and drug development, the 

culture methods must be improved to meet the technological standards in safety, cost-

effectiveness, and the easiness of handling. Recently, large efforts have been made to 

formulate defined and xenogeneic-free culture media and extracellular matrices. We have 

already reported the first fully defined synthetic polymer coating (PMEDSAH) which 

maintained long-term growth of hESC. Here, we aim to optimize the preparation and use 

of this synthetic substrate coating to get better growth and maintenance of hESC as 

compared to other standard protocols. 

3.1.1: Optimization and Standardization of PMEDSAH Grafting and hPSC Culture 

We synthesized PMEDSAH grafted TCPS using surface-initiated graft 

polymerization procedure through optimization into one day protocol as described in 

details under the methods section (Fig. 3.1and 3.1.1). In an attempt to standardize the 

hPSC culture conditions on the chemically inert synthetic polymer coated TCPS using 

defined and xeno-free conditions, we did a systematic study to optimized cell attachment, 

and maintain long-term culture and self-renewal of hPSC. Our systematic study and 

analysis included the activation of integrins using the peptide (QHREDGS) (87, 88) or 

the integrin activating antibody (89, 90); by altering the pH of the media as suggested and 

supported by previous publications (91, 92), supplementing divalent cations and certain 

cytokines to the media to activate cell-ECM adhesion signaling (93-97), in addition to 
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treating (pre-conditioning) the freshly prepared PMEDSAH grafted (PMEDSAH-g) 

dishes with graded concentrations (1%, 10% and 100%) of fetal bovine serum (FBS) 

(98), Knockout™ Serum Replacement (KOSR) (12), and human serum (HS) (99, 100) 

(Table 3.1). Among all the treatments on the PMEDSAH-g dishes, and the supplements 

in chemically defined media (Table 3.1), pre-conditioned of the PMEDSAH-g dishes 

with 10% human serum (10% HSt-PMEDSAH-g) in DMEM/F12 for 30 minutes at room 

temperature followed by couple washes with cold PBS produced the following results in 

hPSC culture: improved cell attachment and long-term culture (until 20 consecutive 

passages) in an undifferentiated state, while retaining pluripotency as demonstrated by 

the ability to differentiate into endoderm, ectoderm and mesoderm derivatives; and 

maintaining a normal karyotype (Fig. 3.1.3). The 10% HSt-PMEDSAH-g dishes were 

tested on freshly prepared dishes and also on 10% HSt-PMEDSAH-g dishes which were 

prepared following the same protocol but stored at 40C in dried conditions for future use 

for weekly passage. On the other hand, we were not able to get stable attachment and 

growth of hPSC on PMEDSAH-g dishes using media supplemented with other graded 

concentration of HS. Our findings also indicate that treatment of TCPS with HS did not 

support stable attachment and growth of hPSC as observed in 10% HSt-PMEDSAH-g 

dishes (Fig. 3.1.3). 

3.1.2: Culture and Expansion of hPSC on 10% HSt-PMEDSAH-g Dishes 

We cultured hPSC on freshly prepared 10% HSt-PMEDSAH-g dishes and tested 

until passage 20, and also on 10% HSt-PMEDSAH-g dishes which were prepared in lots 

and stored at 40C for weakly passaging, and tested until passage 13.  
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Undifferentiated hPSC colonies were identified by observing colonies with 

compact morphology and defined border and by using alkaline phosphatase staining 

(101). Interestingly, at initial experiments the number of undifferentiated colonies and the 

total cell number (ratio) was higher on 10% HSt-PMEDSAH-g when compared to the 

Matrigel control group (Fig. 3.1.2A,B), but was not statistically significant.  

To quantify the impact of synthetic polymer coatings and HS pre-conditioning, on 

attachment and long-term expansion of hPSC, a constant number (10,000) of hPSC 

cultured initially as single cells on Matrigel, and on 10% HSt-PMEDSAH-g dishes were 

done passaging weekly for five consecutive weeks. Attachment and growth of hPSC was 

observed to be better on 10% HSt-PMEDSAH-g dishes compared to the control group as 

shown in the micrographs in Fig. 2C. We calculated the hypothetical yield of total hPSC 

potential obtained after five passages on Matrigel and 10% HSt-PMEDSAH-g dishes 

assuming that all cells at each passage were sub-cultured, instead of the 10,000 cells that 

were actually propagated. It was estimated that on 10% HSt-PMEDSAH-g dishes, the 

expansion of 10,000 cells over a period of five weeks would yield up to 4.9 × 108 

undifferentiated stem cells. This level of hPSC expansion on 10% HSt-PMEDSAH-g 

dishes was 2.1-fold greater (p<0.0001) than the theoretical yield calculated when cultured 

on Matrigel coated dishes as indicated in the graph in Fig. 3.1.2C. These calculated total 

cell numbers demonstrated that 10% HSt-PMEDSAH-g significantly facilitated the 

attachment and long-term growth and expansion of hPSC. 

3.1.3: Characterization of hPSC Cultured on 10% HSt-PMEDSAH-G Dishes 

The hPSC cultured on 10% HSt-PMEDSAH-g dishes were characterized for self-

renewal and pluripotency, and also observed for genomic stability. Immunofluorescence 
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staining and flow cytometry analysis were performed to characterize the hPSC cultured 

on 10% HSt-PMEDSAH-g dishes. Colonies of hPSC cultured on freshly prepared 10% 

HSt-PMEDSAH-g dishes were observed to be strongly positive for several human self-

renewal markers including NANOG, OCT4, SOX2, TRA 1-60 and TRA 1-81 as shown 

by the immunofluorescence staining micrographs on different passages (Fig. 3.1.3A). The 

hPSC were strongly positive when co-stained with SSEA3/OCT4 and SSEA4/OCT4as 

revealed by flow cytometry dot plots (Fig. 3.1.3B). Similarly, the hPSC cultured on 10% 

HSt-PMEDSAH-g dishes stored at 40C were also strongly positive for NANOG, OCT4, 

and SOX2 as shown by the immunofluorescence staining (Fig. 3.1.2.1B) and strongly co-

expressing TRA 1-60/NANOG and TRA 1-81/NANOG as observed in flow cytometry 

dot plots (Fig. 3.1.3.1C). All these data was obtained using the chemically defined and 

xeno-free medium StemFlex. Comparable results were obtained using StemFit, mTeSR 

Plus and PluriSTEM-XF, all chemically defined and xeno-free culture media and 

immunostaining for NANOG, OCT4, SOX2 and SSEA4. 

The pluripotency of hPSC cultured on the 10% HSt-PMEDSAH-g dishes was 

determined by embryoid body (EB) formation assay after 20 passages. Analysis of the 

EB indicated the expression of representative genes of the endoderm, mesoderm and 

ectoderm lineages. Quantitative analysis of self-renewal and pluripotency was assessed 

by the trilineage differentiation potential of hPSC cultured on 10% HSt-PMEDSAH-g 

dishes using TaqMan hPSC Scorecard Assay based on real-time qPCR assays (Fig. 

3.1.3C). All of these findings demonstrated that 10% HSt-PMEDSAH-g supported the 

self-renewal and pluripotency of hPSC. We validated quantitatively the confirmed 

pluripotency (trilineage differentiation potential) of the cells cultured on the 10% HSt-



40 
 

PMEDSAH-g dishes using real-time qPCR assays for several genes representing three 

germ lineages. 

Since chromosomal changes may occur during long-term culture of hPSC, the 

genetic stability of cells cultured on 10% HSt-PMEDSAH-g dishes was evaluated by 

standard G-band analysis after 20 passages. The results demonstrated a normal human 

male karyotype for the H1 cell line (Fig. 3.1.3D). 

3.1.4: Reprogramming of Human Somatic Cells on 10% HSt-PMEDSAH-g Dishes 

Reprogramming of patient derived cells in chemically defined and xeno-free 

conditions will enhance the successful use of these cells in translational medicine to treat 

patient debilitating diseases. Thus, we investigated whether 10% HSt-PMEDSAH-g 

could have a positive impact on reprograming of fibroblasts into hiPSC (Fig. 4A). Sendai 

viral vectors carrying the KMOS cocktail were used to infect human gingival fibroblasts 

in both control (Matrigel coated dishes) and experimental groups (10% HSt-PMEDSAH-

g dishes). On day 28, hiPSC colonies were classified as successfully reprogrammed, or as 

pre-iPSC by the following criteria: reprogrammed colonies should have positive AP 

staining, well-defined borders and cells should have a high nucleus: cytoplasm ratio (Fig 

3.1.4A, Fig. 3.1.4.1A and B). We characterize the hiPSC developed on 10% HSt-

PMEDSAH-g dishes as self-renewal and pluripotent. The hiPSC were strong positive for 

NANOG, OCT4and SOX2 as revealed by our immunostaining (Fig. 3.1.4B) and were 

more that 99% positive for SSEA3, SSEA4, TRA 1-60 and TRA 1-81 as shown by flow 

cytometry histograms (Fig. 3.1.4C). Similarly, the pluripotency of hiPSC obtained on 

10% HSt-PMEDSAH-g dishes was determined by EB formation and we confirmed their 

tri-lineage differentiation potential using real-time qPCR assays for several genes 
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representing all germ lineages (Fig. 3.1.4D). As expected, the hiPSC developed on 

control group (Matrigel) were also self-renewing and pluripotent (Fig 3.1.4A, Fig. 

3.1.4.1A and B). 

We quantified the hiPSC colonies developed on Matrigel and 10% HSt-PMEDSAH-g 

dishes by staining for alkaline phosphatase and manually counting the colonies (Fig. 5A 

and B). Interestingly, the reprogramming efficiency was significantly higher (p<0.0068) 

in the 10% HSt-PMEDSAH-g dishes compared to the Matrigel group, 0.37% vs. 0.22%, 

respectively (Fig. 3.1.4.1C). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic representation of the experimental protocol 
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Figure 3.1.1: Reactor and set up to synthesize PMEDSAH grafted (PMEDSAH-g) dishes 
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 Table 3.1: List of supplements/chemicals systematically tested along with chemically 
defined commercial media to promote the attachment and long-term maintenance and 
growth of hPSC on PMEDSAH-g dishes 

 

 

 

Supplements to promote attachment Concentration Observations 
Integrin 
activation 

Divalent 
cations 

Cytokines Serum 

Commercial 
peptide 
(QHREDGS) 

      10nM No cell attachment 
  

Integrin 
activating 
antibody 

      2ug/ml Low and unstable 
cell attachment on 
W0 

Altering the pH 
of media used 

      7.0, 7.2, 7.4, 
7.6, 7.8, and 
8.0 

Low cell attachment, 
which was lost by 
W1 

  Ca2+, 
Mg2+, 
Mn2+ 

    3mM Cell attachment 
sustained until W3  

    Phorbol 
myristate 
acetate 
(PMA) 

  100ng/ml No cell attachments 
  

    Retinoic 
acid (RA) 

  1mM Low and unstable 
cell attachment on 
W0 

      Fetal Bovine 
serum (FBS) 

10% Cell attachments and 
differentiation 

      Knockout™ 
Serum 
Replacement 
(KOSR) 

10% No cell attachments 

      Human serum 
(HS) 

1% Low cell attachment 
on W0, lost all cells 
by W4 

      HS 10% Consistently stable, 
and long term cell 
attachment 

   HS 100% Highest cell 
attachment, but high 
degree of 
differentiation during 
each passage 
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Figure 3.1.2: Culture and expansion of hPSC on 10% HSt-PMEDSAH-g dishes. 
PMEDSAH-g dishes treated with 10% HS (10% HSt-PMEDSAH-g) in DMEM/F12 gave 
better results for promoting and stabilizing cell attachment and long term culture of 
undifferentiated hPSC compared to cells cultured on Matrigel-coated dishes. 
Representative micrographs of hPSC colonies cultured on (A) Matrigel-coated plates and 
(B) 10% HSt-PMEDSAH-g. On the right side, respective alkaline phosphatase (AP) 
stained colonies. (C) Plot of undifferentiated colony number (ratio) and total cell number 
(ratio) compared to control group (Matrigel coated dishes) indicating that 10% HSt-
PMEDSAH-g lead to a higher number of undifferentiated colonies and total number of 
cells on week 1. (D) Representative micrographs of hPSC colonies cultured on 10% HSt-
PMEDSAH-g and Matrigel-coated plates during week 0 and week 5. The graph to the 
right indicate the theoretical yield of total number of cells counted and compared from 
colonies cultured on 10% HSt-PMEDSAH-g and Matrigel coated dishes during weekly 
passaging until passage 5. Scale bars, 1000 µm. 
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Figure 3.1.3: Characterization of hPSC after long-term culture on 10% HSt-PMEDSAH-g 
dishes. HPSC cultured on freshly prepared 10% HSt-PMEDSAH-g plates for 20 
consecutive passages, maintaining self-renewal and pluripotency. Representative (A) 
micrographs of immunocytochemistry every 5 weeks showing strong positive reaction for 
human pluripotency markers, and (B) dot plots of hPSC after 20 passages of culture on 
freshly prepared 10% HSt-PMEDSAH-g dishes, showing more than 99% co-expression 
between SSEA3/OCT4and SSEA4/OCT4. (C) Pluripotency was confirmed by qPCR 
hPSC ScoreCard assay quantifying the self-renewal and trilineage differentiation 
potential of passage 20 hPSC cultured on 10% HSt-PMEDSAH-g and 10 days old EB’s 
developed from same pool of cells. (D) G-banding karyogram of cells cultured on 10% 
HSt-PMEDSAH-g dishes at passage 20 confirming genetic integrity. Scale bars, 200 µm. 
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Figure 3.1.3.1: Characterization of hPSC cultured on 10% HSt-PMEDSAH-g dishes 
prepared and stored at 40C until use for weakly passaging. (A) Representative 
micrographs of hPSC colonies in bright-field and alkaline phosphatase staining after one 
week of culture on 10% HSt-PMEDSAH-g dishes. Scale bars, 1000 µm (B) 
Representative fluorescent micrographs of hPSC colonies stained with pluripotency 
associated markers (NANOG, OCT4and SOX2) after 5 and 10 consecutive passages (W5 
and W10, respectively) of culture on 10% HSt-PMEDSAH-g dishes. Scale bars, 200 µm 
(C) Representative histograms of hPSC after 10 passages of culture on 10% HSt-
PMEDSAH-g dishes, showing around 99% co-expression between TRA 1-60/NANOG 
and TRA 1-81/NANOG.  
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Figure 3.1.4: Reprogramming of human gingival fibroblasts into induced PSC (iPSC) on 
10% HSt-PMEDSAH-g dishes. Human gingival fibroblasts were reprogramed into iPSC 
on Matrigel-coated dishes and on 10% HSt-PMEDSAH-g dishes. (A) Representative 
transmitted light micrographs showing the morphology of fibroblast before and during 
the development hiPSC colonies, Scale bars, 1000 µm. (B) Representative micrographs 
of hiPSC developed on 10% HSt-PMEDSAH-g plates after immunocytochemistry 
staining with pluripotency associated markers, Scale bars, 200 µm. (C) Representative 
histograms of hiPSC developed on 10% HSt-PMEDSAH-g dishes showing the 
expression of cell surface-pluripotency associated markers. (D) qPCR analysis for the 
expression of markers corresponding to all germ lineages showing trilineage 
differentiation potentiality of 10 days old EB obtained from hiPSC developed on 10% 
HSt-PMEDSAH-g dishes and compared to undifferentiated hESC. Scale bars, 200 µm. 
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Figure 3.1.4.1: Reprogramming efficiency of human gingival fibroblasts into hiPSC in 
10% HSt-PMEDSAH-g dishes. Human gingival fibroblasts were reprogrammed into 
iPSC on 10% HSt-PMEDSAH-g plates and Matrigel-coated plates. (A) Representative 
bright field images of iPSC colonies derived on 10% HSt-PMEDSAH-g and Matrigel 
coated dishes after staining for alkaline phosphatase (AP), Scale bars, 5mm. (B) 
Representative images of total colonies in each condition and (C) graph indicating the 
average (N=3) AP-positive colonies in each condition.  
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3.2: Simulated Microgravity (Sµg) and Study of Its Biological Role in Human Pluripotent 
Stem Cells (HPSC) Behavior 

3.2.1: Simulated Microgravity Enhanced the Self-Renewal and Proliferation of hPSC 

The effects of sµg on hPSC were investigated by comparing to cells cultured in 

normal gravity (1g). First, we examined and confirmed that hPSC cultured under sµg for 

96 hours remained undifferentiated (Fig. 3.2.1.1A). The expression levels of pluripotent 

transcription factors (TFs) including the homeodomain protein NANOG, the POU 

domain transcription factor OCT4(also known as POU5F1), and the SRY-related HMG-

box transcription factor SOX2 - required to establish the undifferentiated state and to 

maintain self-renewal of PSC (102-104), and the transmembrane glycoproteins integrin 

α6 (ITGA6) (also known as CD49f) and integrin β1 (ITGB1) (5, 49, 61), were analyzed 

at protein and RNA levels in cells under sµg and 1g conditions. Analysis of micrographs 

from colonies under both conditions indicated an increase in the immunofluorescent 

signal of NANOG, OCT4and SOX2 under sµg (Fig. 3.2.1.1A). These results were 

confirmed by quantification of protein bands obtained by immunoblotting (Fig. 3.2.1.1B). 

An increase in protein expression of ITGA6 was also observed, while no change was 

detected for ITGB1. Analysis at the RNA level indicated that SOX2 was upregulated ~2-

fold in cells under sµg in relation to 1g, while no difference was observed for the other 

pluripotent genes (Fig. 3.2.1.1C). It is known that the telomerase pathway is active and 

required for prolonged self-renewal in hPSC (97, 105), thus, we analyzed the expression 

levels of TERT and ZCAN4, genes involved in telomere elongation. The results 

demonstrated a significant increase in their RNA expression levels in cells under sµg 

compared to control ones (Fig. 3.2.1.1D). The higher RNA levels observed during sµg 
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returned to basal levels once the cells were further cultured in 1g (Supplementary Fig. 2). 

These results indicate that sµg sustains and suggest an enhancement in the self-renewal of 

hPSC. 

We and others have identified a specific transmembrane protein “CD49f” that 

regulates self-renewal of stem cells and previous reports indicate that self-renewal of 

stem cells is enhanced in microgravity conditions. Here, we aim to investigate the 

expression and function of CD49f in stem cells cultured under simulated microgravity 

condition compared to normal gravity conditions. Our working hypothesis is that sµg 

enhances the expression of CD49f, leading to inhibition of cell differentiation, and thus 

maintaining, if not enhancing, the self-renewal of hPSC. Simulated microgravity reduces 

the susceptibility towards differentiation 

We analyzed the differentiation capability of hPSC after culturing in sµg by 

inducing the formation of EB and found that the cells remained pluripotent, as indicated 

by increased transcript level expression of genes representative from all 3 germ layers. 

Due to the increased protein translation of pluripotent associated proteins in cells cultured 

in sµg compared to cells at 1g (Fig. 3.2.1.1A-C), we further tested whether their 

differentiation would be affected under sµg conditions. To do this, cells were first 

cultured in sµg with self-renewal- supporting medium for 48 hours, followed by 96 hours 

of further culturing using CDM with either BMP4 or RA to induce trophectoderm (106) 

and neuro-ectoderm (107) differentiation, respectively (Fig. 3.2.1.2A and B). As 

expected, the mRNA transcript levels for the core pluripotency transcription factors 

(OCT4, SOX2, and NANOG) were down-regulated after differentiation. However, the 

reduction was higher in cells cultured at 1g compared to cells at sµg. Genes related to 
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trophectoderm and neuro-ectoderm showed significantly higher increases in mRNA 

levels in cells cultured in 1g compared to sµg (Fig. 3.2.1.2A and B). These results 

support our previous observation that sµg conditions enhance the self-renewal of hPSC, 

as their differentiation is slightly delayed or reduced compared to 1g conditions.  

We observed that under sµg the colony size and total number of cells counted per 

ug chamber were significantly higher as compared to 1g culture condition (Fig. 3.2.1.3 

A-C). The enhanced cell proliferation of hPSC under sµg condition was supported by 

increased RNA levels of the cell proliferation marker, KI67 (Fig. 3.2.1.3D). We analyzed 

the expression of 44 human cell cycle associated genes using a human cell cycle 

regulation gene array, which revealed that multiple genes change their expression after 

exposure to sµg (Fig. 3.2.1.3E). CDK2/4 and their cyclin counterparts, Cyclin E and 

Cyclin D, respectively, along with the CDK activator CDC25A were significantly 

upregulated in hPSC cultured under sµg compared to 1g condition, whereas negative 

regulators were repressed in hPSC cultured under sµg condition (Fig. 3.2.1.3E). These 

results were validated by qRT-PCR analysis, which confirmed that CDK2/4 and 

respective counterparts were significantly upregulated in hPSC cultured under sµg 

condition compared to 1g culture condition (Fig. 3.2.1.3F). The upregulated levels of cell 

cycle associated genes returned to levels comparable to cells under 1g condition after 

these cells were further cultured in 1g condition. To investigate whether the effects of sµg 

observed in hPSC would be replicated in somatic cells we cultured equal numbers of hFF 

in sµg and 1g conditions for 96 hours. The cell proliferation was not affected by sµg, as 

indicated by similar cell doubling time, and there were no differences in expression of 

KI67 between hFF cultured in sµg and 1 g conditions. Similarly, the expression of 
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telomerase related genes in HFF was not affected by sµg, indicating a cell type dependent 

effect of sµg. 

3.2.2: Simulated Microgravity Enhanced Self-Renewal by Modulation Proteasomal 
Complex Response 

RNA sequencing analysis of hPSC cultured in sµg and 1g conditions identified 

1741 differentially expressed (DE) genes (FDR <0.05) detected by the first four versions 

of the results. After intersection of these 1741 DE genes with the ones detected by 

Salmon analysis without alignment, 1649 genes DF were found by all five versions of 

gene expression results. From this common set of 1649 DE genes, 626 were over-

expressed and 1023 were under-expressed in the sµg group compared to the 1g group. An 

unbiased gene set enrichment analysis using all available reactome pathways indicated 

that 532 and 677 pathways were upregulated in the sµg and 1g groups, respectively. 

Consistently with our results (Fig. 3.2.1.1 and 3.2.1.3), it was observed that pathways 

related to telomere maintenance and cell cycle were significantly upregulated in the sµg 

group compared to the 1g group, while in the 1g group pathways related to differentiation 

and development were up-regulated. Accordingly, among the top 20 differentially 

expressed genes between sµg and the 1g group were genes related to development and 

differentiation, such as CYP26A1, HAS2, CRABP2, MEIS2, ID4, GRHL3 and TUNAR, 

which were down-regulated in the sµg group (Fig. 3.2.2.1). The analysis also showed that 

in 98 of the 532 up-regulated pathways in the sµg group the ubiquitin proteasome system 

was present. In particular, PSMA1, 3 and 7, and PSMB5 from the core-20S particle, all 

six components of the base-19S regulatory particle (PSMC1-6), as well as PSMD11 and 

PSMD14 from the lid-19S regulatory particle were up-regulated. Real-time PCR analysis 
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validated the up-regulation of PSMD11 in the sµg group compared to 1g condition (Fig. 

3.2.2.2A), while an increase in PSMD11 protein translation in the sµg group was verified 

by ICC and WB analysis (Fig. 3.2.2.2B and C). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Experimental set up to simulate microgravity (sμg). A, Clipmax chamber-
slides flasks with small culture channel created (represented by a red double sided arrow) 
after coating the two sides (represented by two blue double sided arrows) and the top of 
the chamber-slide flask (not shown) with PDMS. B, Distribution of microgravity forces 
in relation to the rotation axis at the slides where cells will be grown. Cells inside of the 
diameter area of 6, 12 and 188 mm in relation to the rotation axis will experience ≤0.012 
g, ≤0.024 g and ≤0.036 g. Oval circles represent cells. C, Illustration of our developed 
device to sμg. (a) 3D printed adapter connects two cell culture flasks (b) to the spinning 
bolt of sample rotator (c). The bottom surfaces of the flasks where cells are attached 
(illustrated in red) are positioned back-to-back and located in the axis of rotation. D, Our 
developed rotary cell culture system (RCCS) with 2 flasks affixed to the system and 
located inside of cell culture incubator, ready generate simulated microgravity. E, 
Experimental design used in this project.  
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Fig. 3.2.1.1: Sμg enhances self-renewal of hPSC. Culture under sµg maintained self-
renewal of hPSC and enhanced the expression of core set of pluripotency transcription 
factors, transmembrane glycoproteins ITGA6 and ITGB1, and telomere genes. A) 
Representative immunofluorescent micrographs of colonies from sµg and 1g conditions 
stained for core TFs. Graph shows the mean fluorescence intensity analysis from 
micrographs. Scale bars, 200 µm. B) Representative Immunoblots and C) densitometry 
analysis from protein lysates of cells cultured at 1g and sµg conditions. RT-qPCR 
analysis indicating relative mRNA levels of (C) pluripotent associated and (D) telomere 
elongation genes present in cells cultured at 1g and sµg. P-value calculated using 
unpaired t-test. Scale bars, 200 µm. 
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Fig. 3.2.1.2: Differentiation of hPSC is reduced under sµg conditions. hPSC were 
cultured under sµg or 1g for 48 h with medium that sustain their self-renewal, followed 
by further 48 h of cultured with differentiation medium to induced trophoectoderm (A) 
and neuro-ectoderm (B) differentiation. RT-qPCR analysis of representative genes related 
to pluripotency and trophectoderm and neuro-ectoderm indicated that differentiation 
under sµg conditions is reduced compared to 1g conditions. P-value calculated using 
unpaired t-test. 
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Fig. 3.2.1.3: Sµg enhances proliferation of hPSC. (A) Representative micrographs of 
hPSC colonies cultured under 1g and sµg conditions. (B) Graph indicating significant 
fold change difference in hPSC colonies area after 96 h of culture under 1g and sµg 
conditions. C) Graph comparing the total cell number of hPSC after 96 h of culture under 
1g and sµg conditions. (D) Representative gel band images of rt-PCR analysis for the cell 
proliferation gene Ki67 in hPSC after 96 h of culture under 1g and sµg conditions. The 
mRNA expression of TBP was used to show equal loading and to quantify the relative 
differences in expression, as indicated above each band. (E) Heat map showing the 
relative mRNA levels of 44 human cell cycle associated genes in hPSC culture under sµg 
for 96 h in relation to cells cultured in 1g condition. (F) RT-qPCR analysis was used to 
verify the expression of selected genes tested in the gene array assay. P-value calculated 
using unpaired t-test. Scale bars, 200 µm. 
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Fig. 3.2.2.1: Volcano plot of differential gene expression results. The color intensity is 
proportional to Log2 (Fold Change). Genes are overly expressed under sµg condition if 
Log2 (Fold Change) > 0 (colored red in the figure). The vertical dashed lines correspond 
to Log2 (Fold Change) =±1, and the horizontal line corresponds to adjusted p-value = 
0.01. There are a few genes that are highly expressed under 1g condition such as HAS2, 
CYP26A1, SERPINB9, etc. 
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Fig. 3.2.2.2: Sµg enhances PSMD11 expression in hPSC. (A) Representative 
immunofluorescent micrographs of hPSC colonies cultured in sµg and 1g conditions and 
stained for PSMD11 and SOX2. DAPI was used to stain the nuclei of all cells. Scale bars, 
200 µm. Graph showing the mean fluorescence intensity analysis from micrographs. (B) 
Representative Immunoblots and densitometry analysis of PSMD11 from protein lysates 
of cells cultured at 1G and sµg conditions. GAPDH was used as loading control. Graph 
on the right shows the densitometry analysis of the immunoblots. (C) RT-qPCR analysis 
indicating the relative mRNA levels of PSMD11 present in cells cultured at 1g and sµg.  
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Figure 3.2.3: Schematic model of mechanisms behind the enhanced self-renewal and 
proliferation of hPSC cultured with sµg. (A) Under 1g conditions the interplay between 
the core set of pluripotent transcription factors (TFs: OCT4, SOX2, and NANOG), and 
the transmembrane glycoprotein heterodimeric complex formed by integrin a6 (ITGA6) 
and integrin b1 (ITGB1) maintain proliferation and self-renewal of hPSC by interacting 
with major regulators of the cell cycle. (B) The sµg model shows that hPSC’s enhanced 
expression of PSMD11, sµggesting an increased ubiquitinase activity targeting 
differentiation related genes, while protecting the core pluripotent TFs (represented in 
brown color). This in turn upregulates (represented in green color) the expression of the 
major cell cycle regulators, while suppresses negative regulators of cell cycle progression 
(represented in grey color). Resulting in shorter cell cycle, enhance proliferation and 
maintaining prolonged self-renewal. 
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Table 3.2: List of probes used in RT-qPCR. 
Gene Symbol Assay ID 

AFP HS00173490_m1 
ATM Hs01112307_m1 
ATR Hs00354807_m1 

CCNA1 Hs00171105_m1 
CCNA2 Hs00153138_m1 
CCNB1 Hs99999188_m1 
CCNB2 Hs00270424_m1 
CCND1 Hs00765553_m1 
CCND2 Hs00153380_m1 
CCND3 Hs00236949_m1 
CDX2 Hs01078080_m1 

CCNE1 Hs01026536_m1 
CCNE2 Hs00372959_m1 
CCNH Hs00236923_m1 
CDC2 Hs00364293_m1 

CDC25A Hs00947994_m1 
CDK2 Hs01548894_m1 
CDK4 Hs00175935_m1 
CDK6 Hs01026372_m1 
CDK7 Hs00361486_m1 

CDKN1A Hs00355782_m1 
CDKN1B Hs00153277_m1 
CDKN2A Hs00923894_m1 
CDKN2B Hs00365249_m1 
CDKN2C Hs00176227_m1 
CDKN2D Hs00176481_m1 

E2F1 Hs00153451_m1 
E2F2 Hs00231667_m1 
E2F3 Hs00605457_m1 
E2F4 Hs00608098_m1 

FOXA2 Hs00232764_m1 
GAPDH Hs02786624_g1 
GATA4 Hs00171403_m1 
GSK3B Hs00275656_m1 
HDAC1 Hs02621185_s1 
HDAC2 Hs00231032_m1 
HDAC3 Hs00187320_m1 
HDAC4 Hs00195814_m1 
HDAC5 Hs00608366_m1 
HDAC6 Hs00195869_m1 
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HDAC7 Hs00248789_m1 
HDAC9 Hs00206843_m1 
ITGA6 Hs01041911_m1 
ITGB1 Hs00559595_m1 
MESP1 Hs01001283_g1 

NANOG Hs02387400_g1 
NEUROD1 Hs00159598_m1 

PAX6 Hs00240871_m1 
POU5F1 Hs04260367_g1 
PPP2CA Hs00427259_m1 

RAF1 Hs00234119_m1 
RB1 Hs01078066_m1 

RUNX2 Hs01047973_m1 
SOX2 Hs00602736_s1 

T Hs00610080_m1 
TERT Hs00972650_m1 

TGFB1 Hs00998133_m1 
TGFB2 Hs00234244_m1 
TGFB3 Hs01086000_m1 
TP53 Hs01034249_m1 

ZSCAN4 Hs00537549_m1 
PSMD11 Hs00160660_m1 
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3.3 Establishing CD49f as a Reliable Biomarker to Define Mesenchymal Stem Cells. 

In addition to maintaining self-renewal of hESC, CD49f also sustains the self-

renewal of somatic stem cells and cancer stem cells. We hypothesize that CD49f could be 

a reliable biomarker to define mesenchymal stem cells. Also, it has been shown that 

OCT4and SOX2 bind the promoters of CD49f, and we found that these transcription 

factors support CD49f expression during reprogramming into iPSC. Hence, we aim to 

characterize the transcriptional regulation of CD49f in mesenchymal stem cell types and 

this characterization will shed light in transcription factors regulating this stem cell type, 

which has the potential to be translated into designing of “reprogramming cocktails” for 

direct reprogramming of somatic cells into mesenchymal stem cells. 

As expected, the derived MSC maintained a spindle morphology over eight 

passages; however, the capacity for adipocyte and osteoblast differentiation was 

significantly reduced from passage 3 to passage 6 and was almost non‐existent by 

passage 8 (Fig. 3.3.1A). Calculations for cell doubling time indicated a significant 

decrease in proliferation rates between passage 3 and passages 6 and 8, which was 

validated by a 30% decrease in KI67 RNA levels (Fig. 3.3.1B and C), indicating the 

differentiation and proliferation were reduced in MSC during in vitro propagation. 

Flow cytometry analysis of MSC at passages 3, 6 and 8 demonstrated that CD105 

and CD29 biomarkers remained highly expressed in MSC during all cell passages, while 

CD146 and CD271 were minimally expressed (Fig. 3.3.2A). CD49f and CD73 were 

highly expressed at passage 3, decreased significantly (P < 0.05) at passage 6 and 

returned to high levels at passage 8. CD45 expression was low at passage 3 and increased 

with subsequent subculture. The expression of all these biomarkers was comparable to 
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levels identified in foreskin and gingival fibroblasts with the exception of CD49f, which 

was low (<10%) in fibroblasts. Differences in expression of CD49f between fibroblasts 

and MSC were validated at RNA levels, with an 88.9 ± 37.9 (mean ± SEM) fold increase 

in MSC in relation to fibroblasts. 

I further investigated the mRNA expression CD49f in MSC at passage 3 and in 

equivalent cells in early process of differentiation into osteoblasts and adipocytes. Results 

indicate decreased expression of CD49f in cells undergoing adipogenic and osteogenic 

differentiation (Fig. 3.3.2B). 

Finally, the magnetic beads sorted early passage MSC for CD49f positive and 

negative cells using specific FITC conjugated monoclonal antibody targeting CD49f 

showed that the multipotency and self-renewal capabilities of CD49f negative MSC were 

significantly low in comparison to CD49f positive MSC (Fig. 3.3.3A-F), suggesting that 

CD49f can be used to identify functional MSC population. Hence, the results identify 

CD49f as a reliable biomarker that better indicate the functional status of MSC. 
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Figure 3.3.1: MSC lost potential for differentiation and proliferation over time. hPSC-
MSC were derived and sub-cultured for eight consecutive passages. a Top panel shows 
representative micrographs of MSC at passages 3, 6 and 8 to highlight that the cell 
spindle morphology of these cells remains through all passages. The middle panel and 
bottom panel show representative micrographs of osteoblasts and adipocytes from MSC 
of respective passages and after staining for alkaline phosphatase and Oil Red O, 
respectively. b Representative image of RT‐PCR gel showing reduction in KI 67 
expression in MSC at passage 6 compared to cells at passage 3. c Graph indicating cell 
doubling time in hours (h) of MSC at passages 3 and 6. At early passages, the cells were 
functionally active - indicated by active proliferation and differentiation capability, 
whereas these characteristics declined drastically during late passages. 
 

 

 

 



65 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.2: Expression of cell surface biomarkers in MSC. a Flow cytometry analysis 
was performed on MSC at passages 3, 6 and 8 to quantify the percentage of cells with 
positive expression of different biomarkers. The expression of commonly used positive 
selection biomarkers remained highly expressed from early to late passages MSC, 
whereas the expression of CD49f remained high until passage 3 and declined in 
subsequent passages. b RT-qPCR analysis showing relative mRNA expression of CD49f 
on early passage MSC, and same cells after differentiation to osteogenic and adipogenic 
cells showing decreased expression in cells undergoing differentiation. 
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Figure 3.3.3: Enhanced stemness, and multipotency properties of CD49f positive early 
passage MSC. hESC-MSC at passage 3 were sorted out to separate CD49F positive and 
negative cells using specific monoclonal antibody targeting CD49F. Thus, sorted cells 
were sub-cultured and started the protocol for osteogenic and adipogenic differentiation 
and CFU assay. Once the respective protocols for osteogenic, adipogenic and CFU assay 
were over the cells were stained for alkaline phosphatase, Oil red O and with crystal 
violet, respectively. a Representative micrographs for osteogenic differentiation of MSC 
of respective groups. b Quantitation of mineralized area in respective groups. c 
Representative micrographs for adipogenic differentiation of MSC of respective groups. 
d Quantitation of area with lipid droplets in respective groups. e Representative 
micrographs for CFUs counted for respective groups. f Quantitation of CFUs in 
respective groups A significantly low osteogenic and adipogenic differentiation and self-
renewal capability was observed in CD49F ( CD49f) negative MSC in comparison to 
positive MSC, suggesting that CD49F can be used to identify functional SSC 
populations. 
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CHAPTER FOUR 

CHRONOLOGICAL RELEVANCE AND DISCUSSION 
 
 
 

4.1: Chronological Relevance 

To utilize hESC in industrialized regenerative medicine and drug development, 

the culture methods must be improved to meet the technological standards in safety, cost-

effectiveness, and the easiness of handling. Many of the common culture conditions are 

based on undefined support systems and contain the xenogeneic components limiting the 

ability to use pluripotent stem cells to treat debilitating human diseases. To overcome 

these problems, large efforts have been made to formulate defined and xenogeneic-free 

culture media and extracellular matrices. In these culture media, the most common 

cytokine is bFGF, which activates MAPK and/or PI3K-AKT signaling pathways. The 

second is Nodal/Activin/TGFβ, which activate TGFβ-SMAD signaling pathway. 

Activation of these signaling pathways is critical to maintain hPSC self-renewal (108).  

Moreover, as hPSC are anchorage-dependent cells they require specific ECM and 

other proteins, peptides, or synthetic polymers as culture substrates to maintain their self-

renewal. Other than natural or recombinant proteins, some synthetic materials have been 

developed to maintain hPSC self-renewal and which have a synthetic surface composed 

of RGD (Arg-Gly-Asp) containing short peptides covalently immobilized on acrylate 

coating to mimic the natural cell environment (109). Our team reported the first fully 

defined synthetic polymer coating, which maintained long-term growth of hESC in 

different culture media, and was poly[2-(methacryloyloxy)ethyl dimethyl-(3-

sulfopropyl)ammonium hydroxide] (PMEDSAH) (110).  
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The importance of substrate on which pluripotent stem cells (PSC) are cultured to 

sustain self-renewal, and that the stem cells are able to sense and respond to biological, 

mechanical and topographical characteristics of the substrate has already been 

concluded(62, 110, 111). As the plasma membrane of the cells is in direct contact with 

the substrate, micro-environmental signals are first detected by protein receptors 

(majorly, family integrins (2)) at the plasma membrane and are transmitted towards the 

cell nuclei. In particular, we and other have identified CD49f, which is commonly 

expressed in all 35 identified stem cell types, as a key player in regulating self-renewal of 

pluripotent stem cells, skeletal muscle stem cells, glioblastoma, and breast cancer stem 

cells(61). All these strongly indicate key roles of CD49f in stem cells, which merit further 

investigation. More importantly, understanding the mechanisms that regulate the fate of 

PSC will advance their use in biomedical applications. 

On the other hand, gravity is a physical force that affects the physiological 

functions of cells, tissue and organs. There are several studies indicating that self-renewal 

of stem cells is enhanced in microgravity conditions. However, there is not report on the 

effects of simulated microgravity (sµg) on hESC. Simulated microgravity is an ideal 

experimental condition to investigate self-renewal mechanisms of stem cells. It has been 

observed that during spaceflight diverse physiological conditions are affected, including 

loss of muscle mass, compromised immune system, susceptibility to ocular cataracts, loss 

of bone density, cardiac stress, among others, indicating that tissue regeneration is 

affected, and this might be due to altered stem cell behavior(112-114). Stem cell research 

has been performed at zero gravity during spaceflights or in sµg conditions (<1g, where g 

is the force of gravity) at earth, to understand the biological effects of microgravity on 
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human health (115-118). Interestingly, it has been observed that the capacity for 

differentiation is reduced in stem cells at microgravity, while their self-renewal is 

enhanced, this compared to cells cultured at earth gravity (1g) (115-118). In microgravity 

conditions, mesenchymal stem cells (MSC) show reduced capacity to differentiate into 

bone tissue, while mouse PSC retain their undifferentiated characteristics in culture 

conditions that normally induce differentiation. This indicates that studies at microgravity 

can shed light in potentially new molecular mechanisms involved in self-renewal of stem 

cells. Thus, here we propose studies using sµg to elucidate molecular mechanisms 

involved in self-renewal of hESC. 

4.2: Optimization and Standardization of Culture Condition for hPSC 

Owing to the intrinsic capability for unlimited self-renewal and the ability to make all the 

cells in the body, pluripotent stem cells (PSC) are an ideal candidate to be used as starting 

material for cell therapies. Much effort has been put into creating methods for human 

PSC (hPSC) expansion that are defined, robust, simple and safe. The evolution of hPSC 

culture from feeder-cell dependence and non-defined conditions to feeder-free and 

defined microenvironments has been enabled by the development of new culture 

materials (108). Thus, the development of a standard hPSC culture methods using 

completely defined and xeno-free culture environment that is able to support hPSC self-

renewal, pluripotency and long-term propagation will advance our knowledge of PSC 

biology, and also increase the effectiveness of hPSC expansion on defined conditions for 

potential human applications. In this study, we established a chemically defined and 

xeno-free culture system for long-term culture and maintenance of hPSC while 

preserving their key molecular and functional features of hPSC. Furthermore, the culture 
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system described here also permitted the derivation of xeno-free hiPSC. In this regard, 

the culture of hPSC in chemically defined and xeno-free conditions will contribute 

substantially to future biotechnological and medical applications.  

Our original protocol was based on culturing hPSC on PMEDSAH-grafted 

(PMEDSAH-g) TCPS dishes using human cell conditioned commercial medium 

(HCCM) (110). Herein, we report chemically defined and xeno-free culture of hPSC on 

PMEDSAH-g dishes pre-conditioned with 10% human serum (HS) in DMEM/F12 (10% 

HSt-PMEDSAH-g). We optimized the PMEDSAH grafting of the TCPS dishes and 

standardized their use for cultivation of hPSC. Our standardization of cultivation of hPSC 

on PMEDSAH-g dishes primarily focused on finding a reliable method for better 

adherence of hPSC and their long-term maintenance in xeno-free conditions. For this we 

did a systematic study by supplementing and treating (pre-conditioning) of PMEDSAH-g 

dishes. We found that pre-conditioning of PMEDSAH-g dishes with 10% HS in 

DMEM/F12 gave better and consistent result for attachment, and long-term culture and 

maintenance of hPSC.  

In order to maintain hPSC pluripotency, a stem cell niche requires not only 

growth factor signals but also cell adhesion. Without the support of exogenous adhesion 

proteins, hPSC either die or differentiate (119, 120). Hence, hPSC are anchorage-

dependent cells that utilize integrins for adhesion to substrates and it is also known that 

integrin signaling is important in hPSC cell adhesion, self-renewal and pluripotency 

maintenance (61, 121-124). Thus, we employed several methods to activate integrin 

signaling and tested the effect on cell adhesion and maintenance. It has been suggested 

and reported that angiopoietin-1 can directly support cell adhesion mediated by integrins 
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(87, 88, 125). Also, activation antibodies are thought to facilitate cell adhesion by 

converting low affinity integrin molecules to a high affinity state through direct binding 

and induction of conformational changes (89, 90, 126). In addition, several publications 

have reported that the attachment of mammalian cells to solid substrate is followed by an 

increase of intracellular pH and this pH shift is mediated by the Na+/H+ antiporter, which 

is obligatory for the development of the cell adhesion (91, 92, 127). Based on these 

findings, here, we tested the peptide motif (QHREDGS) derived from angiopoietin-1, the 

integrin binding site in angiopoietin-1 to promote cell adhesion (87, 88, 128). We also 

tested the compatibility of integrin activating antibody, and also tested the commercial 

media used in this project with varying pH with an aim to promote and stabilize cellular 

adhesion on the PMEDSAH-g dishes. However, we were not able to observe any 

improvement in cell attachment using these supplements. 

Furthermore, several reports indicate that divalent cations, including Ca2+, Mg2+, 

Mn2+, control not only cell-substrate adhesion but also laminin expression (93, 94, 129, 

130). However, the supplementation of additional divalent cations to the media used to 

culture hPSC on the PMEDSAH-g dishes didn’t support cell adhesion. Others have 

reported that cytokines regulate cell proliferation and cell adhesion to cell substrate (96, 

127). We tested retinoic acid (RA) and phorbol myristate acetate (PMA) which were 

previously reported to enhance mammalian cells, including hPSC, adhesion to matrix, but 

similar to other supplements tested, our results indicated no support for cell attachment 

and proliferation of undifferentiated hPSC into the PMEDSAH-g dishes using a 

chemically defined and xeno-free media.  
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To keep cells alive for longer periods of time and to evaluate proliferation, 

migration and differentiation a basal medium must be supplemented with several factors. 

Serum derived from animals or humans is commonly used to maintain and proliferate 

cells. Fetal bovine serum (FBS) used in cell expansion protocols provides vital nutrients, 

attachment factors, toxin scavengers and growth factors, which are essential for the 

growth and maintenance of cells. We observed that supplementation of FBS to the hPSC 

culture media gave better attachment of cells on the PMEDSAH-g dishes, however also 

promoted certain degree of cell differentiation. In addition, it is also unsuitable for 

therapeutic purposes due to the ill-defined nature, high lot-to-lot variable composition, 

the risk of transmitting infectious agents and immunizing effects (98). Therefore, a 

continuous search for alternative sources for human cell cultivation that replaces the FBS 

in ongoing. Knockout™ Serum Replacement (KOSR), on the other hand, is for serum-

free culture of PSC from multiple species. This defined, serum-free formulation directly 

replaces FBS in existing protocols as it alleviates many of the drawbacks of using FBS in 

stem cell culture, including differentiation of cells and heat-inactivation (120). However, 

during our investigation, KOSR failed in promoting cellular adhesion and growth of 

hPSC on PMEDSAH-g dishes. Recent studies have suggested that human body fluids 

including autologous serum, allogeneic human serum (HS) , and umbilical cord blood 

serum, platelet derivatives and follicular fluid could be promising substitutes (99, 131). 

Yet, there have been controversial issues about the advantages of HS, and detailed studies 

about the effects of HS on stem cells have not been done. Through our systematic study 

with gradient concentration of HS we reported that supplementation of hPSC culture 

media with 10% of HS gave better result with cell adhesion and growth compared to 
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FBS. Interestingly, pre-conditioning of freshly prepared PMEDSAH-g dishes with 10% 

HS in DMEM/F12 (10% HSt-PMEDSAH-g) under both the conditions -fresh use cell 

culture and stored at 4oC for weekly passaging-, supported better attachment, growth and 

long-term maintenance of hPSC. Furthermore, we successfully used several chemically 

defined and xeno-free commercial media to cultivate hPSC on 10% HSt-PMEDSAH-g 

dishes.  

As Matrigel is the most commonly used feeder-free substrate for hPSC culture, it 

was used as a control in our experiments. A key concern in hPSC research is to maintain 

the pluripotent cultures in an undifferentiated and proliferative condition without causing 

chromosomal aberrations. We found that the 10% HSt-PMEDSAH-g led to higher 

number of undifferentiated colonies and total number of cells compared to the 

experimental group. In addition, the theoretical yield of total number of undifferentiated 

hPSC was observed to be significantly higher under 10% HSt-PMEDSAH-g culture 

condition compared to the control group. The hPSC cultured on freshly prepared 10% 

HSt-PMEDSAH-g dishes and also the 10% HSt-PMEDSAH-g dishes stored at 40C 

retained their self-renewal, pluripotency and a normal karyotype after multiple passages 

during culture, which indicates that hPSC maintained their unique characteristics and 

genomic stability. We showed this response of culture of hPSC on 10% HSt-PMEDSAH-

g dishes using multiple chemically defined commercial media. These findings are well 

aligned with the long-term goal of large-scale production of clinical grade hPSC and 

hiPSC. In addition to significantly higher efficiency in hPSC expansion during long-term 

culture, the 10% HSt-PMEDSAH-g dishes have the following advantages compared to 

Matrigel: defined composition, long-term storage stability with minimal lot-to-lot 
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variability, easy preparation and compatibility with standard sterilization techniques. All 

of these features make the 10% HSt-PMEDSAH-g dishes a very promising substrate to 

obtain scalable populations of clinical grade hPSC. This could be accomplished by 

reducing the cell expansion time, production cost, as well as possible contamination and 

population drift under current culture conditions. 

Induced pluripotent stem cells (iPSC) are obtained after genetic reprogramming of 

somatic cells (e.g., fibroblasts and blood cells) into a cell which acquires characteristics 

of PSC: self-renewal and capacity for differentiation in all cell types of the body (38, 102, 

132). The human iPSC present a uniquely scalable platform for the study of inherited 

diseases, cell modeling, and as a novel mean for cell replacement in clinical applications; 

thereby, replacing the controversial use of hPSC. Despite having tremendous therapeutic 

potential, the translational research of hiPSC replacement therapy to human patients is 

relatively slow, highlighting the urgency for improved hiPSC-based cell therapy. 

Following the pioneering study by the Yamanaka group, others have used different 

strategies to produce hiPSC to meet the safety and quality criteria for effective 

therapeutic applications, in addition to increase the reprogramming efficiency. Since we 

observed significantly higher efficiency in hPSC expansion on 10% HSt-PMEDSAH-g 

dishes, we anticipated that the reprogramming efficiency into hiPSC will be enhanced 

under 10% HSt-PMEDSAH-g culture conditions. As we have previously reported (133), 

here we again used non-integrating Sendai virus constructs to overexpress OCT4, SOX2, 

KLF4, and C-MYC in human gingival fibroblasts and reprogrammed them into hiPSC 

under completely defined and xeno-free culture condition using our 10% HSt-

PMEDSAH-g dishes. Remarkably, we observed that the reprogramming efficiency was 
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significantly increased when human somatic cells were reprogrammed into iPSC under 

10% HSt-PMEDSAH-g culture condition compared to the Matrigel control group. 

In summary, we have established a chemically defined and xeno-free culture 

condition for long-term maintenance and derivation of hPSC using our optimized and 

standardized 10% HSt-PMEDSAH-g dishes. The karyotype of hPSC remains stable after 

long-term culturing in vitro. Furthermore, the chemically defined and xeno-free culturing 

system also permits efficient derivation of hiPSC from human fibroblast through 

reprogramming. The xeno-free and chemically defined culture conditions described in 

this protocol are ideal for reducing lot-to-lot variation and increasing reproducibility, 

which can ensure consistency for the use of hPSC in both basic research and clinical 

applications. The long-term maintenance of hPSC without compromising safety and 

functionality in this defined culture system will reduce the economic burden for large-

scale expansions for various applications. Our culture system has promising potentials for 

the wide applications of hPSC in in vitro studies to better understand developmental 

biology, and paves the way for translating hPSC and hiPSC technology to the clinic. 

4.3: Self-Renewal of hPSC is Enhanced Under Sµg Culture Condition 

To our knowledge, this is the first study that has investigated the self-renewal 

properties of hPSC in sµg, and demonstrated that the proliferation and self-renewal of 

adhered hPSC are enhanced under sµg compared to cells in 1g condition. This was 

accompanied by a modulated increase in protein expression of pluripotent TFs and 

integrin α6, as well as by up-regulation of telomerase activity and cell cycle associated 

genes. The RNA-seq analysis revealed that under sµg the expression of pathways related 

to differentiation and development were down-regulated, while multiple components of 
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the ubiquitin proteasome system were up-regulated, contributing to the enhanced self-

renewal phenotype observed.  

Multiple studies have shown that the capacity for differentiation of stem cells is 

reduced in ug conditions while their self-renewal is enhanced, suggesting that molecular 

mechanisms involved in self-renewal of stem cells are modified. Studies of mouse 

embryonic stem cells (mESC) under sµg have shown varied outcomes including 

decreased cell numbers associated with increased apoptosis, altered adhesion properties, 

and differentiation (134). It has been shown that spaceflight preserves the stemness of 

mESC-derived progenitors and inhibits the expression of markers of terminal 

differentiation for tissues derived from the three primary germ layers(115). Another 

study revealed that the need for a feeder layer, serum and Leukemia-Inhibitory Factor 

in the conventional method to prevent m ESC to spontaneously differentiate was 

eliminated by 3D clinostat culture (135). These studies are in agreement with our results 

using hPSC following 96 hours of cultivation under sµg and in adhering conditions, 

indicating that cells remain undifferentiated and that their self-renewal is enhanced 

compared to 1g culture conditions, as revealed by the increased protein levels of the core 

set of pluripotent TF. Blabber et al., 2015 (115) also reported that multiple markers 

indicative of self-renewal of stem cells were increased under sµg. We previously 

identified integrin α6 (also known as CD49f) as a key regulator in the self-renewal of 

hPSC and as the only commonly stem cell related protein expressed in all 35 identified 

stem cell types (5, 61). Here, we also observed that sµg upregulates the expression of 

integrin α6 in hPSC in comparison to the 1g control group. Further, our data indicates an 

induction of telomere elongation in hPSC cultured under sµg condition compared to 1g 
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culture condition, supported by the mRNA upregulation of TERT and ZSCAN4, which are 

known to contribute to telomere elongation (97, 105, 136). All of these findings indicate 

that sµg culture condition enhances the self-renewal of hPSC. 

Our study demonstrated that hPSC cultured under sµg condition remained 

pluripotent after returning to 1g conditions, as shown by trilineage differentiation 

profiling of cells. However, the induced differentiation experiments towards 

trophectoderm and neuro-ectoderm during sµg showed that the reduction of pluripotent 

TFs was less evident in cells compared to 1g. The mRNA expression levels for 

trophectoderm and neuro-ectoderm markers were significantly lower in cells under sµg 

culture condition when compared to 1g. All of these suggest that sµg reduces 

susceptibility of hPSC towards differentiation, supporting our conclusion that sµg 

enhances their self-renewal. 

PSC persist in a state of rapid proliferation and they have a unique short cell 

cycle, which in part serves to impede differentiation (137-140). We have shown that cell 

proliferation of hPSC is increased under sµg culture conditions. We found significantly 

larger colonies and high total number of cells under sµg compared to 1g culture condition 

and this was accompanied by significantly higher expression levels of Ki67, gene related 

to cell proliferation, indicating that cells under sµg have shorter cell cycle compared to 

cells at 1g condition (Fig. 3.2.1.3). This was validated by results from a qRT-PCR based 

microarray study showing significant upregulation of cyclins B1, E1 and D1 along with 

their partner CDKs (CDK1, CDK2 and CDK4, respectively) under sµg compared to 1g. 

In addition, sµg downregulated expression of cyclin-dependent kinase inhibitor genes 

(INK and CIP/KIP family of inhibitors). Analysis of RNAseq data also indicated the 
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upregulation of multiple cell cycle related pathways in hPSC cultured on sµg conditions 

compared to the 1g group. All of these findings suggest that under sµg conditions hPSC 

have shortened cell cycle and this may be supported by the enhanced self-renewal and 

reduced susceptibility towards differentiation of hPSC, as reported previously (139, 141-

143). We observed that the sµg effects on hPSC were restricted and reversible to the 

culture condition, as the proliferation rate returned to comparable levels of hPSC cultured 

in 1g condition, after cells were further expanded at 1g conditions. Interestingly, the 

effects of sµg on cell proliferation and telomerase activity were cell-type dependent as 

were not replicated in hFF. 

Using RNA-sequencing analysis, we identified a significant number of DEGs in 

sµg when compared to 1g. Functional analysis of these genes and overlap of GO terms 

indicated that cells grown under sµg condition displayed enrichment of biological process 

GO terms, including mRNA processing, mRNA stability, translation, regulation of 

transcription, chromatin organization and telomerase maintenance, all of which align well 

with our results discussed above and might be responsible for the enhanced proliferation 

and self-renewal observed under sµg. Multiple members of the ubiquitin proteasome 

system were upregulated under sµg culture condition, and we verified the upregulation at 

RNA and protein level of PSMD11 under sµg (Fig. 3.2.2.2). This indicates that the 

proteolytic activity of the proteasome complex, 26S/30S proteasome is enhanced under 

sµg. It has been established that both m ESC and hPSC exhibit increased levels of 

proteasome activity and assembly of the 26S/30S proteasomes (144, 145). This 

upregulation has been linked to increased levels of the 19S proteasome subunit 

PSMD11/RPN-6 (144, 146), an essential subunit for the assembly and activity of the 
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26S/30S proteasome (147). It is known that in hPSC, PSMD11 maintains self-renewal by 

protecting the expression of pluripotency markers and by targeting the degradation of 

germ layer specific markers (144). In addition, it has been shown that differentiation of 

hPSC results in a downregulated expression of PSMD11/RPN6 with subsequently 

reduced proteasomal activity and a reduction in the amount of assembled proteasome 

complexes. The downregulated expression of PSMD11/RPN6 during differentiation is 

accompanied by a decrease in hydrolytic activity of the proteasome complex, suggesting 

that PSMD11/RPN6 is essential for preserving the activity of the proteasome. Based on 

this information and our results, we concluded that under sµg conditions the ubiquitin 

proteasome system is participating in the enhanced self-renewal of hPSC.  

4.4: CD49f is a Reliable Biomarker to Identify Functional MSC 

Mesenchymal stem cells (MSC) are multipotent cells that adhere to plastic, have a 

fibroblast-like morphology, express a specific set of surface antigens, and differentiate 

into adipocytes, chondrocytes, and osteocytes (148). Clinically, MSC are of interest for 

their ability to modulate the immune system as well as their potential to regenerate 

tissues. However, the translation of MSC-based therapies has been hindered by the 

heterogeneity of the isolated cells as well as the lack of standardized methods for their 

definition and characterization. At the forefront of these issues is the lack of MSC-

specific reliable markers that can be used to conclusively isolate and characterize MSC. 

This heterogeneity can increase experimental variability, decrease the efficiency of 

differentiation, and contribute to conflicting data in the literature. In an attempt to 

increase consistency in the definition and verification of MSC, in 2006 the International 

Society for Cellular Therapy (ISCT) proposed minimal criteria for the definition of 
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human MSC based on plastic adherence, multipotency, positive expression of cells 

surface markers CD73, CD90 and CD105, and negative for hematopoietic and 

endothelial markers (such as MHC-II, CD11b, CD14, CD34, CD45, and CD31)(149). 

However, major laggings concerning the definition of MSC still persists, particularly, the 

observations that several defining biomarkers are also expressed in fibroblasts and remain 

expressed in MSC that can no longer differentiate (150, 151). This suggests that these 

biomarkers are not cell‐type‐specific, nor are they truly indicative of undifferentiated 

MSC. On this verge several other biomarkers have been proposed to identify MSC.  

Recently, we and other have consistently associated the expression of CD49f in 

MSC with cells that show higher clonogenicity, and differentiation potential in vitro, 

which has also been correlated with early passages, and the subsequent decrease in both 

expression of CD49f and differentiation capacity in older passages (152-157). Besides 

this, we also have collected evidence that CD49f is a biomarker that have been identified 

in all stem cell populations and plays an important role in self-renewal of different stem 

cell populations, including MSC (5). All these evidences strongly indicate that functional 

stem cells can be identified by CD49f expression levels, and justify the need for deeper 

investigation in the CD49f-positive MSC subpopulation on their potential to be used for 

regenerative medicine, and in their transcriptome that confers their stemness, both 

remaining as a gap in knowledge.  

My hypothesis is CD49f positive cells have reproducibly higher differentiation 

potentiality, and stemness, and hence, the comparative RNA profiles of CD49f positive 

vs CD49f negative MSC will enable the identification of fundamental transcriptome 
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profile differences, which is important for a clear understanding and use of MSC in 

biomedical applications. 

As discussed before, MSC are characterized by expression of cell surface 

biomarkers and their ability to differentiate into bone, cartilage and fat. However, the 

current biomarkers used to identify these cell populations are not cell‐type‐specific or 

indicative of the differentiation status of these cells and are therefore unreliable. As we 

and other have shown that CD49f has been identified as a biomarker that is commonly 

expressed in all identified stem cell types, including MSC, and that it plays an important 

role in self-renewal of different stem cell populations, here, I aim to establish this 

transmembrane protein as a reliable biomarker that defines functional MSC, and set 

following hypothesis: the expression of CD49f can be used to identify a functional MSC 

population. 
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE DIRECTIONS 
 
 
 

5.1: Overall Conclusions 

In summary, we have established a chemically defined and xeno-free culture 

condition for long-term maintenance and derivation of hPSC using our optimized and 

standardized 10% HSt-PMEDSAH-g dishes. The karyotype of hPSC remains stable after 

long-term culturing in vitro. Furthermore, the chemically defined and xeno-free culturing 

system also permits efficient derivation of hiPSC from human fibroblast through 

reprogramming. The xeno-free and chemically defined culture conditions described in 

this protocol are ideal for reducing lot-to-lot variation and increasing reproducibility, 

which can ensure consistency for the use of hPSC in both basic research and clinical 

applications. The long-term maintenance of hPSC without compromising safety and 

functionality in this defined culture system will reduce the economic burden for large-

scale expansions for various applications. Our culture system has promising potentials for 

the wide applications of hPSC in in vitro studies to better understand developmental 

biology, and paves the way for translating hESC and hiPSC technology to the clinic. 

Based on our results and other previous reports regarding the crosstalk between 

stem cell and cell cycle machineries (61, 102, 137, 139, 158), we have developed a model 

explaining the regulation of proliferation and self-renewal of hPSC by sµg (Fig. 3.2.3). 

The canonical model highlights the interplay between the core set of pluripotency TF, 

including OCT4, SOX2, and NANOG, and a common transmembrane glycoprotein 

heterodimeric complex formed by ITGA6 and ITGB1, for maintaining proliferation and 
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self-renewal of hPSC by interacting with major regulators of the cell cycle. Under sµg 

condition, our model shows that hPSC enhanced their proliferation and self-renewal, by 

overexpression of the core set of pluripotent TFs complex and glycoprotein heterodimeric 

complex signaling networks (both represented in brown color). In addition, the ubiquitin 

proteasome system (represented by PSDM11) is also upregulated (represented in brown 

color), providing further support to the self-renewal machinery. In turn, the core of 

pluripotent TF complex may upregulate the expression of major cell cycle regulators 

(represented in green) maintaining shorter cell cycle, and reducing the susceptibility 

towards differentiation, resulting in an enhanced self-renewal of hPSC. These findings 

are critical to both space science and cell biology due to its potential to decipher the 

effect of ug on humans at a cellular level as well as in the regeneration of tissues in the 

human body, and to use these alterations to better understand and solve spaceflight-based 

problems. 

In addition, our results emphasized ITGA6 (CD49f) as a reliable biomarker that 

better define the functional status of MSC (SSC). This has significant implications in 

regenerative medicine. As many clinical trials using stem cells defined as skeletal stem 

cells are ongoing currently, these cells are likely defined using standard characterization, 

which we show identifies functional and non‐functional cells. Thus, we propose inclusion 

of new biomarkers such as ITGA6 (CD49f) that better identify functional SSCs to obtain 

consistent outcomes and success in SSC based therapies. 
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5.2: Future Directions 

While the findings of this dissertation have been very informative, there are many 

experiments that still need to be performed as well as, some of which are discussed 

below: 

5.2.1: Determine the Enhanced In Vivo Osteogenic Potential of CD49fpos MSC in 
Regenerating Craniofacial Skeletal Defects  

The aim of this project is to identify MSC that can better regenerate clinically 

relevant craniofacial defects in vivo. I am proposing to use the calvaria defect rat model 

because the critical size cranial defect provides a convenient and meaningful orthotopic 

site to test and quantify the osteogenic capability of CD49fpos MSC in the context of a 

living animal. Besides, we have experience transplanting MSC derived from human iPSC 

into this model with successful human bone formation(159).  

Our preliminary studies indicate that CD49fpos MSC have enhanced stemness in 

relation to CD49fneg MSC obtained from the same pool of parental cells. These findings 

are supported by recent publication (155), nevertheless, all these studies have been done 

in in vitro conditions, remaining as gap of knowledge to demonstrate the in vivo 

osteogenic potential of CD49fpos MSC.  

The hypothesis for this project is ‘CD49fpos cells enriched from both bone 

marrow-derived MSC and the differentiation of pluripotent stem cells have reproducibly 

higher potential to generate new bone, in vivo’.  

5.2.2: Determine the Transcriptome Profile of MSC that Sustain Enhanced Stemness in 
CD49fpos Cells 
 

This project is designed to shed light on the network of transcription factors that 

will give an identity to MSC. As mentioned early, the current definition of MSC 
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generates heterogeneous populations that contain stem cells, progenitor cells and 

differentiated cells, all of them expressing the combination of biomarkers CD105, CD90, 

and CD73, low expression of MHC-I, and be negative for MHC-II, CD11b, CD14, 

CD34, CD45, and CD31. This issue is magnified by the isolation of MSC from different 

tissue, the method of culture and other factors that results in inconsistent populations and 

obscure the interpretation of data aiming to determine the transcriptome of MSC. 

Our(152) and other(155) previously published data, and our preliminary data shows that a 

subpopulation of MSC expressing CD49f is able to isolate cells with enhanced in vitro 

stemness properties, in terms of clonogenicity and differentiation (Fig. 3.3.1-3.3.3). Here, 

I propose to use the CD49fpos homogenous population to determine the transcriptome 

profile giving stemness to MSC. The hypothesis is, ‘comparative RNA profiles of 

CD49fpos vs CD49fneg MSC will enable the identification of fundamental transcriptome 

profile differences that confer MSC stemness’.  

5.3: Overall Approach to Investigate the Role of CD49f in MSC 

Based on previous findings and preliminary studies I propose to establish CD49f as a 

reliable biomarker to identify functional MSC with enhanced stemness, and to determine 

the in vivo potential of CD49fpos MSC for osteogenic regeneration of clinically relevant 

calvaria defects and compare it to the osteogenic potential of CD49fneg MSC, and 

complete MSC populations derived from bone marrow extractions and from the 

differentiation of human iPSC. I also propose to determine the transcriptome that define 

the enhanced stemness of CD49fpos MSC. In Fig. 5.2.2.1, I outline the general approach 

that will be taken to obtain CD49fpos and CD49fneg MSC and Fig. 5.2.2.2 represents the 

preliminary date about the TF bound to CD49fpos MSC. The primary human bone marrow 
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Figure 5.2.2.1: Schematic strategy to identify CD49f DNA binding-transcription factors 
in MSC. The illustration indicates the steps to identify transcription factors present in the 
CD49fpos MSC with regulatory activity over CD49f. The inlet shows the detection of 
HIF2α and cMYC as CD49f DNA binding proteins in hESC. 
 

 

 

 

-HIF2a

-cMyc



87 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.2.2: Preliminary identification of transcription factors in CD49fpos MSC.  
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derived MSC will be obtained from cell/tissue banks, while human iPSC will be used for 

differentiation into MSC, using protocols routinely used in our lab (133, 152, 159). The 

primary MSC and the parental cells use for derivation iPSC will be from female and male 

origin. The MSC populations will be characterized following standard protocols(149). 

Cells at passage 3 will be used for all experiments. Separation of MSC into CD49fpos and 

CD49fneg cells will be done by fluorescent activated cell sorting using the services of the 

Flow Cell Sorting Core Facility of the Department of Biological Sciences at Oakland 

University. 

Moreover, as depicted in Fig. 5.3, MSC will be obtained from primary cells of 

bone marrow aspirates or after the differentiation of hiPSC. After their standard 

characterization (Aim 1- using CD49f to identify functional MSC with enhanced 

stemness), MSC will be sorted into CD49fpos and CD49fneg cells, and be used for 

experiments described in Aims 2 and 3.  

Data generated from this proposal will be fundamental to our future goals that include the 

reprogramming of somatic cells into functional induced (i)MSC using known 

transcription factors. Until know this has not been achieved because master regulators of 

MSC remain unknown. iMSC will represent a constant personalized cell source for use in 

multiple biomedical applications, including the treatment of bone defects with tissue 

engineering constructs.  
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Figure 5.3: Schematic representation to determine the in vivo osteogenic potential of 
CD49fpos MSC and their transcriptome. 
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