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ABSTRACT 
 
 

INVESTIGATING THE OSTEOGENIC POTENTIAL OF MULTIPOTENT 

MESENCHYMAL STROMAL CELLS THROUGH THE USE OF DNA 

MICROARRAY TECHNOLOGY AND BIOMATERIAL NANOTOPOGRAPHY 

 

Multipotent mesenchymal stromal cells (MSCs, also called mesenchymal stem 

cells), a heterogeneous population of adult progenitor cells commonly isolated from the 

bone marrow, are capable of differentiation into a wide variety of tissue types. The use of 

MSCs is gaining traction amongst researchers due to their ease of acquisition, ex vivo 

expandability, and encouraging potential for tissue regeneration. It is well established that 

MSCs can be induced to differentiate into osteoblasts when provided media 

supplemented with the synthetic glucocorticoid, dexamethasone, or growth factors, such 

as bone morphogenetic proteins (BMPs). However, recently osteogenesis has also been 

shown to be induced in MSCs cultured on substrates with modified surface 

nanotopographies. This work utilizes a combination of bioinformatics and biomaterial 

engineering to study MSC differentiation towards the osteogenic lineage as a result of 

two fundamentally different inductors; the osteogenic growth factor, BMP6, and substrate 

nanotopography. 
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BMP induced differentiation 

BMPs are currently under intense investigation for therapeutic use as 

osteoinducers, and one of them, BMP2, is approved for use in spinal fusion. In 

collaboration with a bone biologist at UPenn, we performed extensive genomic analysis 

of differentiating human MSCs using Affymetrix microarrays. We discovered that 

suboptimal concentrations of BMP6 induced a short-term burst in gene activity of known 

negative regulators of the BMP pathway, and other negative regulators of cell 

differentiation, cell development and biosynthetic processes. On the other hand, 

osteogenic concentrations of BMP6 result in the long-term up-regulation of bone related 

transcription factors and bone marker transcripts. The data support a novel hypothesis 

that the up-regulation of BMP6 antagonists may be playing an important role in 

establishing a threshold for BMPs signaling, which must be surpassed to trigger 

differentiation. 

Another set of studies explored the role of Osterix in BMP-mediated MSC 

differentiation. Osterix (OSX) is an osteogenic transcription factor vital to the process of 

bone formation. MSCs isolated from three human donors, were treated with siRNA to 

abrogate the transcription of OSX. Gene expression levels within normal and OSX 

knockout MSCs were compared in the presence and absence of BMP6 to identify 

potential genes under the transcriptional control of OSX. Our microarray data analysis 

suggests that OSX plays multiple functional roles, the most important of which includes 

the up-regulation of alkaline phosphatase, the up-regulation of genes encoding for 

proteoglycans involved in bone mineralization, the activation of osteoclastic activity 

through the suppression of osteoprotegerin (OPG), and the repression of several matrix 
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metalloproteinases (MMPs) responsible for the breakdown of extracellular collagen. 

Other downstream biological processes linked to osterix, as suggested by the microarray 

data, include the suppression of genes associated with cellular proliferation and 

vasculature development as well as the activation of genes associated with cell adhesion 

and cellular morphogenesis. While many of these proposed genetic relationships have yet 

to be confirmed by additional tests, our analysis of the DNA microarray data yields a 

number of novel testable hypotheses on the downstream functions of OSX. 

MSC differentiation by nanotopography 

MSCs can differentiate in response to a large number of cues, including, most 

intriguingly, the topography of the extracellular material around them. We performed 

experiments to investigate the effects of nanotopography on the long-term response of 

progenitor cells using polycaprolactone nanopillar and nanofiber surfaces seeded with rat 

MSCs. We found that after four weeks in normal growth media, MSCs cultured on 

nanofibers exhibit better adherence, increased proliferation, and maintain increasingly 

dense fibroblast-like morphologies. In contrast, MSCs seeded on nanopillar surfaces 

display lowered adherence, reduced proliferation, and adopt highly elongated cellular 

morphologies. Immunofluorescent staining of MSCs on PCL nanopillars reveals the 

presence of two bone marker proteins, osteopontin and osteocalcin, providing evidence 

for surface induced differentiation into osteoblast-like cells. Unlike the nanopillar 

topography, MSCs cultured on nanofiber and smooth PCL surfaces did not appear to 

undergo osteogenesis. Observed differences in cellular response to the PCL 

nanotopographies offer strategies to direct progenitor cell populations solely based upon 

submicron surface modifications. Our experiments suggest that PCL nanofiber 
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morphologies could assist in promotion of cell growth without recourse to growth factors, 

while nanopillar morphologies could be useful for promotion of osteogenesis without any 

chemical cues.     
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Introduction

Multipotent Mesenchymal Stromal Cells 

Multipotent mesenchymal stromal cells (MSCs) comprise a heterogeneous 

population of adult progenitor cells, which have the potential to differentiate into a 

variety of tissue types. Originally characterized over forty years ago as bone marrow-

derived, plastic-adherent, colony forming fibroblasts, which retain the ability differentiate 

into bone tissue1, MSCs have become a progressively more popular cell type for use in 

regenerative medicine. While bone marrow serves as the most common supply of MSCs, 

they can also be isolated from many other tissue sources, including: adipose2, skeletal 

muscle3, liver4, synovial fluid5, amniotic fluid6, and brain7. In fact, evidence is pointing to 

the notion that MSCs reside in almost all tissue types and organs8. Once isolated, placed 

in the proper environment and treated with appropriate cellular cues, MSCs have been 

induced to differentiate into cells of both mesenchymal lineages; bone9, cartilage10, fat11, 

muscle12, tendon13, and non-mesenchymal lineages; including endothelial14, neuronal15, 

and hepatic16 tissues. 

While MSCs are praised for their ease of acquisition, ex vivo expandability, and 

potential to revolutionize modern medicine, they can only undergo a finite number of cell 

divisions ex vivo, approximately forty doublings, before they show signs of senescence 

and apoptosis17. Therefore, the classification of MSCs as a true stem cell population has 

been brought into question. To address this concern, it has recently been suggested that a 
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key difference between the in vitro cell culture environment and an in vivo setting is the 

amount of oxygen available for cell consumption. MSCs show enhanced expansion and 

proliferation in hypoxic tissue environments18, such as the bone-marrow, leading to the 

perception that MSCs utilize low oxygen environments to proliferate and differentiate 

when exposed to higher oxygen levels. 

One issue currently impeding MSC research is the lack of globally accepted 

methods of extraction, isolation, and cellular expansion, rendering direct comparisons of 

results across separate studies nearly impossible. In an attempt to unify the scientific 

community, the International Society for Cellular Therapy (ISCT) released a position 

statement in 2006 establishing a minimal set of three criteria which define MSCs19.  The 

ISCT proposed that a multipotent mesenchymal stromal cell must be plastic adherent, 

maintain specific surface antigen expression, and have multipotent differentiation 

potential. More specifically, MSCs must be positive for a select set of surface markers 

(CD73, CD90, CD105), negative for contaminating hematopoietic surface markers 

(including CD34, CD45, CD14, CD19), and they must be able to differentiate into 

osteoblasts, chondroblasts and adipocytes in vitro.  It is important to understand that 

MSCs are a plastic adherent, heterogeneous population of cells; surface markers capable 

of specifically identifying MSCs from other cell types have yet to be identified, 

complicating their classification. 

MSCs have been utilized in a wide range of in vivo animal disease models to 

study their therapeutic effectiveness with encouraging results. MSCs aid in the prevention 

of graft-versus-host disease20, improve survival following endotoxin induced acute lung 

injury21, and improve arthritic symptoms of collagen induced arthritis22 in mouse models. 
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A skin graft transplantation study conducted using baboons revealed MSCs to prolong 

transplant survival by decreasing the immune response, more specifically by reducing the 

proliferation of lymphocytes. In rats, MSCs have been observed to improve the healing of 

critical sized bone defects23 and improve glomerular healing following experimentally 

induced glomerulonephritis24.  

In addition to encouraging results in animal models, MSCs have also been 

successfully used to treat human maladies in the clinical setting. Direct transplantation of 

autologous bone marrow derived MSCs improve the healing and function of critical-sized 

bone defects25 and aids in the repair of articular cartilage26, while intracoronary 

administration of these cells results in improved left ventricular function in patients prone 

to myocardial infarctions27. Allogenic marrow derived MSCs, injected intravenously, 

have resulted in improved bone growth in children with osteogenesis imperfecta28 and 

increased nerve conduction velocities in patients with metachromatic leukodystrophy29. 

Patients suffering from multiple sclerosis may be seeing a new MSC treatment option in 

the future. Phase 1 clinical trials, planning to utilize the immunosuppressive nature of 

marrow derived MSCs in an attempt to lessen the ongoing damage attributed to multiple 

sclerosis, are set to get underway.  The use of MSCs in a clinical setting is not strictly 

limited to bone marrow derived cells, as the recent use of adipose derived MSCs was 

shown effective in the treatment of fistulas associated with Crohn’s disease30. 

One desirable aspect of MSC therapy is the ability for these cells to home in on, 

or migrate towards, sites of injury. It is currently thought that inflammation itself acts as a 

major cue for directing the migration of transplanted MSCs. A rat myocardial infarction 

model shows that injected MSCs migrate well in non-infarcted hearts; however, MSCs 
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remain in the border zone of infarcted hearts and begin to express myocytic markers31. 

Intra-arterial infusion of MSCs was also shown to migrate to the kidneys of rats with 

ischemia-induced acute renal failure and improve renal function, increase cellular 

proliferation and reduce apoptosis32. Several cases of MSC homing in human patients 

have been reported, including the migration to the bone marrow following intravenous 

injection of MSCs to treat osteogenesis imperfecta28. 

MSC Differentiation 

Prior research with MSC populations have shown that they can be induced to 

differentiate into many cell types in response to a wide variety of stimuli, including 

soluble cues33, surface chemistry34, matrix elasticity35, seeding density36, and cell 

geometry37.  Establishing the groundwork for MSC differentiation, Pittenger and 

colleagues successfully maintained and expanded populations of undifferentiated MSCs 

in vitro and were capable of inducing differentiation into the adipocytic, chondrocytic, 

and osteoblastic cell lineages depending on the chemical contents added to the cell 

culture media33. Isolated and expanded MSCs from 50 human donors were investigated, 

with all MSCs responding positively to the three differentiation assays. Two populations 

of human fibroblasts, terminally differentiated cells similar in morphology to MSCs, 

failed to differentiate into any of the three lineages. To rule out the possibility of MSCs 

being comprised of a population of committed progenitor cells, with each cell destined 

for only one fate, Pittenger showed that MSCs from colonies derived from a single cell 

were also capable of differentiation into all three cell lineages33. 

 It is becoming increasingly evident that the differentiation of MSCs is not only 

sensitive to soluble media components, but to many different aspects of the cellular 
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microenvironment. A study utilizing functionalized self-assembled monolayers 

containing a wide range of surface chemistries shows that positively charged monolayers 

supports both adipocytic and osteoblastic differentiation, while neutral hydrophilic  

monolayers selectively permit osteoblastic differentiation, inhibiting adipogenesis34. In 

other work, collagen coated, polyacrylamide gels of varying degrees of elasticity were 

found to have a drastic effect on the fate MSCs. MSCs on stiff gels underwent 

osteogenesis, while those seeded on gels with lower elastic moduli were found to 

differentiate into myocytic and neuronal lineages35.  

Cell density is also thought to be important in MSC fate determination. Using 

mixed media comprised of adipogenic and osteogenic cues, McBeath and colleagues 

showed that higher MSC densities promoted differentiation into adipocytes and lower 

densities permitted osteogenesis36. In order to further investigate this phenomenon, 

fibronectin islands of different areas were used in single cell experiments. Large islands, 

which allow for cellular spreading, favored osteogenesis, while small islands, which 

maintain a rounded cell morphology, favored adipogenesis36. These two concepts are 

inherently related; cells seeded at low densities have room to spread, while those at 

higher densities are forced to remain rounded due to the steric interactions of surrounding 

cells. Even more recently, cellular geometry has been shown to direct MSCs down 

specific lineages. A microcontact printing technique, allowing for the patterning of 

individual cellular shapes on a substrate, was used to show that MSCs with increased 

contractility led to preferential osteogenesis, while those with low contractility preferred 

adipogenesis37. Clearly, MSC differentiation is a process greatly affected by the 

surrounding cellular environment in which the cell resides. A detailed picture of the 
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multiple signaling pathways responsible for eliciting MSC differentiation is beginning to 

emerge as a result of the concerted efforts of researchers worldwide.  

Bone Morphogenetic Protein Induced Osteogenesis 

While synthetic chemicals are routinely used in the lab to induce MSC 

differentiation in vitro, MSC differentiation in vivo relies on the chemical and physical 

properties of the surrounding natural environment. Paracrine and autocrine signaling by 

growth factors is known to play a large role in determining the end fate of stem cells.  

Osteogenesis, or more simply, the formation of bone, occurs when MSCs are presented 

with specific growth factors, termed bone morphogenetic proteins (BMPs). Knowledge of 

the osteoinductive potential of BMPs has increased considerably ever since Urist’s 1965 

discovery of reproducible ectopic bone formation induced by allogenic implantation of 

de-mineralized bone matrix38. The term ‘bone morphogenetic protein’ was introduced in 

1971 after enzymatic digestion of de-mineralized bone matrix abrogated its ability to 

induce bone formation39. Over the years, work to isolate and characterize BMPs40,41 

eventually led to their molecular cloning42,43, allowing for the wide spread study of the 

osteogenic growth factors. There are currently nineteen BMPs which have been identified 

and given main physiological roles, five of which are capable of inducing complete bone 

morphogenesis44.  

 BMPs belong to the Transforming Growth Factor β (TGFβ) superfamily of 

signaling molecules and are capable of binding to the extracellular matrix (ECM), soluble 

antagonists, co-receptors and transmembrane receptors45. BMPs present themselves as 

dimers, held together by disulfide bonds, and are known to exist in homodimeric and 

heterodimeric form both in vitro and in vivo46. BMP heterodimers are thought to have 
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increased signaling capabilities compared to homodimers. For example, BMP2/7 is more 

effective at inducing osteogenesis than either the BMP2 or BMP7 homodimers because it 

is not as effectively antagonized by the presence of the BMP antagonist, noggin47. In 

addition to playing an important role in the differentiation of MSCs into osteoblasts, 

BMPs appear to be essential for the proper development of the majority of organs in 

vertebrates45. 

 Osteogenesis is initiated through the binding of BMP ligands to heterodimeric 

receptor complexes, formed from type I and type II transmembrane BMP receptors. 

There are currently six BMP receptors which have been identified, three type I (ActR1a, 

BR1a , and BR1b) and three type II (ActRIIa, ActRIIb, BRIIa)48. Each receptor contains 

an extracellular binding domain and an intracellular serine/threonine kinase domain. The 

BMP signaling pathway is initiated when a BMP ligand binds to a preformed receptor 

complex, allowing the type II receptor tail domain, a constitutively activate kinase, to 

phosphorylate and activate the type I receptor tail domain. Once activated, the type I 

receptor transmits the BMP signal through the phosphorylation of a group of cytoplasmic 

proteins known as receptor smads or R-Smads (Smad1, Smad5, Smad8).  Upon 

phosphorylation, R-smads multimerize with other cytoplasmic smad molecules known as 

Co-Smads (Smad4) and translocate into the nucleus, where they function as transcription 

factors, activating genes vital to the process of osteogenic differentiation49.  

 BMP signaling is a highly regulated process, during which many proteins play 

roles in enhancing and attenuating the signaling event. Some membrane bound co-

receptor molecules are known to potentiate BMP signaling, including Betaglycan50,49 and 

the repulsive guidance molecules (RGMs)51, while others are known to function as decoy 
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receptors for BMP ligands, inhibiting the signaling response. Secreted inhibitory 

molecules, known as BMP antagonists, assist in dampening osteogenic signals by binding 

to BMP ligands in the extracellular environment, thus preventing their association with 

receptor molecules52. Attenuation of BMP signaling is also performed in the intracellular 

environment. A type of inhibitory smad protein, known as I-Smads (Smad6 and Smad7), 

functions to silence BMP signaling in multiple ways including, preventing R-Smad 

phosphorylation and  acting as a transcriptional repressor49.     

 The Food and Drug Administration (FDA) has authorized the approved use of 

tissue engineering constructs which employ the use of recombinant human BMP2 

(rhBMP2). Infuse® by Medtronic has been FDA approved since 2002 for the treatment 

of degenerative disc disease in the lower back by facilitating spinal fusions. The 

technology utilizes rhBMP2 seeded within an absorbable collagen sponge at a 

concentration of 1.5mg/cc, which is used to support bone growth when implanted in the 

body. Over past several years, the FDA has approved additional clinical uses for the 

Infuse® bone graft, including the repair of compounded lower leg fractures in 2004 and 

its use in reconstructive surgery throughout maxillofacial regions in 200753.  Another 

BMP containing product hasn’t been as successful. OP-1 Putty® by Stryker is generated 

using powdered rhBMP7, also known as osteogenic protein-1, combined with bovine 

collagen, and mixed in a saline solution to form a putty-like material. The material was 

approved for use under the Humanitarian Device Exception program for bone 

regeneration in spinal fusions in 2001. However, subsequent research revealed that while 

OP-1 Putty® didn’t cause adverse harm, it did not heal spinal fusions any better than 

standard autogenic bone grafts54, prompting the FDA to reject its application for pre 
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market approval in 2009. The success and failure of OP-1 Putty® has illustrated that 

while bone morphogenetic proteins show great potential in regenerating bone tissue, there 

is still more to be learned to maximize their potential.  

Nanotopography Induced Osteogenesis  

 Over the past decade, the use of nanotopography driven cellular response has 

been an exciting topic for biomaterial and tissue engineers looking to modulate the fate of 

stem cells through material surface properties. Research conducted by members of the 

Biomaterials and Surfaces Micro-Nano Engineering Laboratory (BSµnEL) at Colorado 

State University has extensively investigated the response of rat MSCs to two different 

polymer nanotopographies, nanopillars and nanofibers. Fabricated out of an FDA 

approved, biodegradable and bioresorbable, polymer called polycaprolactone (PCL), the 

two surface topographies were both shown to support MSC adhesion, viability and 

aggregation55,56. When cultured in the presence of soluble osteogenic cues, MSCs on PCL 

nanopillars and nanofibers exhibited increased bone protein production and 

mineralization compared to planar controls. The enhanced osteogenic response of MSCs 

to PCL nanotopographies provides a solid foundation for the development of polymeric 

three-dimensional scaffolds for bone tissue engineering. 

One of the leading causes of orthopedic implant failure is soft tissue 

encapsulation, a condition characterized by the formation of fibrous tissue surrounding 

the implant instead of the desired bone tissue57. The resultant wear and abrasion at the 

biomaterial-tissue interface reduces the average lifespan of titanium implants to 10-15 

years, after which they must be replaced. This has lead to increased interest in material 

topographies capable of directing osteogenesis and supporting osteointegration. A 
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multitude of techniques have been proposed and tested to alter the surface 

nanotopography of titanium, including polishing, etching, blasting and oxidization58. The 

increase in surface roughness imparted by the addition of nanostructures has been shown 

to increase the strength of bone bonding, leading to the development of implants with 

increased osteointegration capabilities. For example, an in vivo study comparing titanium 

dioxide nanotube implants with gritblasted titanium dioxide implants in rabbits found a 

significant increase, over 9-fold, in the bone bonding tensile strength of the nanotube 

surfaces59. Thus, the use of nanotopography will undoubtedly play a major role in the 

future of bone implant design and fabrication. 

One drawback of the numerous in vitro studies comparing surface 

nanotopographies for MSC differentiation and integration involves the use of cell culture 

media containing osteogenic supplements. While the results suggest that select 

nanotopographies increase osteoblast differentiation, the use of the glucocortical steroid, 

dexamethasone, complicates matters. Due to the uncharacterized effects of the addition of 

dexamethasone to the human body, some researchers have focused their attention on 

biomaterial surfaces which are capable of inducing osteogenic differentiation in the 

absence of any soluble cues. For example, one study found that the addition of disordered 

nanopits, approximately 120nm in diameter and 100nm deep, to a polymethyl-

methacrylate (PMMA) surface resulted in the differentiation of human MSCs into 

osteoblast-like cells without the addition of osteogenic media60.  Further, microarray 

analysis revealed that additional pathways, seemingly unrelated to bone, were activated 

in the presence of dexamethasone which were not activated by the nanopit topography, 

including genes related to the digestive system and hair, skin, and respiratory 
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development60. The activation of genes unrelated to bone production is a cause for 

concern, as there may be unintended cellular consequences to the use of dexamethasone, 

strengthening the push to establish surface driven control over differentiation. 

 In addition to altered polymer surfaces, MSCs have been shown to undergo 

nanotopography induced osteogenesis on titanium dioxide nanotube surfaces with well-

defined dimensions. A study comparing different nonordered nanotube sizes revealed that 

MSCs seeded on nanotubes with a diameter of 70-100nm underwent differentiation into 

osteoblast-like cells in the absence of osteogenic media. While cell adhesion was 

reduced, MSCs adopted very elongated morphologies, suggesting that increased 

intracellular tension and limited attachment points results in the driving force for 

osteoblastogenesis61. In contrast, MSCs seeded on 30nm nanotubes and smooth titanium 

dioxide surfaces had better adherence and spread more uniformly, but they did not show 

any up-regulation of osteoblast bone markers. The authors proposed that protein 

adsorption plays a major role in the observed response, as significantly more protein was 

present on the smooth titanium samples and those with smaller nanotube diameters than 

on the 100nm nanotubes61. The reduced number of bound proteins could potentially 

explain the reduction in adherence and the increased elongation observed on nanotubes, 

as MSCs would likely have fewer points for cell attachment, spreading over longer 

distances to effectively adhere. 

 The use of nanotopography to alter the fate of stem cells is an emerging and very 

exciting field. Nanotopographical control over osteoblastogenesis appeals to investigators 

who wish to eliminate the need for soluble cues and their unintended side effects. While 

researchers have shown that certain surfaces are capable of inducing MSC osteogenesis, a 
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significant amount of work needs to be done in order to obtain an understanding of the 

mechanisms driving such behavior.  

DNA Microarray Technology 

 DNA microarrays encompass a high-throughput technology which allows for the 

simultaneous measurement of all the gene expression, including tens of thousands of 

transcripts, within a particular organism or population of cells at a given moment in time. 

Microarrays utilize the messenger RNA (mRNA) produced by cells as a measure of gene 

expression, with the central assumption that the amount of a particular mRNA within a 

cell population is proportional to the activity of its associated gene. With the inception of 

DNA microarrays in the early 90’s, there has been a substantial increase in the number 

and types of arrays produced. Investigators have several choices in microarray 

technology resulting from the development of biology-specific chip types, including gene 

expression arrays62 and single nucleotide polymorphism (SNP) arrays63. Microarrays can 

be advantageous over other technologies, such as quantitative real-time polymerase chain 

reaction (RT-PCR), in that they allow for the simultaneous comparison of gene 

expression from a very large number of genes and can be used to indentify groups, or 

clusters of differentially expressed genes with similar biological functions. 

 In general, microarray technology can be split into two main groups, cDNA and 

oligonucleotide arrays, depending on the probe type. Microarray probes comprise a 

portion of single-stranded DNA which is complimentary to a transcript of interest and 

permanently affixed to a solid support, called the chip. In cDNA microarrays, the probes 

consist of PCR products obtained from cDNA libraries using gene specific primers, and 

they are printed onto a glass slide. Whereas oligonucleotide arrays, developed by 
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Affymetrix, utilize short, 25-mer, oligonucleotide strands which are printed onto silicon 

wafers using photolithography for their probes. Each array type has its own advantages 

and disadvantages64. For example Affymetrix oligonucleotide arrays can be designed in 

such a way that their probes represent the most unique portion of a gene, allowing for the 

detection of mRNA levels from very similar transcripts and splice variants. However, 

Affymetrix arrays are especially costly, hampering their use in the academic setting. In 

contrast, spotted cDNA microarrays allow for greater flexibility and customization for 

smaller scale experiments, however, it is common to observe cross hybridization 

preventing the detection of closely related transcripts.  

 Another key difference between Affymetrix oligonucleotide arrays and spotted 

cDNA arrays is the manner in which two samples are compared. A comparison of 

differentially expressed genes occurs on a single chip in cDNA arrays and it occurs 

between two or more chips when oligonucleotide array technology is used. Suppose one 

wants to compare gene expression in a population of tumor cells and normal cells. When 

using a cDNA array, the mRNA is extracted from both cell populations and converted 

into fluorescently labeled cDNA; the tumor cells are typically labeled red (Cy5) and the 

control cells labeled green (Cy5). Following labeling, cDNA from both cell populations 

is allowed to hybridize to a single array, forcing a competition between the two samples 

for probe hybridization. Any transcript which is up-regulated in the cancer cells will 

result in a greater amount of red labeled cDNA, and the corresponding spot will appear 

red on the microarray. If a transcript is down-regulated in the cancer cells, the spot will 

appear green. When equal amounts of the transcript appear in both populations, as in a 

non-differentially expressed gene, the two colors will essentially cancel out, resulting in a 
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yellow spot. On the contrary, when using Affymetrix oligonucleotide arrays, the mRNA 

from each cell population is converted to biotin-labeled cRNA or cDNA, depending on 

the chip type. The label transcripts are subsequently fragmented and allowed to hybridize 

to individual chips. Comparisons of gene expression values are performed by comparing 

probe intensities across chips. Therefore, an up-regulated gene in a cancer cell population 

will have greater probe intensities, when compared with the same gene from the control 

cell population. Notice that the term probe “intensities” is plural, as a result of Affymetrix 

arrays having multiple 25-mer probes for each transcript of interest.  

 The subsequent research in this thesis utilizes Affymetrix arrays; therefore, some 

background information on the processing of oligonucleotide arrays is essential. After 

mRNA extraction, labeling, chip hybridization and scanning, additional steps, including 

normalization, background subtraction and expression value summarization must be 

performed before gene expression levels can be compared. Background subtraction 

corrects for non-specific binding and optical noise. It can be thought of as adjusting the 

data for the ambient intensity. Depending on the chip type, different forms of background 

correction are performed. Affymetrix chips commonly have probes with slightly incorrect 

sequence alterations, termed mismatch probes, to detect for nonspecific binding. The 

intensities of mismatch probes can be subtracted from the perfect match probes to correct 

for background noise. Another form of background subtraction involves calculation of 

local background noise by taking the 5th percentile of intensities within a defined region 

of the chip and subtracting it from all intensity values within the region. 

Normalization attempts to correct for systematic variation that commonly occurs 

within microarray studies for the purpose of comparing multiple arrays. Assuming equal 
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starting amounts of mRNA from each sample to be compared, sources of variation, 

including labeling efficiency, hybridization times, and scanning, can result in chips from 

the same study having very different overall intensities. The purpose of normalization is 

to bring the relative intensities of each chip to approximately equal levels so that they 

may be compared. There are multiple methods to normalize DNA microarrays. Simple 

scaling involves re-scaling all the chips within an experiment to equalize the average 

intensity across all chips. Microarrays can also be normalized based on a group of 

housekeeping genes, those whose expression value is expected to remain constant across 

all samples. Quantile normalization is performed by forcing the distribution of probe 

intensities to be equal in all samples. Other forms of normalization involve the 

impromptu detection of genes with very little change in expression across samples, and 

using them as housekeeping genes for normalization. 

After background correction and normalization, expression value summarization 

is performed. The purpose of this last step is to advance from the multiple intensity 

values of the probes within a particular gene’s probe set to one value which is 

representative of the gene’s overall expression level. Many different models have been 

developed and used for expression value summarization. Affymetrix’s Microarray Suite 

model, MAS565, DNA-Chip Analyzer’s (dChip) PM-MM and PM-only multiplicative 

model based expression index (MBEI) models66,67, and the Robust Multi-array Average 

(RMA) model68 are all commonly used to obtain expression values. Currently no one 

model is satisfactory for all purposes and depending on who is asked the question the 

response will differ. DNA microarrays in this work were analyzed using dChip’s MBEI 

models.  
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Chapter 1: MSC Response to Suboptimal and Osteogenic 
Concentrations of BMP6 

Motivation 

Previous work conducted by our experimental collaborators reveal BMP6 to be 

the most potent in vitro inducer of MSC osteoblast differentiation out of all the 

osteogenic BMPs69.  The addition of BMP6 to human MSCs results in the up-regulation 

of genes consistent with osteoblast differentiation, including major bone associated 

transcription factors and marker proteins. Further, BMP6 was the only BMP to be 

significantly expressed shortly following treatment with bone differentiation media 

containing the osteogenic inducer, dexamethasone69. BMP6 is also secreted by 

osteoclasts, providing a mechanism by which the bone resorbing cells are able to recruit 

osteoprogenitors to the site of remodeling and induce bone formation via BMP pathway 

activation70,. The ability of BMP6 to induce the osteogenic differentiation of adult stem 

cells makes it a desirable candidate for further research in the field of bone tissue 

regeneration.  

 Increased understanding of the genetic changes which occur following treatment 

of hMSCs with BMP6, provided by DNA microarray technology, may help determine 

future avenues for treatment of a wide variety of bone disorders and injuries. In this 

work, human marrow derived MSCs obtained from a single individual were cultured in 

serum-free media containing two different amounts of BMP6, a suboptimal dose of 2nM 

and an effective dose of 20nM. Cells from each treatment condition were harvested at 
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two separate time points following BMP6 delivery, and the mRNA was extracted for 

detection on Affymetrix oligonucleotide gene arrays. The subsequent analysis of this 

microarray data provides unique insight into BMP6 signaling and its regulation. 

DNA Microarray Analysis 

 Adult MSCs, cultured under serum-free conditions, were harvested 4 and 10 days 

post BMP6 treatment, and the mRNA was extracted for microarray profiling using the 

Affymetrix HG-U133 Plus 2.0 Genechip® platform, a comprehensive 3’ in vitro 

transcription (IVT) array capable of detecting the expression of over 47,000 transcripts. A 

total of six microarrays were incorporated into the analysis, one for the baseline control 

condition and two for the experimental samples provided with BMP6 (2nM and 20nM) at 

each of the two time points. It must be noted that the arrays utilized for this experiment 

were a subset of a larger study on the over-expression of a bone transcription factor, 

osterix, and its response to BMP signaling. Therefore, both the baseline and experimental 

MSCs were manipulated to over-express GFP prior to BMP6 treatment and microarray 

profiling.  

Initially, the microarrays are visually inspected to rule out any surface scratches, 

abnormally bright or dark spots, or any other irregularities that may indicate a faulty chip. 

The array summary provided by the DNA-Chip Analyzer (dChip) software package did 

not flag any chips with a warning, indicating that all the chips met acceptable criteria for 

further analysis67 (Table 1.1). The percentage of genes called present was well over 50% 

on each chip. Affymetrix considers the total amount of genes marked as present as a 

quality control assessment for the in vitro transcription procedure, and values for the 

percentage of genes called present typically range between 30-50%. In addition the 
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percentage of probe sets classified as array outliers and individual probes classified as 

single outliers by were well below 5%, a score indicative of a problematic chip. The 

median intensity values reveal that the 4 Day 2nM BMP6 array has a much lower median 

intensity value compared to the other five chips, stressing the need for normalization. 

 

 

 

 

 

dChip’s invariant set normalization method was employed to bring the median 

intensity value for each chip to a comparable level. Raw data from each chip was 

normalized to the baseline array with median brightness level provided by the intensity 

values66. In this case, the baseline array was selected to be the day 4 control array. In 

general, the microarray normalization should be based on a set of non-differentially 

expressed control or housekeeping genes. Instead of using predetermined housekeeping 

genes, dChip selects for a list of controls ad-hoc using an iterative procedure. Briefly, the 

invariant set normalization performed by dChip selects for a list of non-differentially 

expressed genes by establishing thresholds for a probe’s proportion rank difference 

(PRD). The PRD is calculated by taking the difference in ranks of a particular probe 

between the array to be normalized and the baseline array, and dividing it by the total 

number of probes contained within the chip. If a probe clears the established threshold, 

typically around 0.003 – 0.007, it is saved for the next round of iteration. The procedure 

is again repeated, but with a decreased number of probes. After several rounds, the 
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Table 1.1 - dChip BMP6 Array Summary 
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number of selected probes will no longer decrease in size and the resultant list of genes 

form the “invariant set”.  The process of normalization is finalized when the array to be 

normalized is plotted against the baseline array and the points are shifted such that the 

identity line runs though the points comprising the invariant set. Following 

normalization, the microarrays have very similar overall brightness levels, allowing for 

chip-to-chip comparisons. 

Once chips are normalized, the microarrays need to be modeled to establish 

expression levels for a particular gene. Each gene’s individual expression level results 

from the information contained within its probe set. For the HG-U133 Plus 2.0 array, 

there are twenty probes within a probe set, ten perfect match (PM) and ten mismatch 

(MM) probes. A PM probe consists of millions of copies of a single 25 base pair long 

strand of DNA complementary to a transcript of interest, while the corresponding MM 

probe is identical with the exception of a different nucleotide at the 13th position. The 

mismatch probes allows for background correction, as it is assumed that any labeled 

transcript binding to a MM probe is also capable of binding to its PM equivalent. To 

account for the probe variability in computing expression values, dChip utilizes a 

statistical model which provides a weighted average of perfect match and mismatch 

differences (PM–MM) for the estimated expression index67. In brief, each probe is 

provided with a sensitivity index, which is a value describing the affinity of a probe for 

its particular target. One could imagine that a probe with higher CG content should have 

a higher probe sensitivity index, due to the fact that three intramolecular hydrogen bonds 

form between the base pairs Cytosine and Guanine, as opposed to two hydrogen bonds 

forming between Adenine and Thymine. The model operates by iteratively fitting values 
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for probe sensitivity index estimates and expression indices, using least squares 

estimation, ultimately converging on one common expression index for all probes within 

a particular probe set. The PM-MM dChip model is shown below67. 

!!" = !!!" −!!!" = !!!! + !!" !!!! !!! = !,
!

!!!"~!(0,!!) 

PMij is the perfect match intensity for the jth probe pair within the ith array, while 

MMij is the mismatch intensity. The rate at which the jth probe pair increases in intensity 

after hybridization, φj, is also known as the probe sensitivity index, and the resultant 

expression index for the ith array is θi. εij is the random error associated with the model. 

In order to estimate values for a gene’s expression value, the model must be constrained 

in some way. The designers chose to constrain the model by making the sum of squares 

of the probe sensitivity indices equal to the total number of probes, J. Assuming the φ’s 

are known within a probe set, the least squares estimate for θ is67:  

! = !!!!
!!!

= ! !!!!
!  

Once expression values for all genes are obtained, probe sets of interest were 

filtered from the data for further analysis. In order for a gene to be filtered, it must satisfy 

three criteria; it must possess sufficient variation across chips, it must be present across 

chips, and it must surpass minimal expression limits. More specifically, a filtered gene 

must have a coefficient of variation greater than or equal to 0.33, it must be called present 

in at least 20% of the chips used, and it must have an expression value greater than 20 in 

at least 50% of the chips examined. Following the establishment of a list of filtered 

genes, the expression levels in the experimental samples were compared amongst control 

samples to determine which genes are differentially expressed in response to suboptimal 
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and osteogenic quantities of BMP6. Gene expression levels were compared pair-wise, 

with the criteria utilized by dChip identifying differentially expressed genes set to be 

|lower 90% C.I. of fold change| ≥ 1.5 and |difference in expression values| ≥ 100.  

Gene lists specific to the biological processes of BMP signaling, bone 

mineralization, bone remodeling, ossification, osteoblast differentiation and Wnt 

signaling were generated by the dChip software package in conjunction with the Gene 

Ontology (GO) database and were subsequently combined into one bone-related master 

gene list. This master list was compared against the lists of differentially expressed genes 

(DEGs) in response to 2 or 20nM BMP6 to determine the effects BMP6 has on the 

expression of genes important to bone formation.  

To determine if other biological processes are significantly affected by the 

presence of BMP6 signaling, DEG lists were submitted to the Database for Annotation, 

Visualization and Integrated Discovery (DAVID)71,72. DAVID, an online database 

created by the National Institute of Allergy and Infectious Disease (NIAID) and the 

National Institute of Health (NIH), allows for one to determine if certain biological 

themes, particularly GO terms, are enriched or overrepresented within a DEG list. Using 

DAVID’s EASE score, a conservative version of Fisher’s Exact P-value, one can 

determine if a particular biological process in more represented within an experimentally 

derived DEG list than it would be if a gene list of the same size was randomly selected 

from the gene pool. Because many of the annotation terms can be similar in nature, the 

creators of DAVID have implemented a functional annotation clustering tool, which 

groups and displays functionally related terms together allowing for clearer interpretation 

of the biological changes associated with an experiment.  
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Results 

Differential Expression Genome Wide 
 

The total numbers of differentially expressed probe sets in response to the two 

quantities of BMP6 reveal considerably different cellular responses. DNA microarray 

data from MSCs treated with a 2nM BMP6 showed far fewer genes to be significantly 

expressed over both time points compared with MSCs treated with a tenfold increase in 

concentration, 747 vs. 2,427 probe sets (Figure 1.1). 

 

 

 

 

 

 

 

 

 

Four days after administering 2nM BMP6, a total of 561 probe sets were 

significantly expressed, with the number of up-regulated and down-regulated transcripts 

roughly equal.  After ten days, the number of differentially expressed probe sets almost 

halved, to 287, indicating that a 2nM dose of BMP6 results in more gene activity 

occurring earlier rather than later. Additionally, of the 141 probe sets identified as 

differentially expressed at both days, 112 of them had reduced fold changes at day 10 

compared with day 4, relative to the control arrays.  

Figure 1.1 - Genome Wide Trends in Expression Following Treatment with 2nM and 20nM BMP6 
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 On the contrary, MSCs treated with 20nM BMP6 had in increased differential 

expression genome wide. After four days of exposure, a total of 1,331 probe sets were 

significantly expressed with the majority, ~60%, of transcripts down-regulated. By the 

tenth day in culture, the number of differentially expressed probe sets increased to 1,806, 

with the majority, ~70%, up-regulated, indicating a shift from overall repression to 

activation. Of the 710 probe sets differentially expressed at both time points, 497 had 

increased fold changes at day 10 compared to day 4, relative to the controls. Unlike the 

2nM data, genes appeared to be even more affected by the larger BMP6 dose by day 10. 

Interestingly, 34 probe sets fall into the mixed category, implying that they were up-

regulated at day 4 and down-regulated at day 10 or vice versa.  

 Overall, the genome wide trends suggest that suboptimal doses of BMP6 cause an 

initial burst in gene transcription which peaks in activity and then begins to return to 

normal levels. The response to 20nM BMP6 is different. Considerably more genes are 

affected and they become increasingly activated or repressed over the course of time. To 

understand this observation, genes related to the regulation of BMP signaling and bone 

formation were thoroughly investigated.  

 
Suboptimal Amounts of BMP6 (2nM) Fail to Drive MSC Osteogenesis and Elicit 
Considerable Short-Term Changes in the Expression of Negative Regulators of BMP 
Signaling 
 

Further analysis into the unsuccessful differentiation of MSCs in response to 

suboptimal BMP6 levels revealed interesting results among transcripts contained within 

the bone-related gene list. As expected, some transcripts satisfied the dChip comparison 

criteria for a differentially expressed gene at both day 4 and day 10, while others satisfied 

the criteria for only one of the two time points. The majority of the significantly 
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expressed transcripts could be placed within one of three categories; negative regulators 

of BMP signaling, positive markers and potentiators BMP signaling and osteogenesis, 

and modulators of the Wnt receptor signaling pathway. A legend to interpret the 

following tables can be found below (Figure 1.2).  

 

 

Similar to the trends seen genome wide, differentially expressed bone-related 

transcripts, had larger |fold changes| relative to the control chip at the first time point, 

indicative of temporary change (Table 1.2). Included within the list of differentially 

expressed genes at both days were two negative regulators of BMP signaling, the BMP 

specific inhibitory smad (SMAD6) and gremlin 2 (GREM2). The increased expression of 

SMAD6 likely serves to hinder BMP6 signaling through its inhibitory roles in binding to 

the BMP type I receptor, effectively blocking the phosphorylation of R-smads49. 

Moreover, SMAD6 is thought to disrupt the formation of smad complexes by competing 

for co-smad binding73, and it has been shown to act as a transcriptional co repressor for 

osteogenic transcripts74. Thus, SMAD6 can function in multiple ways to thwart BMP6 

signaling. Further, GREM2, a BMP antagonist52, functions to inhibit BMP signaling 

through the sequestration of BMP molecules in the extracellular environment. 

Other negative regulators of the BMP signaling pathways were up-regulated at the 

4 day time point only. Activated genes of interest include the other inhibitory smad, 

(SMAD7), histone deacetylase 7 (HDAC7), and another BMP antagonist, noggin (NOG). 

SMAD7, like SMAD6, encodes for an inhibitory smad which prevents receptor smad 

phosphorylation, thus blocking ligand induced signaling. While SMAD6 preferentially 
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Figure 1.2 - Legend for Interpretation of Microarray Results 
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inhibits BMP signaling, SMAD7 acts more as a general inhibitor of TGF! superfamily 

signaling75. HDAC7, while not a direct modulator of BMP signaling, has been shown to 

repress a key osteogenic transcription factor, RUNX276. NOG, like GREM2, functions by 

binding to BMPs in the extracellular environment and preventing their signaling activities 

through the intended BMP receptors. When over-expressed, BMP antagonists, noggin 

and gremlin, result in the inhibition of osteoblastic differentiation as well as decreased 

osteoblast function. On the other hand, both noggin and gremlin are vital for cell viability 

and they are both found to increase in expression in response to BMPs52. The initial up-
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Table 1.2 - Differential Expression of Bone Related Genes in Response to a Suboptimal (2nM) BMP6 
Concentration  
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regulation of GREM2, SMAD 6 and SMAD7, NOG and HDAC7 likely serves in the 

burst of negative regulatory activity aiding in the prevention of osteoblastogenesis. 

While several genes inhibitory to BMP signaling were up-regulated, other genes 

responsible for potentiating BMP signaling events were down-regulated, including 

BMP4, BMPER, and IGF1. Down-regulated at both time points, BMP4 encodes for a 

member of the bone morphogenetic protein family, and similar in function to BMP6, it is 

capable of inducing osteoblast differentiation77. The one bone-related transcript down-

regulated at day 10 only encodes for BMP endothelial regulator (BMPER), an 

extracellular matrix protein which is required for BMP4 to exert its activating role on 

receptor Smad1 and Smad578.  The down-regulation of BMPER may be coupled with the 

down-regulation of BMP4 or vice-versa.  Another signaling molecule, insulin-like growth 

factor 1 (IGF1) is also thought to aid in bone development. The addition of IGF1 

increases markers of early osteogenic differentiation in MSCs79. 

The addition of 2nM BMP6 induces the largest fold changes in expression 

amongst a group of genes having inhibitory roles in BMP signaling and therefore does 

not appear to be an effective concentration for osteoblast differentiation.  However, 

several of the up-regulated transcripts do actually potentiate osteogenic BMP signals and 

would be expected to have increased expression levels during successful osteogenesis 

including the receptor smad (SMAD9), a BMP responsive gene known as the inhibitor of 

DNA binding-1 (ID1), and the osteogenic transcription factor distal-less homeobox 5 

(DLX5). The up-regulation of SMAD9, also known as Smad8, one of three receptor 

smads responsible for transmitting signals from the different BMPs, likely serves to 

maintain or even to increase the BMP signaling response. ID1, a transcription factor 
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known to be activated by smad1-smad4 nuclear complexes, is thought to function as a 

molecular switch, inhibiting developmental pathways such as myogenesis or 

neurogenesis80. The up-regulation of ID1 may act to promote the initiation of 

osteogenesis by inhibiting other hMSC differentiation pathways. However, it was 

discovered that an additional role for SMAD6 is to repress BMP-induced ID1 

transcription by recruiting a transcriptional co-repressor, CtBP81. The decreased values of 

ID1 expression at day 10 compared with day 4, could be attributed to the presence of the 

inhibitory smad. In addition to ID1, DLX5 is an important transcription factor for 

osteogenic differentiation. DLX5 drives runt-related transcription factor 2 (RUNX2) 

activation and has been shown to be activated via the BMP signaling pathway82. Further, 

DLX5 null mice had reduced expression levels of vital transcription factors, RUNX2 and 

osterix (OSX), as well as reduced levels of bone markers, osteocalcin (OCN), and bone 

sialoprotein (IBSP)83.  

Given the significant up-regulation of DLX5, one would expect to see activation 

of downstream transcription factors RUNX2 and OSX. However, there was no detection 

of significant increases in expression of either of the master bone regulators, implying 

failed differentiation. Another key indicator for the lack of successful osteogenic 

differentiation, in addition to the initial activation of BMP signaling inhibitors and the 

absence of RUNX2/OSX, is the down-regulation of IBSP at both time points. Bone 

sialoprotein is a major structural protein within the bone matrix84, and elevated mRNA 

levels of IBSP, quantified using real-time RT-PCR, can be used as a marker to monitor 

the extent of MSC osteogenic differentiation in vitro85. In addition to the negative 

regulatory functions of the BMP antagonists and the inhibitory smad molecules, HDAC7, 
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which is significantly up-regulated at day 4 only, has been reported to function as a 

repressor for RUNX276, and may partially explain the lack of RUNX2 activation. 

Human multipotent stromal cells did not differentiate into osteoblasts when given 

a suboptimal (2nM) dose of BMP6. The lack of differentiation is evident given the 

absence of RUNX2 and OSX activation, as well as the lack of expressed osteogenic 

markers such as osteopontin, osteocalcin, and bone sialoprotein. In fact, bone sialoprotein 

was actually down-regulated in response to suboptimal amounts of the growth factor. 

Additionally, many of the bone related genes differentially expressed in response to 2nM 

BMP6 play a role in dampening the cell’s reaction to osteogenic signals. The initial large 

fold change increases in BMP antagonists such as gremlin, noggin, histone deacetylase 

and the inhibitory smads, along with the down-regulation of BMP4 and IGF1, support the 

notion that small amounts of BMP6 are not osteoinductive, but instead activate or de-

activate genes in an attempt to shut down osteogenic signaling. While a concentration of 

2nM BMP6, which equates to 1.2 molecules per cubic microliter, does in fact up-regulate 

a few transcripts associated with osteogenesis, negative regulators of BMP signaling, 

which function to suppress differentiation, are up-regulated to a much greater extent. 

Thus by day 10, the effects of BMP signaling appear to have faded. These results were 

validated through experimental observations, which conclude that differentiation was 

unsuccessful for hMSCs provided with 2nM BMP6.  

Osteogenic Amounts of BMP6 (20nM) Induce Bone Differentiation of MSCs through 
the Activation of Major Osteogenic Transcription Factors 
 

Similar to the trends seen genome wide, the expression levels of bone-related 

transcripts in response to 20nM BMP6 show that a majority of differentially expressed 

genes are initially up-regulated or down-regulated at day 4 and further up-regulated or 
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down-regulated by day 10. Again, this behavior is opposite to the suboptimal BMP6 data, 

in which significant gene expression appears to peak and then begins to return to baseline 

levels. In addition to significant expression changes in many of the same genes inhibitory 

to osteogenesis, 20nM BMP6 also resulted in significant activation of genes which are 

required for successful osteogenic differentiation. Considerably more bone-related genes, 

including bone markers and osteogenic transcription factors, were significantly expressed 

in response to 20nM BMP6 at both time points (Table 1.3).  

Negative regulators of BMP signaling, SMAD6, SMAD7, GREM2, and NOG, 

while still up-regulated at both time points, were not expressed at high enough levels to 

have fold change increases proportional to the increase in BMP6 concentration. For 

example, while the BMP6 concentration increased ten-fold between the two experiments, 

the 4 day fold changes in mRNA expression values of negative BMP regulators did not. 

SMAD6 increased by a factor of ~2.95, SMAD 7 increased by a factor of ~1.23, GREM2 

increased by a factor of ~5.22, and NOG increased by a factor of ~5.77. Unlike the 

majority of the differentially expressed genes in response to 20nM BMP6, SMAD6, 

GREM2, and NOG also experienced a decrease in expression levels by day 10 relative to 

the expression levels at day 4. Taken together, these observations suggest that 20nM 

BMP6 may serve as an effective amount for osteogenesis by saturating the proteins 

responsible for the negative feedback loops associated with BMP signaling. Thus, greater 

amounts of BMP6 may overwhelm the threshold established by negative regulators, 

allowing for differentiation to occur. 

A major indicator for the successful differentiation of hMSCs provided with 

20nM BMP6 is the increased expression of several key transcription factors. The up-  
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Table 1.3 - Differential Expression of Bone Related Genes in Response to an Osteogenic (20nM) BMP6 
Concentration 
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regulation of OSX, RUNX2, and DLX5, all of which are vital to the process of 

osteogenesis, is seen at day 4 and further up-regulation is seen at day 10. With the largest 

fold change of any gene contained within the bone-related gene list, OSX increased ~335 

fold relative to the control cells by day 10. Osterix has been shown to be required for 

osteoblast differentiation. Knockout mice are incapable of bone formation, and while 

their MSCs were shown to invade the endochondral cartilage matrix, they failed to 

differentiate into osteoblasts and deposit bone matrix86. The expression of RUNX2 was 

still elevated in the OSX knockout MSCs, indicating that osterix acts downstream of 

RUNX286. RUNX2, is also up-regulated at both time points, but nowhere near the extent 

of OSX up-regulation. Similar to the murine OSX knockouts, RUNX2-null mice die at 

birth and lack both mature osteoblasts and skeletal ossification87. Not only is Runx2 

important for initiating osteogenesis, but it is also expressed throughout the life of 

osteoblasts, as the expression of RUNX2 in terminally differentiated osteoblasts is 

thought to regulate the expression of bone matrix proteins88. DLX5 is a member of the 

distal-less homeobox protein family and functions as a transcription factor responsible for 

the activation of RUNX2 in response to BMP signaling82. The increase in expression of 

DLX5, RUNX2, and OSX suggests that 20nM BMP6 is an adequate amount to induce 

osteogenesis. 

Genes which act as positive reinforcement for osteogenesis were also significantly 

affected in response to 20nM BMP6 at both time points. The up-regulation of SMAD9, 

IGF1, IGF2, and BMP2 may serve to enhance the osteogenic response of hMSCs to the 

increased BMP6 concentration through increased action of BMP signaling 
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pathways89,90,91. Positive markers for osteoblast differentiation were also found to 

increase in expression at both day 4 and day 10. The up-regulation of osteopontin (SPP1) 

provides indication of successful osteogenesis; SPP1 is often used as a marker to monitor 

the extent of hMSC osteogenic differentiation85. The Kazal-type serine peptidase 

inhibitor domain 1 (KAZALD1), also known as Bono1, has been shown to be expressed 

in functional osteoblasts and is associated with regions of matrix mineralization92, thus its 

up-regulation further supports hMSC differentiation.  

While SPP1 and KAZALD1 had increased expression levels at both time points, 

several other markers for osteoblast differentiation were only up-regulated at the 10 day 

mark, including core binding factor beta (CBFB), and IBSP. CBFB is the non-DNA 

binding partner of RUNX2, and it is thought to allosterically increase the binding affinity 

of RUNX2 for its promoter regions. Furthermore, CBFB can increase the lifetime of 

RUNX2 by suppressing its degradation93. Opposite in trend from its 2nM BMP6 induced 

repression, IBSP is up-regulated upon the addition of 20nM BMP6. IBSP has the ability 

to nucleate hydroxyapatite crystal formation, indicating an initial role in bone 

mineralization, and it allows for cellular attachment to the extracellular matrix through 

RGD amino acid sequences84.  The increase in bone sialoprotein expression at day 10 is 

another sign that 20nM BMP6 is sufficient to cause hMSC differentiation into functional 

osteoblasts. Moreover, the up-regulation of STC1, or stanniocalcin 1, may aid the 

osteogenic process by playing a role in preventing hMSC apoptosis94. 

A handful of genes were repressed over the course of the experiment, including 

osteoprotegerin (TNFRSF11B), and BMP4. Also known as OPG, TNFRSF11B, acts to 

bind the receptor activator of nuclear factor kappa-β ligand (RANKL) and protects the 
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skeleton from excessive bone resorption by preventing RANKL from binding to the 

osteoclast bound receptor, RANK95. The decreased expression levels of osteoprotegerin 

indicate that osteoclasts may be required for complete osteoblast maturation. 

Interestingly, BMP4 is down-regulated in response to both suboptimal and osteogenic 

doses of BMP6, while BMP2 is up-regulated only after hMSCs are provided with the 

higher BMP6 dose. Both BMP2 and BMP4 preferentially signal through identical 

receptor complexes96, and they both are capable of inducing complete osteogenesis. Thus, 

it is puzzling that upon addition of BMP6, one is activated while the other is repressed. 

Maybe BMP2 and BMP4 are not as similar in function as previously thought?  

A large number of genes up-regulated by 20nM BMP6 play a role in the Wnt 

receptor signaling pathway, confirming the existence of crosstalk between BMP signaling 

and other osteogenic signaling pathways. Components of the Wnt signaling cascade up-

regulated at both time points include multiple members of the Wnt receptor family of 

frizzled proteins, (FZD1, FZD4, FZD5, and FZD8), Wnt signaling inhibitors; frizzled-

related protein (FRZB), and dickkopf-related protein 1 (DKK1), and downstream effector 

molecules; forkhead box protein 2 (FOXC2), lymphoid enhancer-binding factor 1 (LEF1) 

and transducin-like enhancer protein 1 (TLE1). The microarray data also reveals other 

Wnt signaling molecules which were up-regulated on day 10 only, including β-catenin 

(CTNNB1), secreted frizzled-related protein 1 (SFRP1), the Wnt frizzled receptor 

(FZD3) and Wnt signaling ligand (WNT5B). One function of the frizzled receptors is to 

bind secreted Wnt signaling molecule on the cell surface, leading to the stabilization of β-

catenin50. This allows for the association between β-catenin and transcription factors 

LEF1/TCF to modulate osteogenic transcription factor expression97. The activation of 
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FOXC2 has been shown to stimulate osteoblast differentiation. FOXC2 over-expression 

leads to increased protein levels of β-catenin and increased transcriptional activity of 

Wnt-related transcription factors98. In contrast, the up-regulation of Wnt signaling 

antagonists FRZB99, DKK1100, SFRP1101, and the transcriptional co repressor TLE1102, 

may provide negative feedback, dampening Wnt signaling in response to the increase in 

expression of multiple frizzled family members, the up-regulation of transcription factor 

LEF1, and the increased levels of LEF1’s co-activator β-catenin.  

The largest portion of genes associated with Wnt signaling was up-regulated; 

however, some Wnt-related genes were down-regulated, including the down-regulation 

of the Wnt signaling ligand, WNT5B, at both time points and secreted frizzled-related 

protein 4 (SFRP4) at day 10 only. WNT5B and SFRP4 are both Wnt signaling 

antagonists responsible for inhibiting canonical Wnt signaling; WNT5B is thought to be a 

strong enhancer of adipogenesis103, while SFRP4 is thought a potent inhibitor of 

angiogenesis104 and increases in expression levels during adipogenesis of adipose-derived 

mesenchymal stem cells105. The down-regulation of these two genes likely supports the 

osteogenic process by preventing adipogenic differentiation and aiding in the coupling of 

angiogenesis with bone formation.  

Human multipotent stromal cells provided with 20nM BMP6 successfully 

differentiated along the osteoblast cell lineage. This was evident in the DNA microarray 

analysis of bone-related transcripts and further validated by experimental observations. A 

substantially larger number of genes were affected by the addition of 20nM BMP6 in 

comparison with 2nM, and the trend in expression was noticeably disparate (see 

Appendices 1.1-1.4 for full list of bone-related differentially expressed genes). The 
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majority of initially activated or repressed transcripts further maintained their activation 

or repression at day 10, whereas the genes affected by 2nM BMP6 appear to initially turn 

on or off and begin returning to baseline levels by day 10. While most of the same 

negative regulators of BMP signaling were up-regulated in response to both 

concentrations of BMP6, the increase in expression fold-changes of gremlin, noggin, and 

Smad6/7 was not proportional to the ten-fold increase in BMP6 concentration. It is 

therefore suggested that the 20nM BMP6 concentration is able to saturate the threshold 

established by the negative regulators of BMP signaling. The sustained up-regulation of 

master bone regulators DLX5, RUNX2, and OSX, and the eventual up-regulation of bone 

specific markers OPN and IBSP are key indicators of osteogenesis, and mark a drastic 

difference in overall gene expression between the two different BMP6 concentrations. 

The additional activity from Wnt-related genes likely plays a role in enhancing BMP6 

induced osteogenesis, and the data suggests that BMP-Wnt crosstalk may be necessary 

for differentiation to occur.  

Activation and Repression of Additional Biological Processes in Response to BMP6 
 
 In addition to solely focusing on transcripts related to osteoblast differentiation 

and bone formation, the genome wide DEG lists, in response to both BMP6 

concentrations, were provided to DAVID in order to determine if additional biological 

processes were significantly overrepresented. While the HG U133 Plus 2.0 microarray 

has probes for over 47,000 different transcripts, only 13,528 of them are recognized by 

DAVID as associated with a particular Gene Ontology biological process term. The goal 

of the DAVID analysis is to determine if an experimentally derived DEG list contains 

subgroups of genes related to a specific biological process in greater proportions than if 
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an identically sized DEG list were to be selected at random. DAVID accomplishes this by 

using a modified version of Fisher’s Exact Test.  

The following passage provides some brief information, by means of example, to 

interpret the subsequent figures. A total of 370 probe sets were significantly up-regulated 

in response to 2nM BMP6 over both time points, as determined by dChip. Of those 370 

probe sets, DAVID eliminated gene redundancies and non associated terms to identify 

227 individual genes linked to a particular biological process term, as determined by the 

Gene Ontology database. Now out of these 227 differentially expressed genes, 25 are 

associated with skeletal system development, and out of the total number of genes linked 

to a biological process term, 319 are associated with skeletal system development. 

Fisher’s Exact Test determines if obtaining 25/227 is more random than chance when 

compared to the human background of 319/13,528.  

The EASE score is a conservative version of Fisher’s Exact Test, whereby the 

number of enriched genes related to a specific biological process term is reduced by one. 

In the case of skeletal system development in response to 2nM BMP6, 24 instead of 25 

genes would be used to calculate the EASE Score. A two-by-two contingency table (blue) 

is constructed out of the DAVID results (bold) and the EASE score is the calculated p-

value from a one tail Fischer’s Exact Test (Figure 1.3). In this case the probability of 

randomly selecting 227 genes out of the genome and having 24 of them be associated 

with skeletal system development is very low, p = 7E-10, thus it is significantly enriched.  

 
 
 

! ! !!! ! !!! ! !!! ! !!! !
!!!!!!!!!!  

 
In DEG List Not in DEG List Total 

Involved in Skeletal 
 System Development 

24 (25-1) 295 319 

Not Involved in Skeletal  
System Development 

203 13,006 13,209 

Total 227 13,301 13,528 

 

! " !#"
$ % $#%
!#$ "#% &

Figure 1.3 -- Example of a Two-by-Two Contingency Table and EASE Score Calculation Used by DAVID 
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 The most overrepresented biological process within the genes up-regulated by 

2nM BMP6 was skeletal system development, confirming that the bone related 

transcripts were a good choice for examination in the initial microarray analysis     

(Figure 1.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 - Overrepresented Biological Processes within Significantly Up-Regulated 
and Down-Regulated Genes (2nM BMP6) 
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Additional enriched biological processes in response to 2nM BMP6 were 

inhibitory in nature, including the negative regulation of cell development, 

differentiation, and biosynthetic processes. Significantly overrepresented biological 

processes within the down-regulated genes include regulation of cell death, the immune 

response, regeneration, and cellular adhesion. The biological process of blood vessel 

development was also enriched for, indicating that even small amounts of BMP6 

modulate the process of angiogenesis. The results from the DAVID analysis confirm the 

general trends seen in the expression of bone-related transcripts and transcripts genome 

wide; 2nM BMP6 appears to primarily affect genes and biological processes which 

prevent cellular change from occurring. Complete lists of differentially expressed genes 

within each overrepresented biological process in response to 2nM BMP6 can be found 

in Appendices 1.5-1.6. 

On the other hand, the overrepresented biological processes in response to 20nM 

BMP6 are indicative of broad cellular change (Figure 1.5). Similar to the 2nM case, the 

most overrepresented biological process within the up-regulated transcripts is skeletal 

system development. Notice however, the significant increase in the strength of the 

EASE Score to a p-value of 1.66E-16! Unlike the 2nM data, the biological processes of 

extracellular structure organization, the Wnt receptor signaling pathway, and osteoblast 

differentiation were also significantly enriched. Notice here that the enriched biological 

processes are related to cellular change as opposed to the negative regulation of cellular 

change. It is also important to note that the statistical significance of biological process 

enrichment in response to 20nM BMP6 is orders of magnitude greater than those 

enriched at a suboptimal dose. Overrepresented biological processes within the down-
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regulated transcripts are somewhat similar to those enriched for at the lower BMP6 dose. 

Genes related to the regulation of cell death, blood vessel development, and cell adhesion 

appear to be down-regulated following BMP6 signaling, with greater gene enrichment at  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5 - Overrepresented Biological Processes within Significantly Up-Regulated 

and Down-Regulated Genes (20nM BMP6) 
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larger BMP6 doses. However, no longer are the processes of regeneration and the 

immune response significantly enriched, instead we see enrichment in genes related to 

cell proliferation and locomotory behavior. This makes sense as MSCs typically halt 

proliferation and migration during the process of differentiation. Complete lists of 

differentially expressed genes within each overrepresented biological process in response 

to 20nM BMP6 can be found in Appendices 1.7-1.8.  

The DAVID results reaffirm the previous analysis conducted on the bone-related 

genes, as transcripts relating to both osteoblast differentiation and Wnt receptor signaling 

were found to be significantly overrepresented in response to an osteogenic concentration 

and not a suboptimal concentration of BMP6. Additionally, the overrepresented 

biological processes in response to a 2nM BMP6 were largely inhibitory in nature.  

Discussion 

DNA microarray results obtained from hMSCs treated with two different amounts 

of BMP6 confirmed experimental observations of a BMP6 dose dependence for 

successful osteogenesis. A 2nM quantity of BMP6 was suboptimal for osteoblast 

differentiation as indicated by the absence of expression of regulatory transcription 

factors (DLX5, RUNX2, OSX) and bone marker proteins (OPN, ISBP). Suboptimal 

BMP6 treatment induced a burst of gene activity at day 4, with expression levels much 

less pronounced at day 10, indicative of a temporary genetic response. Additionally, a 

large number of the differentially expressed genes in response to 2nM BMP6 play 

inhibitory roles in BMP and Wnt signaling pathways. The initial up-regulation of BMP 

antagonists (SMAD6/7, GREM2, and NOG) likely serves to dampen the osteogenic 
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effects of BMP6 when provided at such low quantities, and the repression of genes which 

can positively influence BMP signaling and/or osteogenesis (BMP4, USP9X, and IGF1) 

provides further evidence of the cell’s attempt to halt the differentiation process. Further, 

significantly enriched biological processes included negative regulators of cellular 

development and differentiation. The hypothesis generated from the micro array results 

suggest that upon addition of a suboptimal amount of BMP6, hMSCs up-regulate 

BMP/Wnt inhibitors and antagonists in an attempt to prevent cellular change from 

occurring. The expression levels of these negative regulators likely establish a threshold 

which BMP6 must surpass in order to become osteoinductive. hMSCs may employ this 

strategy in order to prevent spurious differentiation upon encountering very low 

concentrations of BMP6 or to act as a buffer against minor changes in extracellular 

growth factor concentration. It must be stated that the 2nM concentration of BMP6 

doesn’t purely up-regulate negative feedback loops, as positive regulators of BMP 

signaling were also up-regulated. The ultimate fate of the cell depends upon the relative 

strength of these two kinds of regulators. This study suggests that feedback regulation of 

BMP signaling is extremely significant for the cell differentiation decision process. 

The 20nM quantity of BMP6 was an adequate amount to induce osteoblast 

differentiation. Increased expression levels of osteogenic transcription factors (DLX5, 

RUNX2, and OSX) and bone marker transcripts (IBSP, OPN, and KAZALD1) confirmed 

experimental observations of successful differentiation of hMSCs into osteoblasts when 

treated with 20nM BMP6. The general trend of gene expression signifies long term 

genetic change, as the majority of genes expressed or repressed at day 4 were further 

expressed or repressed at day 10. This trend is not limited to the bone-associated gene list 
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and is seen in other functionally related genes, confirming long term cellular change. 

While the activation of many of the same negative BMP and Wnt signaling regulators 

(SMAD6/7, GREM2, NOG, KREMEN1) still occurred when hMSCs were provided with 

20nM BMP6, the increase in fold changes was not proportional to the ten-fold increase in 

BMP6 concentration, and unlike the majority of DEGs, they decreased in fold change by 

day 10 relative to the control arrays. Thus, it appears that a sufficient BMP6 quantity 

induces osteogenic differentiation of hMSCs by saturating the negative feedback loops 

associated with BMP/Wnt signaling. In addition to the increased expression of vital 

transcription factors and bone markers, many members of the Wnt signaling cascade 

were also up-regulated. Wnt receptors (FZD1, FZD3, FZD4, FZD5, and FZD8), 

antagonists (FRZB, DKK1, and SFRP1), and transcription factors (CTNNB1 and LEF1) 

increased in expression throughout the time course. Therefore, activation of Wnt 

signaling genes appears necessary for BMP6 to induce osteogenic differentiation. 

The fact that such a large number of Wnt related genes were differentially 

expressed in response to a sufficient BMP6 signal is not surprising, as recent evidence 

suggests that both pathways are necessary for DLX5, and RUNX2 expression. Conserved 

consensus sequences for the binding of LEF1 and the smad transcription factors are 

contained within the proximal promoter region of DLX5 and in the upstream promoter 

elements of RUNX297. In addition, β-catenin and smads associate into functional 

complexes which are then recruited to the above promoters, and the combination of BMP 

and Wnt signaling molecules leads to cooperative induction of the osteogenic genes97.  

By providing hMSCs with 20nM BMP6, the microarray data and subsequent DAVID 

analysis suggests that a large number of Wnt related genes are significantly affected. The 
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activation or repression of these genes likely serves to cooperatively enhance the 

osteogenic response, and may even be required for complete osteoblastogenesis.  

Due to data limitations, there exists a lack of statistical support for our 

conclusions, as only one DNA microarray was conducted per experimental condition 

resulting in the smallest sample size possible. This is not uncommon for microarray 

studies, as the cost of the arrays alone imparts a substantial financial toll. Follow up work 

will need to be conducted on hMSCs from multiple donors using a more cost effective 

technique, such as RT-PCR, to confirm the effects of suboptimal and osteogenic 

concentrations of BMP6 with statistical significance.  Regardless, the current analysis 

provides abundant information on the state of gene expression during BMP6 induced 

osteogenesis, and offers new insight into the dose dependent BMP6 response that is 

observed experimentally.   
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Chapter 2: The Functional Roles of Osterix 

Motivation 

Osterix (OSX), also known as SP7, is considered to be a master regulator for the 

differentiation of human MSCs cells along the bone producing osteoblastic cell lineage. 

OSX null mice fail to form endochondral and intramembranous bone, even though blood 

vessels, osteoclasts, and MSCs are observed to invade the collagen matrix. The lack of 

ossification throughout the murine bones resulted in aberrant skeletal formation 

consisting solely of cartilaginous structures86. As mentioned beforehand, OSX is thought 

to be expressed downstream of RUNX2, another master transcription factor important to 

both osteogenesis and chondrogenesis; Osteoblasts of OSX null mice express RUNX2 at 

levels comparable to wildtype osteoblasts, while OSX is not expressed in RUNX2 null 

mice86. Recent investigation into growth factor signaling via the bone morphogenetic 

protein pathway has shown BMP2 and BMP6 dependent activation of OSX106,69. Further, 

our previous microarray analysis reveals over a 300 fold change increase in osterix 

mRNA expression in MSCs 10 days following treatment with 20nM BMP6 (Table 1.3).  

The activation of OSX, however, is not limited to BMP signaling, and there are 

conflicting reports suggesting that RUNX2 up-regulation may not be necessary for OSX 

activation. For example, investigators have successfully shown that Msh homeobox 2 

(MSX2), a transcription factor up-regulated by BMP2 and thought to be important for 

osteogenic differentiation107, is capable of inducing OSX expression in RUNX2 deficient 
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cells106, while others argue that OSX is mainly regulated through DLX5108. In addition to 

BMP signaling, OSX is thought to be activated via the activities of IGF1109 and the 

MAPK signaling cascade110. The combination of RUNX2 dependent and independent 

activation of OSX along with the information that, in addition to BMP signaling, OSX 

appears to be up-regulated by several pathways reveals a more complex picture of OSX 

regulation than originally thought. 

 While the details of OSX activation are beginning to emerge, other than the fact 

that OSX is required for bone formation, little is known about its functional roles. OSX 

encodes for a zinc fingered transcription factor from the SP family. It is thought to bind 

to CG rich sequences, known as SP binding sites, within the promoter regions of bone 

related transcripts. The increased expression of several genes has been associated with 

OSX, including type 1 collagen (Col1A1)86,111, osteocalcin (OCN)86, and osteopontin 

(OPN)112. Current reports regarding OSX’s role in the regulation of cellular proliferation 

are conflicting. Fibroblasts over expressing OSX displayed increased proliferation112, 

however, others argue that the OSX regulated activation of the Wnt signaling pathway 

antagonist, DKK1, results in decreased proliferation113. In addition to its roles in the 

modulation of cellular proliferation, OSX has also been shown to inhibit chondrogenesis, 

and although higher OSX expression levels are necessary for osteogenesis, low levels are 

sufficient enough to prevent cartilage differentiation114.  

In this work, MSCs derived from the bone marrow of three human donors were 

treated with siRNA to abrogate the expression of OSX. Following treatment with the 

bone inducing growth factor, BMP6, gene expression within OSX knockout (-OSX) and 

normal hMSCs was investigated using DNA microarray technology in an attempt to 
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identify individual genes and their associated biological processes which may be under 

the transcriptional control of OSX. The following analysis confirms a few of the existing 

reports on the transcriptional activities of OSX as well as introduces some novel 

functional roles for the bone regulating transcription factor. 

DNA Microarray Analysis 

An entirely different chip type, the Affymetrix Human Gene 1.0 Sense Transcript 

Genechip® array platform, was used for the OSX microarray analysis. In addition to cost 

savings, the HG 1.0 ST arrays have an advantage of whole transcript coverage. Each of 

the 28,869 well annotated genes represented on the chip contain multiple probes (~26) 

spread across their full lengths. In contrast, the HG-U133 Plus 2.0 arrays utilized for the 

BMP6 analysis contain probe sets solely concentrated to the 3’ end of targets, leading to 

some shortcoming in detecting genes with alternative splicing, truncated transcripts, 

and/or nonpolyadenylated messages. Another key difference between the two chip types 

involves the nature of the target molecules; the 3’ in vitro transcription arrays utilize 

biotinylated cRNA as opposed to biotinylated cDNA, which is used by the whole 

transcript arrays. The use of labeled cRNA targets results in increased cross 

hybridization, or the nonspecific binding of targets to unintended probes, and by using 

cDNA, investigators have shown reduced cross hybridization and better microarray 

performance115. Often times, the calculated PM-MM values can be negative, bringing the 

effectiveness of the MM probes into question. In response, PM-only arrays, including 

Affymetrix’s Human Gene and Human Exon microarrays have been introduced. 

OSX knockout and normal hMSCs were cultured within serum free conditions in 

the presence or absence of 10nM BMP6. Four days following BMP6 delivery, the mRNA 
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was extracted, processed, and distributed to the microarray core for processing. Twelve 

microarrays were used in this study, four per donor. The microarray summary 

information provided by dChip failed to detect sufficient outliers within any one array to 

indicate a faulty chip (Table 2.1). The modeled expression value of OSX is shown along 

with the summary information, confirming the up-regulation of OSX in response to 

BMP6 treatment and the effective elimination of OSX within the knockout hMSCs. One 

noticeable difference between this microarray data and the previous BMP6 dose response 

data is the unnormalized median intensity of the arrays; the HG 1.0 ST had substantially 

lower median intensity values, resulting in adjusted dChip comparison criteria. 

 

 

 

 

 

 

 

 After visual inspection and evaluation of the summary information, the chips were 

deemed useable for microarray analysis. The DNA microarrays were normalized using 

dChip’s invariant set normalization procedure, with the control array from individual A 

serving as the baseline array for normalization. Because the HG 1.0 ST arrays lack MM 

probes, the PM-MM model cannot be employed. Instead, the expression indices were 

obtained using dChip’s PM-Only model66. The PM-Only model operates in much the 

same way as the PM-MM model with a few key differences. First, instead of using the 
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Table 2.1 - OSX Knockout Array Summary 
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MM probes to subtract for nonspecific binding, the PM-Only model uses a background 

subtraction algorithm. Briefly, after normalization the microarrays are divided into 10 by 

10 regions and the calculated 5th percentile of PM intensity values within each region is 

selected as the background. Once the background values are subtracted from all PM 

intensities within each region, the expression indices are obtained in a model very similar 

to the PM-MM model66. 

!!" = !!!" = !!!! + !!" !!!! !!! = !,
!

!!!"~!(0,!!) 

Again, PMij is the perfect match intensity for the jth probe pair within the ith array, 

φj is the rate at which the jth probe pair increases in intensity after hybridization, also 

known as the probe sensitivity index, and θi is the resultant expression index for the ith 

array. εij is the random error associated with the model. Like the PM-MM model, the 

expression indices within the PM-Only model are obtained through an iterative least 

squares fitting procedure regarding one set of variables as known until the model 

converges on a single θi value for all of the probes within a gene’s probe set. 

Once model based expression values have been assigned to each gene, the chips 

can be compared for the purpose of identifying those which are differentially expressed. 

Similar to the previous analysis, genes of interest were filtered from the data. The 

filtering criteria was more lenient for the HG 1.0 ST arrays, because the lack of MM 

probes resulted in the loss of present/absent calls. Therefore, a filtered gene only needed 

to satisfy two criteria; it must have a coefficient of variation greater than or equal to 0.33, 

and it must have an expression value greater than 20 in at least 50% of the chips 

examined. In other words, the filtered genes of interest are those which have large 

differences in expression levels across arrays.  
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After modeling the data and isolating a list of filtered genes, the expression levels 

from the DNA microarrays were compared pair wise against one another to identify 

transcripts which may be under the transcriptional influence of OSX. Candidate genes for 

regulation by OSX were selected by isolating the BMP6 responsive genes which have 

significantly altered expression in the absence of OSX. BMP6 responsive genes were 

selected for by identifying the differentially expressed genes in response to 10nM BMP6 

relative to the control hMSCs. Then, the expression levels of the BMP6 responsive genes 

were subsequently investigated by comparing the expression levels in hMSCs treated 

with BMP6 to -OSX hMSCs treated with BMP6. As an example, transcripts displaying 

an increase in expression following BMP6 treatment and a decrease in expression when 

comparing +BMP6 hMSCs to +BMP6 -OSX hMSCs are candidate genes likely to be 

activated by osterix.  

The original microarray analysis included all three individuals and strict dChip 

comparison criteria. In order to be considered differentially expressed, a gene must have 

a |lower 90% C.I. of fold change| ≥ 1.5, a |difference in expression values| ≥ 25, and an 

unpaired t-test significance value of p < 0.125. The decrease observed in the |difference 

in expression value| criteria, from 100 in the BMP6 microarray analysis arises to 25 in the 

-OSX in the present analysis, arises due to the fact that the median intensity values for the 

HG 1.0 ST arrays are approximately one quarter of the median intensity values seen in 

the HG-U133 Plus 2.0 arrays.  Additionally, the p-value cutoff was set higher than usual 

due to the small sample size number and the large spread in the expression level of 

osterix across individuals.  Due to inefficient abrogation of OSX transcription in 

individual B, subsequent analyses focused solely on individuals A and C. Similar to the 
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previous microarray analysis, the DEG lists were provided to DAVID to examine for 

overrepresented biological processes which may be under osterix’s transcriptional 

control.  Additional details on the microarray analysis can be found within the results 

section. 

Results 

Microarray Analysis of All Three Donors 
   
 Bone-related transcripts up-regulated within hMSCs in response to 10nM BMP6 

are similar to the differentially expressed genes seen in the previous 20nM BMP6 

analysis, indicating osteogenic changes in gene expression occurring at one half of the 

BMP6 concentration. Up-regulation is observed in the transcription factors OSX, DLX5, 

and CBFB, as well as the bone marker KAZALD1. In addition, up-regulation was seen in 

the BMP antagonists NOG, GREM2, and SMAD7 (Table 2.2).  

 

 

 
 
 

 

 

 

Of all the BMP6 responsive transcripts genome wide, only thirteen annotated 

genes satisfied the model criteria to be considered differentially expressed in response to 

the loss of OSX (Table 2.3). The vast majority of genes, 12 out of 13, were down-

regulated in the -OSX hMSCs provided with BMP6, implying that OSX plays a role in 
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their activation. Other than osteomodulin (OMD) none of the genes are clearly associated 

with bone formation, and they all appear to have separate, distinct roles. The DAVID 

functional annotation results reveal only 2 of the 13 genes, interleukin 7 receptor (IL7R) 

and vascular cell adhesion molecule (VCAM1) as associated with a common biological 

process, the regulation of the immune system. It is interesting that the only two process 

related genes, IL7R and VCAM1, appear to be oppositely regulated by OSX.  

 

 

 

 

 

 

 

 

The expression of OSX, when plotted relative to the expression OMD, IL7R and 

guanine nucleotide binding protein (G protein), gamma 2 (GNG2), results in good linear 

fits (R2>0.9). In contrast, when compared to the expression of a common housekeeping 

gene, beta actin (ACTB), the correlation is lost, further supporting the hypothesis that 

these genes are dependent on OSX for their expression (Figure 2.1). Osteomodulin, also 

known as osteoadherin, is a proteoglycan found in bone and dentin and is thought to play 

a role in collagen matrix organization and biomineralization116. IL7R is implicated in the 

immune system, including aiding in T-cell maturation, and GNG2 encodes for a G 
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protein that has been found to be important in the inhibition of angiogenesis in 

zebrafish117.   

 

 

 

 

 

 

 

 

 

 

 

 

By and large, there is no common biological theme in the BMP6 responsive genes 

which are differentially expressed following abrogation of OSX transcription in all three 

donors (Table 2.3). One explanation may reside in the stringent comparison criteria 

requiring transcripts to satisfy a p-value cutoff with a sample size of 3. For instance, due 

to the differences in OSX expression, it wasn’t even detected as differentially expressed 

in response to BMP6 nor was it seen as effectively silenced without increasing the p-

value cutoff to 0.125. Elimination of the t-test requirement and replacing the |Lower 90% 

C.I. of Fold Change| >1.5 with  |Fold Change| > 1.5 results in significantly more BMP6 

Figure 2.1 - OSX Expression Levels Vs Expression Levels of Proposed OSX Regulated Genes 
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responsive genes differentially expressed in response to the loss of OSX, including 

several genes important for skeletal system development (Table 2.4).  

 

 

 

 

 

Bone related genes activated by OSX include; proteoglycans, OMD and asporin 

(ASPN), bone maker proteins, alkaline phosphatase (ALPL) and SPP1, and the 

osteoinducer, BMP2. Osteomodulin and asporin are both leucine-rich proteoglycan 

family members expressed in connective tissues. Osteomodulin, is restricted to 

mineralized tissues118, and the overexpression of OMD results in the expression of 

markers of osteoblast differentiation, enhancing the bone maturation process116. Asporin 

is thought to contain a domain directly responsible for the mineralization of collagen119 

and has been shown to be increased in the subchondral bone of patients with 

osteoarthritis120. Another protein important for the mineralization of bone is alkaline 

phosphatase. ALPL has routinely been used as a marker for osteoblast activity, since it 

was originally shown to increase following bone fractures121.  Even though its functions 

aren’t entirely known, bone specific alkaline phosphatase is accepted to be a membrane 

anchored ectoprotein, which cleaves phosphate groups for use in mineralization122. 

Osteopontin is expressed by bone cells and is commonly used as a marker for osteoblast 

differentiation123. An important function of osteopontin is facilitating the binding of 

osteoblasts and osteoclasts to the extracellular matrix of developing bone124. Based upon 
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the microarray results, OSX is implicated in up-regulating proteins involved in 

mineralization and maturation of the extracellular environment. A complete list of the 

differentially expressed genes in response to BMP6 and OSX repression amongst all 

three donors can be found in Appendix 2.1.  

A closer examination of the OSX expression levels within each donor (Table 

2.1), reveal them to vary substantially. For example, the expression of OSX increased 

~13.5 fold and ~24 fold in hMSCs isolated from individuals A and C respectively, while 

only increasing ~8.75 fold in hMSCs from individual B when provided with 10nM 

BMP6. Further, following siRNA treatment, the expression of OSX in BMP6 treated 

hMSCs decreased ~95% and ~86% in individuals A and C respectively, while only 

decreasing by 68% in hMSCs from individual B. Provided with this information, a 

subsequent analysis was performed on donors A and C only, to determine if additional 

information can be gleaned from the microarray data. 

Microarray Analysis of Donors A and C  
 
 Four arrays associated with hMSCs from donor B were eliminated from the 

microarray analysis and the dChip comparison criteria were relaxed. Because the sample 

size decreased to n=2, the t-test component was omitted from the comparison criteria. As 

a side not, even with a sample size of n=3, the t-test is really only beneficial for detecting 

very large differences in gene expression between samples. For the subsequent analysis, a 

differentially expressed gene must have a |fold change| > 1.5 and a |difference in 

expression value| > 25. The number of BMP6 responsive genes which were differentially 

expressed following OSX knockout increased. Interestingly, the removal of donor B 

resulted in the loss of BMP2 and SPP1 from the BMP6 responsive differentially 
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expressed gene list, likely due to large expression values from donor B skewing the group 

means. However, additional transcripts potentially under the influence of OSX were 

identified. BMP6 responsive transcripts down-regulated in the OSX knockout hMSCs are 

assumed to be activated by OSX. The bone related genes of interest include ALPL, 

aggrecan (ACAN), ASPN, DLX5, FRZB, KAZALD1, OMD, osteoglycin (OGN), and 

TNFRSF11B (Table 2.5).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Compared to asporin and osteomodulin, little is known about the proteoglycan, 

osteoglycin. All the same, OGN has been shown to be expressed in human dentin and, 

like the other proteoglycans, plays a functional role in the extra cellular matrix. 

KAZALD1 is a gene expressed within matrix secreting osteoblasts92, providing further 

credibility of OSX playing a functional role in extracellular matrix mineralization. 

According to the microarray data, OSX may also up-regulate the expression of an 

upstream transcription factor, DLX5, and another extracellular proteoglycan, ACAN, 

which is an important structural component of cartilage. 
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 The only bone related gene which appears to be repressed by the expression of 

OSX encodes for osteoprotegerin (TNRFRSF11B/OPG), identifying a potential link 

between the differentiation of osteoblasts and osteoclasts. As mentioned previously, OPG 

encodes for a decoy receptor protein which functions by binding to RANKL, preventing 

differentiation of osteoclast precursors95. OPG knockout mice exhibited severe 

osteoporosis as a result of increased osteoclastogenesis and bone resorption125. The 

down-regulation of OPG in response to increased levels of osterix is indicative of the 

interplay between bone producing osteoblasts and bone destroying osteoclasts, and 

suggests that the master bone regulator, osterix, is important for active bone remodeling. 

 In addition to looking at the effects of OSX silencing on BMP6 responsive genes, 

those genes which were only differentially expressed within the BMP6 vs. BMP6 -OSX 

comparison were also investigated. Identified genes of interest include BMP2, matrix 

metalloproteinase 1 and 13 (MMP1, MMP13), alpha-2-macroglobulin (A2M), 

hyaluronan synthase 2 (HAS2), and hyaluronan and proteoglycan link protein 1 

(HAPLN1) (Table 2.6). 

 

  
 
 
 

 

In the previous microarray analysis, BMP2 was shown to be up-regulated by the 

addition of 20nM BMP6 implying that it is BMP6 responsive. However, within the HG 

1.0 ST arrays, only donor B showed strong activation of BMP2, suggesting that10nM 
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Table 2.6 - Additional Proposed OSX Regulated Genes of Interest in Two of Three Donors 
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BMP6 isn’t a sufficient concentration to activate BMP2 in all MSCs. OSX, however, 

does appear to play a role in the up-regulation of BMP2, as it was suppressed following 

the deactivation of OSX. Provided the microarray results from the two studies, it appears 

that there exists an interrelationship between osteogenic quantities of BMP6 and the 

activation of OSX and BMP2.  

Two members of the matrix metalloproteinase family commonly expressed by 

chondrocytes, MMP13 and MMP1, and are responsible for the degradation of cartilage 

aggrecan126. The microarray data suggests that OSX is partially responsible for the 

inhibition of these proteinases. Recently, the loss of MMP13 has been attributed to a 

disruption of primary human articular chondrocyte terminal differentiation. MMP13 

knockout chondrocytes experienced suppressed expression levels of RUNX2, VEGF, and 

the master chondrogenic transcription factor, SOX9127. Further, the expression of osterix 

was shown to inhibit chondrogenic differentiation of mesenchymal progenitor cells114,128 

by reducing expression levels of SOX9, although the mechanism by which osterix 

inhibits the expression of SOX9 is not very well understood. One possible explanation for 

osterix functioning as a switch, driving osteogenic differentiation and inhibiting 

chondrogenic differentiation, is through the repression of MMP13. Intriguingly, knocking 

out MMP13 results in increased expression of several osteogenic transcription factors, 

including OSX, suggesting that MMP13 may also have a regulatory role over OSX and 

bone regeneration129. The apparent OSX driven inhibition of the collagenases may not 

occur directly, as A2M, a proteinase inhibitor130, appears to be up-regulated by OSX and 

may be responsible for the down-regulation of the MMPs. The microarray results 
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however, contrast with one study in which the long bones of OSX null mutants had 

decreased levels of MMP13 expression131.  

HAS2 and HAPLN1 are genes involved in the synthesis and regulation of 

hyaluronan, also known as hyaluronic acid (HA). HA is a major component of connective 

tissues, specifically cartilage, where one of its main functions is to increase the lubricity 

of joints. HAS2 is implicated in the synthesis of HA, and its up-regulation in the -OSX 

hMSCs indicates that OSX may function to reduce the production of HA. The inhibition 

of HAS2 has been linked to decreased production of HA, reduced cellular 

proliferation132, and decreased expression and enzymatic activities of MMPs, specifically 

MMP7133. The 20nM BMP6 data also shows a decrease in HAS2 expression with a rise 

in OSX, however, both HAS1 and HAS3 have increased expression following addition of 

BMP6. Conversely, HAS1 and HAS3 do not appear to be up-regulated by 10nM BMP6, 

thus the relationship between OSX and HA production isn’t clear. HAPLN1, also known 

as cartilage link protein 1 (CTRL1), is another important protein in cartilage, as CRTL1 

null mice have reduced cartilage formation. While little is known about the regulation of 

CTRL1, it is thought to be partially under the control of SOX9134. Together, the 

microarray results suggest that one of the functions of OSX is to aid in the suppression of 

cartilage related proteins through the inhibition of the collagenases and HA associated 

genes. A complete list of the differentially expressed genes in response to BMP6 and 

OSX repression amongst donors A & C can be found in Appendix 2.2. 

 After manually searching through the differentially expressed gene lists for 

transcripts of interest, DAVID was once more used to determine if any biological 

processes were significantly overrepresented within the OSX regulated genes         
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(Figure 2.2). Two DEG lists were submitted, those genes which were down-regulated in 

response to a loss of OSX (OSX activated), and those which were up-regulated in 

response to a loss of OSX (OSX repressed). A total of 209 OSX activated genes were 

provided to DAVID and 148 were recognized and associated with a biological process. A 

large majority of genes, 155, were not used for the analysis, because they either were not 

associated with a biological process term, or they were the only gene associated with a 

term. Genes belonging to several biological processes appeared to be activated by OSX; 

10 genes were associated with cellular morphogenesis, 14 with cell adhesion, and 3 with 

the negative regulation of Wnt receptor signaling.  

 

 

 

 

 

 

 

 

 

 

 

 

Overrepresented biological processes within the OSX repressed transcripts 

include the regulation of cellular proliferation and vasculature development. A total of 

Figure 2.2 - Overrepresented Biological Processes within Significantly Up-Regulated and 
Down-Regulated Genes in OSX Null hMSCs 
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252 OSX repressed genes were provided to DAVID, and 181 of them were recognized 

and associated with a biological process. Again, a large majority of genes, 137, were 

either not associated with a Gene Ontology biological process term, or they were the only 

gene associated with their term, and thus were excluded from the DAVID analysis. 

Significantly enriched biological processes include 12 genes associated with regulation of 

proliferation and 10 genes associated with vasculature development Complete lists of 

differentially expressed genes associated with each significantly enriched biological 

process as well as other overrepresented biological processes not mentioned here can be 

found in Appendices 2.3-2.4. 

Discussion 

In this work, the functional roles of the osteogenic transcription factor, osterix, 

were explored using DNA microarray technology. Comparison of OSX null hMSCs with 

wildtype hMSCs in the presence of the osteoinducer, BMP6, revealed several classes of 

genes appearing to be regulated by OSX. When all three donor hMSCs were analyzed 

together under strict dChip comparison criteria, fewer than fifteen genes were 

differentially expressed. Those which were differentially expressed did not have any clear 

functional relationships, nor were they associated with any one particular biological 

process. One problem encountered when analyzing data from the limited number of 

human donors was the variability seen in the expression of transcripts across individuals, 

resulting in many transcripts failing to satisfy the two-sample t-test p-value cutoff, 

including OSX.  

Relaxation of the comparison criteria provides some insights into the possible 

functions of OSX in the regulation of bone-related genes. Microarrays from all three 
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donors reveal OSX’s role in the up-regulation of transcripts involved in the 

biomineralization process, including the proteoglycans osteomodulin and asporin, and 

two important bone marker proteins, osteopontin and alkaline phosphatase. The strong 

correlation between OSX and OMD expression in all three individuals is clear indication 

of OSX dependent activation of OMD, and this genetic relationship may prove very 

important to osteogenic differentiation of MSCs. A study has shown the over expression 

of OMD to result in an increase of osteoblast differentiation markers, such as increased 

alkaline phosphatase (ALP) activity and increased in vitro mineralization, as well as 

reduced proliferation and migration. Further, the concomitant activation of another 

proteoglycan, osteoglycin was observed when OMD was over expressed. On the 

contrary, repression of OMD expression resulted in increased cell proliferation and 

migration and the down-regulation of OGN116.  

The microarray data from all three donors also supports OSX’s role in the 

activation of BMP2. In the previous BMP6 microarray analysis, BMP2 and OSX were 

found to be up-regulated in response to osteogenic concentrations of BMP6.  However, 

when the expression of OSX is repressed, BMP2 expression levels also fall. Thus, it may 

be possible that BMP6 signaling reinforces the process of osteogenesis through the OSX 

regulated activation and production of autocrine and paracrine BMP2 signaling. 

Due to the variability in the expression of BMP6 induced OSX and the 

inconsistent performance of the siRNA repression of OSX seen in donor B, the associated 

microarrays were removed from the analysis, resulting in the detection of additional 

genes which appear to be under the control of OSX. Besides OMD, ALPL, ASPN, and 

BMP2, the data suggests that OSX activates; a third proteoglycan involved in bone 
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mineralization, osteoglycin, a major ECM constituent of cartilage, aggrecan, the 

osteogenic transcription factor, DLX5, and an antagonist of Wnt signaling, FRZB. OSX 

has been postulated to inhibit cellular proliferation through suppression of the Wnt 

signaling pathway, specifically through the activation of the Wnt signaling inhibitor, 

DKK1 and the inhibition of β-catenin activity113. The microarray data reveals OSX’s role 

in the inhibition of cellular proliferation on multiple fronts. Among the biological 

processes significantly enriched within the OSX activated genes is the negative 

regulation of Wnt receptor signaling pathway, including the genes, FRZB, DKK1, and 

TLE1 (see Appendix 2.3). Additionally, one of the most overrepresented biological 

processes within OSX repressed transcripts was the regulation of cellular proliferation. 

While the majority of bone-related genes appear to be down-regulated in response 

to OSX repression, several appear to be up-regulated, including osteoprotegerin, the 

matrix metalloproteinases MMP1 and MMP13, and several genes involved in the 

regulation of hyaluronic acid, HAS2 and HAPLN1. The up-regulation of these transcripts 

in OSX null hMSCs treated with osteogenic amounts of BMP6 suggests that they are 

repressed directly or indirectly by OSX. The OSX driven repression of OPG is indicative 

of the complex relationship between osteoblasts and osteoclasts; OPG’s main role is to 

function as a decoy receptor for RANKL, also known as osteoclast differentiation factor, 

a signaling molecule responsible for promoting osteoclastogenesis. The OPG/RANKL 

ratio has been implicated in several bone disorders, including osteoporosis and 

osteopetrosis, as OPG deficient mice develop severe osteoporosis125, while mice over 

expressing OPG suffer from too much bone formation135. Interestingly, the expression of 

OPG has been linked to the Wnt signaling pathway; specifically, it is activated by β-
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catenin. Thus, one likely explanation of the OSX driven down-regulation of OPG may 

actually be a result of OSX’s role in the suppression of Wnt signaling instead of a direct 

repression through OSX.  

MMP1 and MMP13 are collagenases which function to degrade the aggrecan and 

collagen rich extracellular matrix found in cartilage. It is interesting to note the opposite 

trends seen in MMP and aggrecan expression in response to OSX, as the structural ECM 

component looks to be up-regulated by OSX, while the molecules responsible for its 

degradation are down-regulated. The expression of MMP13 is thought to be under the 

control of RUNX2, and is activated during the terminal stages of chondrocyte 

differentiation123. Following bone fracture, the expression of MMP13 is elevated, both in 

hypertrophic chondrocytes and immature osteoblasts, suggesting that MMP13 plays an 

important role in the rapid degradation of the cartilage matrix to make way for bone 

callus formation136. Very recently, the amount of MMP13 secreted in the urine has been 

proposed for use as a means to access fracture repair. The concentration of MMP13 in 

urine has been shown to peak by day 14 and then sharply declines following bone 

fractures137. Therefore, OSX may be a key player in signaling for an end to cartilage 

degradation and resorption, and the initialization the biomineralization process. Further, 

studies have pointed to OSX being a key trigger for directing osteogenesis and preventing 

chondrogenesis in RUNX2 expressing bi-potential hMSCs. MMP13 may contribute in 

this process, as the repression of MMP13 has resulted in the abrogation of 

chondrogenesis127.  The inhibition of MMP13 is further supported by the OSX dependent 

activation of the MMP inhibitor, A2M. 
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The analysis of DNA microarray data from -OSX MSCs isolated from three 

human donors confirms existing reports on the functions of OSX in the literature and 

offers several novel roles for the osteogenic transcription factor. Firstly, it can be 

confirmed that OSX has a role in the inhibition of cell proliferation. In addition to the 

known activation of the Wnt antagonist DKK1113, OSX also appears to up-regulate other 

Wnt signaling inhibitors, FRZB and TLE1. Further, among all the OSX repressed 

transcripts, a large number of them were associated with the regulation of proliferation. 

The OSX dependent down-regulation of OPG, and thus the activation of 

osteoclastogenesis may also be attributed to the inhibition of Wnt signaling113,138. Other 

novel roles of OSX include the down-regulation of matrix metalloproteinases responsible 

for the breakdown of the collagen matrix and the up-regulation of osteomodulin, 

osteoglycin, asporin, and alkaline phosphatase, all of which are important for bone 

mineralization. Further, positive feedback loops for OSX expression appear within the 

microarray data in the form of OSX dependent up-regulation of BMP2 and DLX5. It is 

interesting that one of the biological processes that appear to be down-regulated by OSX 

is vasculature development, as angiogenesis is integral for bone formation. The 

microarray data implies that this process may occur prior to OSX up-regulation, during 

the cartilage matrix digestion and resorption period of endochondral ossification. The 

microarray results establish a model of proposed OSX functions (Figure 2.3). 

Similar to the previous BMP6 microarray analysis, the OSK knockout study 

didn’t take any statistics into account; a fold change in expression is not a statistically 

relevant term. Therefore, the two DNA microarray analyses are very qualitative in nature 

and necessitate further confirmation through additional experimentation. 
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Figure 2.3 - Proposed Model of OSX Functions: Red (activating) and green (repressing) arrows are 
established by the -OSX microarray data, and the blue arrows are found throughout the literature. 
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Chapter 3: MSC Response to PCL Nanopillar and 
Nanofiber Surface Topographies 

Motivation 

Recently, MSCs have been demonstrated to differentiate into osteoblast-like cells 

without the use of bone differentiation media, by modifying the substrate nanotopography 

to contain nonordered nanopits or nanotubes approximately 100nm in diameter60,61. 

Differentiation occurs more readily on surface topographies which limit the amount of 

protein adsorption, thus forcing adhered cells to adopt highly stretched and stressed 

morphologies61. The ability to control MSC fate through their physical interactions with 

the underlying biomaterial surface topography is a very exciting field which has potential 

to significantly affect the future of tissue engineering.  

To further our understanding of progenitor cell response to nanotopographical 

cues, poly(ε-caprolactone), a biocompatible, bioresorbable, FDA approved polymer, was 

used to fabricate nanopillar and nanofiber surfaces. The popularity of PCL has increased 

exponentially in the past decade, particularly within the field of electrospinning139. 

Electrospun PCL nanofiber scaffolds are designed to emulate the extracellular matrix of 

dense tissues, and they have been successful in increasing the osteogenic response of 

progenitor cells in the presence of bone differentiation media140,56.  Likewise, 

gravimetrically extruded PCL nanopillars, are capable of enhancing bone protein 

production and mineralization in MSCs when osteogenic media is provided55. However, 
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the effect of either PCL nanofibers or nanopillars on differentiation in the absence of 

osteogenic cues has not hitherto been studied.  

Here, plastic-adherent MSCs isolated from the bone marrow of Wistar and 

Sprague-Dawley rats141 were cultured on PCL nanofiber and nanopillar topographies in 

normal growth media for a period of 28 days to determine the long-term effects imparted 

by nanotopography. Additionally, smooth PCL surfaces served as negative topographical 

controls, while polystyrene surfaces, containing seeded with MSCs cultured in bone 

differentiation media, served as positive controls for osteogenesis. Following four weeks 

of culture, MSCs on vertically oriented nanopillar surfaces acquire elongated 

morphologies and provide evidence of surface induced osteogenesis. While topography 

induced osteogenesis has been observed in MSCs on other biomaterials, this is the first 

documented case of PCL nanopillar induced differentiation. In contrast, horizontally 

oriented nanofibers do not drive osteogenic differentiation, but promote increased cellular 

adhesion and proliferation. 

Materials and Methods  

Fabrication of Smooth PCL Nanotopographies: Smooth PCL surfaces were 

prepared by melting 80 kDa PCL pellets on top of a glass plate at 160oC for 15 minutes. 

To constrain the flow of polymer, the pellets were placed within 10mm diameter Teflon 

washers. Once the polymer becomes fluid, the center of the washer is filled entirely, and 

the surface facing the glass becomes exceptionally smooth, down to the nanoscale. The 

smooth PCL discs were removed from the oven and allowed to air cool before removal 

from the glass surface and surrounding washer material. Smooth PCL and standard tissue 
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culture polystyrene surfaces were viewed with the scanning electron microscope (SEM) 

to ensure surface smoothness (Figure 3.1).  

 

 

 

 

 

 

PCL Nanopillar Fabrication: PCL nanopillars were fabricated based upon a 

previously described method of gravimetric extrusion55. Briefly, the fabricated smooth 

PCL discs are placed flat (smooth side down) on the top of porous aluminum oxide 

membranes, which have a pore size of approximately 100nm in diameter, and placed into 

a preheated oven to allow for the PCL to extrude down into the pores. Once the samples 

are removed from the oven and cooled, the aluminum oxide membranes are dissolved in 

a solution of 1N sodium hydroxide for 75 minutes. The nanopillar surfaces are then 

rinsed multiple times in DI water to remove any remaining membrane material. Finally 

samples are allowed to air dry and are stored in a desiccator until cell seeding.  

The resultant nanopillar dimensions are dependent on several controllable 

parameters, including the molecular weight of the PCL, the temperature of the oven, and 

the time allotted for gravimetric extrusion. The molecular weight was fixed at 80 kDa and 

the temperature chosen for nanopillar extrusion was fixed at 160OC. By altering the time 

spent in the oven by 30 second increments, it is possible to drastically alter nanopillar 

morphology, as observed by the SEM. PCL samples left in the oven for a short period of 

Figure 3.1 - SEM Images of Smooth PCL and Tissue Culture Polystyrene: SEM images (2,500x) verifying 
smoothness of PCL (left) and tissue culture polystyrene (right) samples. Scale bar = 10 !m. 
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time, 1 min, contained nanopillars which often appeared to form island-like clusters and 

had smaller aspect ratios. However, the insufficient extrusion times resulted in large areas 

of the samples, typically in the center, which were free of nanopillars. On the other hand, 

too long of a period in the oven, approximately 4 min, allowed individual nanopillars to 

melt together. An ideal nanopillar surface was generated by allowing an extrusion time of 

approximately 3min (Figure 3.2). 

 

 

 

 

 

 

 

 

 

PCL Nanofiber Fabrication: PCL nanofibers were fabricated using a technique 

known as electrospinning. The apparatus consists of a polymer-filled, 10 ml glass syringe 

attached to a 20-gauge blunt tip catheter and placed within a syringe pump. A high-

voltage power supply (Gamma High Voltage Research, ES30P-10W/DAM) is connected 

to the catheter tip by an alligator clip and the ground is connected to an aluminum foil 

collector. The PCL polymer solution is formulated as previously described56. In brief, the 

solution is composed of 80kDa PCL, oleic acid (OLA) (0.891g/mL), methanol and 

chloroform. To make 10 g of PCL polymer solution, 1.2 g of PCL pellets (12% PCL by 

Figure 3.2 - SEM Images of PCL Nanopillars at Different Extrusion Times: SEM images (5,000x)  
A= 1.5 minutes, B = 3 minutes, C = 4 minutes Scale bar = 10 !m, (100 !m, upper left). The shaded area on 
right side of upper left image is free of nanopillars. 
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total weight) are dissolved in 5.2 mL chloroform, and 0.036 g OLA (3% OLA by PCL 

weight) is dissolved in 1.3 mL methanol. The two solutions are then mixed (4:1 

chloroform:methanol volume ratio) to form the final product. Nanofiber morphology 

depends on several parameters including the volumetric flow rate, the applied voltage, 

and the distance from the catheter tip to the collector. For example, when the applied 

voltage was increased above 20kV, the nanofibers appeared to clump together, forming 

distinct honeycomb patterns, and when decreased below 12kV, beading was visible 

within the fiber structure (data not shown). Samples were originally fabricated using 

parameters previously established for PCL nanofibers56. However, the nanofibers 

appeared inconsistent in diameter and would often end abruptly. By increasing the flow 

rate and decreasing the applied voltage, nanofiber morphology markedly improved 

(Figure 3.3). Due to electrical interference arcing across the syringe pump and shutting 

down the power, the applied voltage was decreased slightly for the fabrication of 

nanofibers to be seeded with rat MSCs. The final parameters for nanofiber fabrication 

included a flow rate of 10ml/hr, a tip-to-collector distance of 9cm, and an applied voltage 

of 17.5 kV. Individual samples were removed from the collector with a 10mm biopsy 

punch, and the OLA was leached out of the surfaces by soaking samples in methanol for 

24h. Samples were air dried and stored in a desiccator until cell seeding.  
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Figure 3.3 - SEM Images of PCL Nanofibers Electrospun at Different Parameters: A = Flow rate 
(2.8ml/hr), Voltage (20kV) Tip-to-Colletor (9cm)56, B = Flow rate (10mL/hr), Voltage (20kV), Tip-to-
Collector (9cm), Scale bar = 10 !m 
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Surface Characterization: Samples were sputter-coated with 10nm gold and 

imaged under a scanning electron microscope (JEOL JSM-6500F). Select images were 

measured with standard imaging software to determine nanofiber and nanopillar 

architecture.  

Multipotent Mesenchymal Stromal Cell Isolation: With the approval of the 

Colorado State University Animal Care and Use Committee, MSCs were harvested from 

male Wistar and Sprague-Dawley rats (Rattus norvegicus). A plastic adherent selection 

method was used to isolate MSCs for this experiment141. In brief, limbs were aseptically 

removed from euthanized rats, and the bone marrow was repeatedly flushed through the 

long bones with complete culture media (CCM) (α-Minimal Essential Media (Fischer 

Scientific-Hyclone) supplemented w/ 2mM additional L-glutamine (Fisher Scientific-

Hyclone), 10% fetal bovine serum (Atlanta Biologicals), and 1% penicillin/streptomycin 

(Fisher Scientific-Hyclone)) using a 10 ml syringe with 18 and 25 gauge needles. Cells 

were filtered through a 70um nylon filter into a clean 50mL centrifuge tube, counted with 

a hemocytometer, plated at high densities in a 75cm2 culture flask containing CCM, and 

incubated at 37oC and 5% CO2. After 24h, non-adherent cells were washed away with 

PBS followed by biweekly PBS washes and media replacements. After the MSCs 

approached 40-50% confluence, they were passaged at low densities. The total time 

between passages was 9-11 days, and the typical cell yield was approximately 250,000 

cells per 75 cm2. MSCs were detached from the culture flask using 0.25% Trypsin/EDTA 

(Fischer Scientific-Hyclone) and seeded at a density of ~150 cells/cm2 into new 75 cm2 

culture flasks containing pre-warmed CCM. This process was repeated several times until 

a sufficient amount of cells were collected for the study.  
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Sample Sterilization, Cell Seeding, and Culture: Samples were placed in 70% 

ethanol for 30 minutes, followed by three 5 minute PBS rinses and 30 minutes under UV 

light for sterilization. Prior to cell seeding, samples were conditioned in warm CCM 

within a 24-well plate for 1h. Passage 3 MSCs were centrifuged into a pellet and 

resuspended in CCM at a concentration of 25,000 cells/mL. Approximately 18,750 MSCs 

were seeded in each well by the addition of 0.75mL of cell solution, resulting in an 

estimated initial seeding density of 10,000 cells/cm2. All surface topographies were 

seeded in triplicate (n=3) for each imaging assay. After 4 days of culture, half of the 

media was replaced in each well to allow time for cell adherence. On day 7, all of the 

media was replaced, and MSCs on polystyrene positive controls were switched over to 

bone differentiation media (CCM containing 10nM dexamethasone, 6mM β-

glycerophosphate, and 50ug/ml L-ascorbic acid). Cell media was replaced every other 

day throughout the duration of the study. 

Immunofluorescence of Actin, Vinculin, Osteopontin and Osteocalcin: MSCs 

were fixed in 3.7% formaldehyde for 15 minutes followed by three rinses in phosphate 

buffered saline (PBS). Cells were permeablilized with 1% triton x-100 for 3 minutes 

followed by an additional PBS rinse. All samples were then incubated in blocking 

solution (10% w/v bovine serum albumin (BSA) in PBS) for 20 minutes. Following 

aspiration, samples were incubated in primary antibody (FITC-conjugated mouse 

monoclonal anti-vinculin, Sigma F7053, mouse monoclonal anti-osteopontin, Santa Cruz 

sc-21742, goat polyclonal anti-osteocalcin, Santa Cruz sc-18319) solution (1:200 dilution 

in 1.5% w/v BSA in PBS) for 1 hour. In the case of osteocalcin (OCN) and osteopontin 

(OPN), primary antibodies were aspirated, and samples were rinsed with PBS followed 
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by incubation in a secondary antibody (chicken anti-mouse IgG-FITC, Santa Cruz sc-

2989, donkey anti-goat IgG-FITC, Santa Cruz sc-2024) solution (1:200 dilution in 1.5% 

w/v BSA in PBS) for 45 minutes.  Secondary antibodies were aspirated and rhodamine-

phalloidin (PHDR1, The Protein Experts) was added (1:200 dilution in PBS (70nM)) for 

20 minutes to stain for filamentous actin. During the last 5 minutes of actin staining, 

DAPI (Anaspec 83211 (300nM)) was added to stain for nuclei. Finally, samples were 

aspirated of stain and placed in PBS prior to imaging on an Axio Imager.A2 microscope. 

All surfaces were imaged three times at three different magnifications, 10x, 20x, and 50x, 

to provide nine representative images per sample.  

MSC Fixation for Scanning Electron Microscopy: Cells were dehydrated and 

fixed on substrate surfaces. Samples were incubated in a solution of primary fixative (3% 

glutaraldehyde (Sigma), 0.1 M sodium cacodylate (Polysciences) and 0.1 M sucrose 

(Sigma)) for 45 min. Samples were then placed in secondary fixative (primary fixative 

without glutaraldehyde) for 10 min. Finally, the substrates were dehydrated by incubation 

in consecutive solutions of increasing ethanol concentration (35, 50, 70, 95 and 100%) 

for 10 min each. Further dehydration was accomplished by incubating the substrates in 

hexamethyldisilazane (HMDS) (Sigma) for 10 min. Samples were air dried and stored in 

a desiccator until imaging by SEM. The substrates were coated with a 10 nm layer of 

gold prior to being imaged. 

Shape Factor and Cell Coverage Approximation: Individual MSCs adhered on 

smooth PCL and nanopillars with clearly defined borders were analyzed using the freely 

available imaging software, ImageJ142, to obtain average shape factors and cell coverage 

areas. The cell shape factor is approximated by the ratio of cellular length to width. 



 
 

74 
 

Length is defined as the diameter of the smallest circle encompassing an entire cell 

(circumcircle), while width is defined as the diameter of the largest cirlce that will fit 

entirely within the cell (incircle). Using the elliptical drawing tool, circumcircles and 

incircles were fitted to selected cells to obtain approximate shape factors. Using the 

polygonal selction tool, cell outlines were traced to obtain coverage area approximations.  

Cell Density Approximation: All immunofluorescently stained samples were 

imaged three times at the lowest magnification, resulting in nine images per surface 

condition. Using the DAPI layer and the thresholding tool in ImageJ, images were 

converted to binary representations of total nuclei. Grouped nuclei were partially resovled 

using ImageJ’s watershed tool. The analyze particles tool was adjusted to recognize 

objects greater than 5 "m in diameter and with a circularity factor greater than 0.3. Once 

counted, cell numbers were averaged over sample type for each rat and divided by the 

total area of the image to obtain an approximation of cell density. 

Statistical Analysis: Each experiment was replicated on three different samples 

(n=3) from two different cell populations. Samples sizes vary. For example, cell density 

calculations were based upon a sample size of n=9 (three 10x images per sample, three 

samples), whereas shape factor and area calculations were based upon the total number of 

cells analyzed (varied by surface type). Because variances were not assumed to be equal, 

quantitative results were analyzed using a Welch-Satterthwaite two sample t-test. 

Statistical significance was considered at p < 0.05.  

Results and Discussion 

 Experimental PCL nanotopographies were characterized using scanning electron 

microscopy (SEM) (Figure 3.4). Electrospun nanofibers used for this study were 
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fabricated with a median fiber diameter of 319 nm and a mean diameter of 415 ± 385 nm 

(mean ± SD, n=175). Occasional outlying fibers with diameters upwards of 3 µm were 

noticed and included in the statistical analysis, resulting in the large standard deviation. 

One possible explanation for the large variation in nanofiber diameters could reside with 

the syringe type. Prior to electrospinning the nanofibers for the experiment, the original 

glass syringe and metal plunger was replaced with an all-glass syringe to avoid electrical 

shorts. The seal between the glass plunger and syringe body wasn’t as air tight as the 

metal/rubber plunger, resulting in slow solvent evaporation. Thus, the polymer solution 

viscosity may have increased over the course of electrospinning, resulting in inconsistent 

fiber diameters. Analysis of SEM images of PCL nanopillars showed that the average 

pillar diameter was 250 ± 37 nm (mean ± SD, n=200). Microchannels regularly appear on 

the nanopillar surfaces, forming canyon like structures attributed to the fabrication 

technique55. 

  

 

 

 

 

 

 

technique55.

Figure 3.4 - Characterization of PCL Nanofiber and Nanopillar Surfaces: Top row- SEM 
images (2,500x), scale bar  = 10 µm .  Bottom  row-  SEM images showing nanofiber (5,000x) and 
nanopillar (10,000x) diameter distributions, scale bar =1 µm. 
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Third passage rat MSCs were seeded on standard tissue culture polystyrene and 

three fabricated PCL surfaces, smooth, nanofiber, and nanopillar, at low densities 

(~10,000 cells/cm2) to provide optimal conditions for osteogenic differentiation36. Two 

and three weeks after initial cell seeding, MSC populations were assessed by 

immunofluorescent labeling of filamentous actin, nuclei and the focal adhesion protein, 

vinculin (Figures 3.5-3.6).  Progenitor cell response is clearly affected by surface 

nanotopography in terms of cell adherence, proliferation, and morphology. PCL 

nanofibers had the most pronounced effect on the number of adhered cells, with more 

MSCs residing on nanofibers than any other surface examined. After two weeks, nuclear 

counts reveal the average cell density to be ~80,000 cells/cm2, which is significantly 

larger than the initial seeding density as well as MSC densities on other surfaces, 

suggesting increased adherence and proliferation on nanofiber topographies. In addition, 

cytoskeletal actin filaments of MSCs on nanofibers were less defined, more condensed, 

and difficult to bring into focus due to cell embedment within the three-dimensional 

surface topography. Conversely, PCL nanopillars resulted in significantly reduced 

attachment and proliferation, with an average two week cell density of ~5,500 cells/cm2. 

Yet, PCL nanopillars appeared to have the greatest effect on cellular appearance, as 

MSCs often adopted highly elongated morphologies. The smooth control surfaces, PCL 

and polystyrene, induced MSCs to adopt uniformly spread morphologies with well-

defined actin stress fibers, often aligning in a common direction. As expected, more cells 

adhered and proliferated on standard tissue culture polystyrene surfaces, ~28,000 

cells/cm2, than on hydrophobic smooth PCL surfaces, ~7,500 cells/cm2 (Figure 3.7). 
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Figure 3.5 - Typical Response of Wistar MSCs after Two Weeks: Immunofluorescence images of MSC response 
to tissue culture polystyrene and smooth, nanopillar, and nanofiber PCL surfaces. Scale bar = 100 µm, blue = nucleus, 
red = actin filaments, green = vinculin. 
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Figure 3.6 - Typical Response of Wistar MSCs after Three Weeks: Immunofluorescence images of MSC response 
to tissue culture polystyrene and smooth, nanopillar, and nanofiber PCL surfaces. Scale bar = 100 µm, blue = nucleus, 
red = actin filaments, green = vinculin. Arrows show focal adhesions on nanopillar surfaces. 
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The contrasting morphologies of spread and elongated MSCs were further 

explored using standard imaging software to approximate cell coverage area and shape 

factors for individual cells on smooth and nanopillar PCL surfaces with clearly defined 

borders (Fig. 3.8). MSCs on smooth PCL had significantly lower shape factors and 

significantly larger coverage areas compared to MSCs on nanopillars, a trend which was 

maintained over the course of the study.  Smooth PCL consistently facilitated uniform 

spreading over large surface areas, whereas nanopillars promoted cellular elongation, 

covering smaller surface areas (Table 3.1).  Due to high cell densities and poorly defined 

cellular borders, cell morphology was impossible to assess for MSCs on PCL nanofibers. 

While morphology remained fairly consistent on all samples between the second and 

third week of culture, cells on the nanopillars acquired additional cellular projections and 

became increasingly contracted in appearance, consistent with shape induced 

osteogenesis37. There were also some observable differences in vinculin staining over the 

course of the experiment. Very few MSCs had clearly defined green clusters, signifying a  

Figure 3.7 - Wistar MSC Density Following 2 Weeks of Culture: Representative images of nuclear 
counts, average ± standard error (n=9). 
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lack of mature focal adhesions two weeks after cell seeding. After an additional week, 

MSCs on smooth control surfaces showed improved vinculin staining, with the majority 

observed surrounding the nuclear compartments. Small amounts of clustered vinculin 

were visible within MSCs cultured on nanopillar surfaces, forming speckled patterns 

consistent with small focal adhesions forming on pillar tops (arrows in Figure 3.6).  
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The distinct morphologies seen in MSCs cultured on the different PCL surfaces 

results from the unique underlying nanotopographies. Cellular elongation on PCL 

nanopillars was commonly observed, and in some instances, MSCs would obtain lengths 

over twenty times their widths (Figure 3.9). The porous nature of the PCL nanofibers 

allowed for MSCs to penetrate below the surface and underneath fibers.  Fluorescence 

images revealed individual nanofibers surrounded by filamentous actin structures and 

Figure 3.8 - Cellular Area and Shape Factor Approximation:  Traced MSCs provide an idea of average cell 
coverage on and shape factors on Smooth PCL (left) & nanopillars (right). Shape factors were estimated by the ratio of 
cellular length to width. 

Table 3.1 - MSC Shape Factors and Coverage Areas of Wistar MSCs on Smooth PCL and 
Nanopillars: Values shown are arithmetic means ± standard deviations. 
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evidence of nanofibers crossing over the top of nuclei, suggesting cell embedment within 

the nano-structure (Figure 3.10). 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

An interesting morphological response within a small percentage of MSCs seeded 

on the smooth PCL surfaces was the formation of actin cytoskeletal structures known as 

geodesic domes (Figure 3.11). Geodesic domes, also called polygonal net formations, 

represent a structural network of polygonal elements, commonly seen in F-actin staining. 

Figure 3.9 - Example of Exceptional Elongation in Response to PCL Nanopillars: A Sprague-Dawley MSC 
elongating over 20 times its width. 

Figure 3.10 - Example of MSCs Embedded within PCL Nanofibers: Dotted boxes show F-actin surrounding 
nanofiber architecture. Nanofibers can be seen crossing over the top several nuclei (yellow circle). Scale bar=100 !m.  
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A study of rat fibroblasts revealed that geodesic domes do not form at cellular densities 

lower than 5,000 cells/cm2, and the introduction of groves and peaks onto the substrate 

surfaces significantly reduced the occurrence of dome formation143. Further, maintenance 

of geodesic domes requires intact actin cytoskeletons and cellular tension. Loss of 

structural isotropy is thought to lead to the collapse of the polygonal nets into the linear 

stress fibers, like those seen in the majority of cells on the smooth surfaces. The 

formation of geodesic domes within rat MSCs on smooth PCL and the lack of domes on 

PCL nanopillars are probably attributed to the underlying surface topography, as the 

pillar topography likely subjects the cells to anisotropic forces.  

  

 

 

 

 

 

 

 

 

MSC populations from the Wistar and Sprague-Dawley rats had similar shape 

factors, but covered different surface areas, with the Sprague-Dawley MSCs being the 

larger of the two cell types. A table of approximated shape factors and surfaces areas for 

MSCs from both rats can be found in Appendix 3.1. The difference in cell size is not 

surprising, provided the interspecies variability in MSC populations. While there were 

Figure 3.11 - Example of Geodesic Dome Cytoskeleton Structure Observed 
in a Small Percentage of MSCs on Smooth PCL: Scale bar = 100 µm. 
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measureable differences in MSC size, the morphological response to the separate PCL 

nanotopographies remained much the same.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.12 - Osteogenic Response of Sprague-Dawley MSCs after Four Weeks: Immunofluorescence images 
of MSCs after 4 weeks of culture on tissue culture polystyrene and smooth, nanopillar, and nanofiber PCL surfaces.    
Scale bar = 100 µm, blue = nucleus, red = actin filaments, geen = osteopontin/osteocalcin. 
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Following four weeks in culture, MSCs on the positive controls showed signs of 

osteogenic differentiation as a result of their production of two bone marker proteins, 

osteopontin and osteocalcin, detected by immunofluorescence. More importantly, MSCs 

on nanopillar surfaces also appeared to produce both osteocalcin and osteopontin, 

providing strong evidence for PCL nanopillar induced differentiation (Figure 3.12). 

While the majority of osteocalcin and osteopontin observed on nanopillar samples 

appeared to be released and adsorbed onto the polymer surface, several cells were imaged 

containing internal osteopontin and osteocalcin, implying active protein production 

(Figure 3.13). Further, the osteogenic response to nanopillars was not specific to one rat 

species, as MSCs from both rats positively stained for both bone proteins (Figure 3.14). 

Neither MSCs on smooth PCL, nor those on nanofibers showed convincing signs of 

osteogenic differentiation in either rat species.  

 

  

 

 

 

 

 

 

 

  

 

Figure 3.13 - Internal Bone Marker Production in Sprague-Dawley MSCs on PCL 
Nanopillars: Immunofluorescence images of MSCs after 4 weeks of culture on PCL nanopillar 
surfaces. Scale bar = 100 µm, blue = nucleus, red = actin filaments, geen = osteopontin/ osteocalcin 
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SEM images of MSCs on nanopillar and nanofiber samples after four weeks offer 

an alternative to the immunofluorescent images. The contrasting cellular densities and 

Figure 3.14 - Osteogenic Response of Wistar MSCs after Four Weeks: Immunofluorescence images of MSCs 
after 4 weeks of culture on tissue culture polystyrene and smooth, nanopillar, and nanofiber PCL surfaces.          
Scale bar = 100 µm, blue = nucleus, red = actin filaments, geen = osteopontin/osteocalcin. 
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morphologies are clearly visible on the two different samples (Figure 3.15). Elongation 

of MSCs on nanopillars is further evident in the SEM images, with higher magnifications 

revealing cellular projections interacting with individual nanopillars (see arrows). On the 

other hand, single MSCs are indistinguishable on nanofiber surfaces; the cells appear to 

form a consistent layer of dense tissue covering the majority of the surface. However, 

higher magnification images of breaks in the upper cell layer reveal a layer of MSCs 

underneath (see arrows). Further, confocal microscopy imaging of nanofiber samples 

revealed the penetration of MSCs to be on the order of 10 µm (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Energy dispersive X-ray spectroscopy (EDX) was utilized in conjunction with the 

SEM to assess the degree of mineralization on the positive controls and PCL nanopillar 

Figure 3.15 - Wistar MSCs after Four Weeks: Top Row- Low magnification SEM images of MSCs on 
PCL nanopillars and nanofibers (500x). Bottom Row- Higher magnification SEM images (5,000x) showing 
MSCs interacting with surface nanotopography. Scale bar = 10 µm. 

revealed the penetration of MSCs to be on the order of 10 µm (data not shown).
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surfaces. SEM images revealed a substantial degree of mineralized cells on the positive 

control samples, and the EDX results from the positive controls revealed the presence of 

both calcium and phosphorous, the two primary components of hydroxyapatite, which 

comprises the inorganic portion of bone tissue (Figure 3.16). Surprisingly, there was no 

evidence of mineralization on any of the PCL nanopillar surfaces. Following an 

additional six week study of rat MSCs on PCL nanopillars, calcium nor phosphorous was 

detected, raising some concerns (data not shown). The EDX data suggests that while PCL  

 

 

 

 

 

 

 

 

 

 

 

 

nanopillars cause MSCs to appear stretched and contracted in morphology and up-

regulate two bone marker proteins, the surface is not sufficient enough to induce 

biomineralization. It is possible that the nanopillar topography is only capable of 

initiating one component of osteogenic differentiation, and the process of mineralization 

Figure 3.16 - EDX Results Showing Mineralization on Positive Control Samples 
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requires additional signaling. Further, maybe the requisite amount of phosphate was not 

satisfied by the use of normal expansion media. For example, our collaborators report 

that ascorbic acid and β-glycerophosphate is required to form a hydroxyapatite-rich 

mineralized matrix in vitro144.  

This work provides the first known example of MSC differentiation into 

osteoblast-like cells induced solely by a non-ordered, non-rigid PCL nanopillar surface. 

Very recently, MSCs have shown signs of bone differentiation in the absence of 

differentiation media when seeded on PCL with a disordered nanopit topography145. 

Similar to this and other studies aimed at controlling progenitor cell fate using 

nanotopography, MSCs on PCL nanopillars adopt highly elongated and contracted 

appearances. While still in its infancy, the current hypothesis suggests that nanopillar 

surfaces on the order of 100-250 nm in diameter drive osteogenesis by subjecting MSCs 

to increased intracellular tension. Vinculin clustering at focal adhesion sites is correlated 

with increased myosin II tension in the cytoskeletal networks of these cells146, and 

evidence of vinculin clustering on the tops of nanopillars and the contracted appearance 

of adhered MSCs supports this hypothesis. Further, it has been suggested that an 

extracellular matrix protein contained within fetal bovine serum, vitronectin, plays a 

pivotal role in the binding of MSCs to PCL surfaces147. Given vitronectin’s role in 

inducing osteogenesis through the focal adhesion kinase (FAK) pathway148 and the 

decreased protein adsorption seen on titania nanotubes >70nm, resulting in increased 

MSC elongation and osteogenesis61, it is possible that a combination of both observations 

contribute to PCL nanopillar induced differentiation of rat MSCs into osteoblast-like 

cells. The nanopillar topography may result in limited locations for vitronectin 
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adsorption, requiring MSCs to stretch over long distances to adhere to the surface. The 

subsequent elongation and generation of intracellular tension/FAK signaling likely plays 

a major role in topography induced osteogenesis. Interestingly, this response was not 

observed on the nanofiber surfaces, implying that horizontally oriented topographies, 

while excellent for cellular proliferation and adherence, do not affect cell shape and thus 

cellular fate in a manner similar to nanopillars.  
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Conclusions and Suggestions for Future Work 
The work presented in this thesis explores the differentiation of multipotent 

mesenchymal stromal cells into osteoblasts using a combination of bioinformatics and 

experimental methods. Affymetrix DNA microarrays, provided by our experimental 

collaborators from UPenn, were utilized on two separate fronts: to examine the genome 

wide changes that occur within marrow derived hMSCs in response to two different 

doses of BMP6, a suboptimal and osteogenic concentration, and to determine what 

effects the abrogation of the master transcription factor, osterix, has on transcripts which 

are actively involved in the differentiation process. Apart from the DNA microarray 

analyses, bench top experimental work involving the cellular response of rat MSCs to 

two very different polymer nanotopographies was conducted to determine if PCL 

nanopillars or nanofibers were capable of inducing osteogenesis in the absence of bone 

differentiation media. 

The BMP6 DNA microarray analysis reveals a plausible explanation for the failed 

osteogenic differentiation of hMSCs in response to suboptimal concentrations (2nM) of 

BMP6. Novel findings within the microarray data support the notion that negative 

regulators of BMP signaling play a major role in the suppression of osteogenic signals at 

low BMP6 doses. For example the most up-regulated bone related transcripts in response 

to 2nM BMP6 were antagonists of the BMP signaling pathway and several of the 

significantly overrepresented biological processes within the up-regulated genes play 

negative roles in cellular differentiation and development. The genome wide changes in 
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expression support this hypothesis as more genes were affected at the earlier time point 

and the overall expression of the BMP6 responsive genes was drastically reduced by the 

later time point.  

When hMSCs were provided with a ten-fold increase in BMP6 concentration 

(20nM), osteogenic differentiation was apparent. Transcription factors deemed vital to 

bone formation were activated, bone marker proteins were up-regulated, and the genome 

wide changes in gene expression suggest long-term genetic change. While many of the 

same negative regulators of BMP6 signaling were up-regulated, they were not up-

regulated to the extent seen at the lower dose. Additionally, unlike the majority of bone 

related genes differentially expressed in response to 20nM BMP6, the negative regulators 

had smaller fold changes in expression at the later time point relative to the control 

samples. Taken together, this suggests that the negative regulators of BMP signaling may 

establish a threshold concentration for BMP, which must be surpassed to trigger a 

differentiation event. Further, the DNA microarray data also suggests that members of the 

Wnt receptor signaling pathway may play a major role in promoting osteogenesis, as 

many more Wnt related genes were differentially expressed in response to 20nM BMP6. 

This is not surprising, as recent work has discovered both BMP and Wnt transcription 

factor binding elements within the promoter regions of DLX5 and RUNX297, master 

regulators of osteogenesis upstream of OSX. The fact that DLX5 was up-regulated in 

response to 2nM BMP6 and not RUNX2 suggests that the BMP-Wnt crosstalk may be 

more important for RUNX2’s activation. 

Given the limited data, the response of MSCs to BMP6 needs to be explored in 

greater detail. There are several directions for future work which may be able to further 
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elucidate the response observed in the microarray data. It would be ideal to first 

determine if the observed response is seen across hMSCs form multiple individuals. This 

doesn’t necessarily imply that additional DNA microarrays be performed, as the results 

from this analysis have provided ample transcripts of interest for detection using less 

expensive means. RT-PCR could be used to determine if the expression of negative 

regulators is consistent across several populations of MSCs, with disproportional 

activation at lowered BMP6 concentrations.  

Another approach would utilize the construction and analysis of a computational 

model, based on a system of differential equations describing the reaction network 

involved in the transmission of signals from BMP ligands to the accumulation of 

transcription factors within the nucleus. The addition of negative feedback loops via the 

insertion of BMP antagonists into the model may help to assess the feasibility of our 

proposed hypothesis. Extracellular antagonists, such as gremlin, and intracellular 

inhibitory molecules, such as the I-Smads, could be introduced into the model to 

determine what type of negative regulation terminates the signal from the BMP ligands 

most efficiently. The ultimate goal of the modeling would be to show negative regulatory 

molecules to successfully abrogate BMP signaling at a baseline dose, yet fail to inhibit 

signaling with a ten-fold increase.  

The negative feedback loop which has the greatest affect on dampening BMP 

signaling computationally could then be translated into the foundation for future 

experimental work.  For example, if the external BMP antagonists were shown to have 

the greatest negative regulatory role in BMP signaling, they could be used as proposed 

targets for future knockout studies. The goal of such a study would be to compare 
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different BMP6 doses to determine if the knockout cells respond favorably to lower 

levels of BMP6.  

DNA microarray data from the osterix knockout experiment confirmed some 

previously reported functions of the master bone regulator, as well as presents additional 

functional roles for OSX which have not yet been described. OSX’s role in the activation 

of proteoglycans involved with biomineralization was recently reported by our 

collaborators. OSX over expression and knockout experiments up-regulated and down-

regulated osteomodulin, osteoglycin, and asporin respectively149. The -OSX microarray 

data analyzed here supports that finding, with the additional OSX driven up-regulation of 

alkaline phosphatase. It has also been well established that OSX plays a role in the 

inhibition of cellular proliferation, both observed experimentally in cell proliferation 

assays149 and linked to the inhibition of the Wnt receptor signaling pathway through the 

up-regulation of the Wnt antagonist DKK1138. Again, the -OSX microarray data supports 

these findings as OSX appeared to not only up-regulate DKK1, but other negative 

regulators of the Wnt pathway, including FRZB and TLE1. Further, the regulation of 

cellular proliferation was the most overrepresented biological process among the 

transcripts which were down-regulated in the knockout hMSCs. 

Other functions of OSX which haven’t been described include the down-

regulation of matrix metalloproteinases responsible for cartilage breakdown, supporting 

the notion that one of OSX’s main roles is the transition from a state of cartilage 

resorption to biomineralization. Therefore, the expression of OSX appears to be 

integrally involved in the complex process of endochondral ossification, as previously 

reported128, whereby a cartilaginous precursor skeleton is broken down, remodeled, and 
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eventually mineralized to form bony tissue. OSX activation has also been shown to 

prevent chondrogenic differentiation of MSCs128,114, and the repression of MMP13 could 

provide a plausible mechanism127. OSX induced repression of the collagenases may not 

occur in a direct manner, as the microarray data suggests that OSX activates an MMP 

inhibitor, alpha-2-macroglobulin, as well. 

The -OSX microarray data also implicates OSX in the down-regulation of 

osteoprotegerin and genes involved in hyaluronic acid synthesis and regulation. The 

repression of OPG leads to an increase in osteoclastogenesis, and indicates that OSX may 

be important not only for anabolic bone activity, but catabolic activity as well. Again, it is 

unclear from the data if OPG is down-regulated directly by OSX, or if it occurs indirectly 

through the inhibition of the Wnt receptor signaling pathway113 via DKK1138. 

Additionally, OSX may activate genes to reinforce its own expression through a series of 

positive feedback loops. Both BMP2 and DLX5, inducers of osteogenesis and OSX, 

appear to be up-regulated by OSX.  

Reassuringly, many of the transcripts identified as being potential targets for 

activation and repression by OSX can be confirmed by looking at the 20nM BMP6 data. 

Case in point, OSX expression increases from 26-fold at day 4 to over 300-fold at day 10. 

During this period, the fold-changes relative to the control arrays of BMP2, DLX5, 

ASPN, OGN, ALPL, A2M, FRZB, TLE1, and DKK1 all increase, while they decrease 

amongst MMP1, MMP13, and OPG (Table 4.1). Follow-up work regarding the 

functional roles of OSX should be conducted, specifically using RT-PCR to confirm the 

novel relationships between OSX and the observed differentially expressed genes within 

the microarray analysis. 
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Experimental work with MSCs resulted in some exciting findings.  

Nanotopography induced osteogenesis in the absence of bone differentiation media was 

investigated by seeding bone derived rat MSCs on two different PCL surfaces which 

have been previously shown to support increased osteoblastic activity when provided 

soluble osteoinducers55,56. PCL nanopillars and nanofibers supported very different 

cellular responses. MSCs on the vertically oriented nanopillars adhered poorly, but they 

adopted contracted and elongated cellular shapes; after four weeks of culture in normal 

growth media, MSCs showed positive signs of osteogenesis, including the production of 

two proteins indicative of bone formation, osteocalcin and osteopontin. This is the first 

known example of nanotopography induced osteogenesis on a PCL nanopillar surface. In 

contrast, PCL nanofibers did not appear to drive osteogenic differentiation. However, 
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MSCs seeded on nanofibers showed significantly enhanced proliferation and cellular 

embedment within the porous nanostructure. Smooth surfaces resulted in the uniform 

spreading of MSCs, covering large surface areas, but again, no osteogenesis was 

observed.  

Options for future avenues of work related to this project are plentiful. While 

MSCs on PCL nanopillars produced bone marker proteins, there was no mineralization 

detected through EDX. Additional techniques used to substantiate mineralization by other 

researchers include the use of Alizarin red and Von Kossa staining to detect for calcium 

and phosphate. The use of mineral staining may prove more advantageous to EDX, which 

can be obscured by the elemental composition of the bulk material, and would aid in 

confirming the presence of lack of the inorganic bone constituents. It was shown that 

MSCs had the poorest adherence on nanopillars, thus future studies could examine why 

this is the case. It may be possible to alter the aspect ratio of the nanopillars to increase 

cellular adherence, while maintaining the osteogenic inducing properties of the surfaces. 

Along those same lines, protein adsorption was never addressed in this study. The 

type, number, and distribution of surface bound proteins is very important, as cells do not 

bind directly to the surface, but adhere to the proteins which are adsorbed from the serum 

containing media. Surfaces which allow for increased overall protein adsorption tend to 

facilitate the uniform spreading of MSCs and are not supportive of osteogenesis61. It 

would be very interesting to see the protein adsorption patterns that different nanopillar 

topographies impart. Future work could isolate the most osteoinductive surface, within a 

broad range of nanopillar dimensions, and focus solely on the protein types and patterns 

that the surface pulls out of serum. By replicating the protein patterns observed on the 
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nanosurfaces, it may be possible to drive osteogenesis without the aid of nanotopography, 

solely based upon protein island size and distribution.  

For example, the protein vitronectin is preferentially adsorbed onto PCL 

surfaces147, and it has been shown to facilitate osteogenesis primarily through the FAK 

signaling pathway148. The FAK has been implicated in topography driven osteogenic 

differentiation, as it is associated with the activation of the Rho-ROCK signaling cascade 

and the downstream activation of RUNX2 via extracellular signal-related kinase 

(ERK)150,151. Hence, distinct protein patterning of vitronectin may allow for marked 

improvements in surface driven osteogenesis. The proliferative nature of PCL nanopillars 

is also worth further investigation. No conclusion can be drawn from the present study in 

terms of the increased proliferation rates, as the MSCs on standard tissue culture 

polystyrene were provided with bone differentiation media, which negatively affects 

proliferation. Future studies could determine if nanofiber topographies are capable of 

enhancing cellular proliferation over standard expansion methods.  

Multipotent mesenchymal stromal cells have the potential to revolutionize 

modern medicine by supporting tissue regeneration. There will be a day in our future 

when the treatment of degenerative diseases with MSCs will be routine practice. The 

knowledge obtained from this present work may help to further elucidate the complex 

regulation of the genetic changes and surface environments required for successful 

differentiation of MSCs into fully functioning osteoblasts.  
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Appendix(1.5(Enriched(Biological(
Process((Genes)(Up;Regulated(by(

2nM(BMP6
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ID Gene&Name
1568598_at,&
221000_s_at,&
217511_at

Kazal9type&serine&peptidase&inhibitor&
domain&1

207692_s_at,&
205679_x_at

aggrecan

205713_s_at cartilage&oligomeric&matrix&protein
233109_at,&
234951_s_at

collagen,&type&XII,&alpha&1

242138_at distal9less&homeobox&1
207147_at distal9less&homeobox&2
213707_s_at distal9less&homeobox&5

239309_at distal9less&homeobox&6
218995_s_at endothelin&1
1487_at estrogen9related&receptor&alpha
204379_s_at fibroblast&growth&factor&receptor&3

214520_at forkhead&box&C2&(MFH91,&mesenchyme&
forkhead&1)

201654_s_at heparan&sulfate&proteoglycan&2
221350_at homeobox&C8
204926_at inhibin,&beta&A
210881_s_at,&
202409_at,&
202410_x_at

insulin9like&growth&factor&2&
(somatomedin&A);&insulin;&INS9IGF2&
readthrough&transcript

211958_at,&
203426_s_at

insulin9like&growth&factor&binding&protein&
5

231688_at matrix&metallopeptidase&8&(neutrophil&
collagenase)

231798_at noggin
219729_at paired&related&homeobox&2
228481_at periostin,&osteoblast&specific&factor
209465_x_at,&
209466_x_at,&
211737_x_at

pleiotrophin

203793_x_at polycomb&group&ring&finger&2
216949_s_at polycystic&kidney&disease&1&(autosomal&

dominant)
37022_at,&
204223_at,&
228224_at

proline/arginine9rich&end&leucine9rich&
repeat&protein

GO:0001501(;(Skeletal(System(Development(
(25/319,(P=7.14E;10)
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ID Gene&Name
266_s_at,&
209772_s_at,&
209771_x_at,&
208651_x_at,&
208650_s_at,&
216379_x_at

CD24&molecule;&CD24&molecule9like&4

213606_s_at Rho&GDP&dissociation&inhibitor&(GDI)&
alpha

204790_at SMAD&family&member&7
204999_s_at activating&transcription&factor&5
242138_at distal9less&homeobox&1
207147_at distal9less&homeobox&2
209291_at,&
209292_at,&
226933_s_at,&
209293_x_at

inhibitor&of&DNA&binding&4,&dominant&
negative&helix9loop9helix&protein

227933_at leucine&rich&repeat&and&Ig&domain&
containing&1

231798_at noggin

GO:0010721(;(Negative(regulation(of(Cell(
Development((9/48,(P=1.14E;06)
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ID Gene&Name
1559583_at,&
1552914_a_at

CD276&molecule

204790_at SMAD&family&member&7
208871_at atrophin&1
206724_at chromobox&homolog&4&(Pc&class&

homolog,&Drosophila)
242138_at distal9less&homeobox&1
207147_at distal9less&homeobox&2
218995_s_at endothelin&1
204452_s_at frizzled&homolog&1&(Drosophila)
202046_s_at glucocorticoid&receptor&DNA&binding&

factor&1
241355_at hairless&homolog&(mouse)
203395_s_at,&
203394_s_at

hairy&and&enhancer&of&split&1,&
(Drosophila)

221350_at homeobox&C8
222921_s_at,&
219743_at

hypothetical&LOC100129733;&
hairy/enhancer9of9split&related&with&
YRPW&motif&2

204926_at inhibin,&beta&A
208937_s_at inhibitor&of&DNA&binding&1,&dominant&

negative&helix9loop9helix&protein
201566_x_at,&
213931_at,&
201565_s_at

inhibitor&of&DNA&binding&2,&dominant&
negative&helix9loop9helix&protein

207826_s_at inhibitor&of&DNA&binding&3,&dominant&
negative&helix9loop9helix&protein

209291_at,&
209292_at,&
226933_s_at

inhibitor&of&DNA&binding&4,&dominant&
negative&helix9loop9helix&protein

210881_s_at,&
202409_at,&
202410_x_at

insulin9like&growth&factor&2&
(somatomedin&A);&insulin;&INS9IGF2&
readthrough&transcript

211958_at,&
203426_s_at

insulin9like&growth&factor&binding&protein&
5

203793_x_at polycomb&group&ring&finger&2
214794_at proliferation9associated&2G4,&38kDa;&

proliferation9associated&2G4&pseudogene&
4

203448_s_at similar&to&telomeric&repeat&binding&factor&
(NIMA9interacting)&1;&telomeric&repeat&
binding&factor&(NIMA9interacting)&1;&
telomeric&repeat&binding&factor&(NIMA9
interacting)&1&pseudogene

203222_s_at similar&to&transducin9like&enhancer&of&
split&1&(E(sp1)&homolog,&Drosophila);&
transducin9like&enhancer&of&split&1&(E(sp1)&
homolog,&Drosophila)

207788_s_at sorbin&and&SH3&domain&containing&3

208033_s_at zinc&finger&homeobox&3;&hypothetical&
LOC100132068

GO:0031327(;(Negative(Regulation(of(Cellular(
Biosynthetic(Process(((26/561,(P=7.63E;06)
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ID Gene&Name
266_s_at,&
209772_s_at,&
209771_x_at,&
208651_x_at,&
208650_s_at,&
216379_x_at

CD24&molecule;&CD24&molecule9like&4

213606_s_at Rho&GDP&dissociation&inhibitor&(GDI)&
alpha

204790_at SMAD&family&member&7
204999_s_at activating&transcription&factor&5
242138_at distal9less&homeobox&1
207147_at distal9less&homeobox&2
203395_s_at,&
203394_s_at

hairy&and&enhancer&of&split&1,&
(Drosophila)

217937_s_at histone&deacetylase&7
204926_at inhibin,&beta&A
209291_at,&
209292_at,&
226933_s_at,&
209293_x_at

inhibitor&of&DNA&binding&4,&dominant&
negative&helix9loop9helix&protein

231183_s_at,&
209098_s_at

jagged&1&(Alagille&syndrome)

227933_at leucine&rich&repeat&and&Ig&domain&
containing&1

231798_at noggin
208033_s_at zinc&finger&homeobox&3;&hypothetical&

LOC100132068

ID Gene&Name
204790_at SMAD&family&member&7
204657_s_at Src&homology&2&domain&containing&

adaptor&protein&B
200879_s_at endothelial&PAS&domain&protein&1
218995_s_at endothelin&1
214520_at forkhead&box&C2&(MFH91,&mesenchyme&

forkhead&1)
222921_s_at,&
219743_at

hypothetical&LOC100129733;&
hairy/enhancer9of9split&related&with&
YRPW&motif&2

208937_s_at inhibitor&of&DNA&binding&1,&dominant&
negative&helix9loop9helix&protein

231183_s_at,&
209098_s_at

jagged&1&(Alagille&syndrome)

211356_x_at,&
211355_x_at

leptin&receptor

219729_at paired&related&homeobox&2
209652_s_at placental&growth&factor
216949_s_at polycystic&kidney&disease&1&(autosomal&

dominant)

GO:0001568(;(Blood(Vessel(Development(
(12/245,(P=2.77E;03)

GO:0045596(;(Negative(Regulation(of(Cell(
Differentiation

(((14/216,(P=6.97E;05)
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Appendix(1.6(Enriched(Biological(
Process((Genes)(Down<Regulated(

by(2nM(BMP6
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ID Gene&Name
204908_s_at B3cell&CLL/lymphoma&3
228780_at POU&class&3&homeobox&3
218501_at Rho&guanine&nucleotide&exchange&factor&

(GEF)&3
202986_at aryl3hydrocarbon&receptor&nuclear&

translocator&2
210538_s_at baculoviral&IAP&repeat3containing&3
211518_s_at bone&morphogenetic&protein&4
211368_s_at caspase&1,&apoptosis3related&cysteine&

peptidase&(interleukin&1,&beta,&
convertase)

209031_at cell&adhesion&molecule&1
216598_s_at chemokine&(C3C&motif)&ligand&2
206914_at cytotoxic&and&regulatory&T&cell&molecule
234986_at,&
236140_at

glutamate3cysteine&ligase,&modifier&
subunit

206614_at growth&differentiation&factor&5
203382_s_at hypothetical&LOC100129500;&

apolipoprotein&E
209541_at insulin3like&growth&factor&1&

(somatomedin&C)
201596_x_at keratin&18;&keratin&18&pseudogene&26;&

keratin&18&pseudogene&19
240148_at mutS&homolog&6&(E.&coli)
202086_at myxovirus&(influenza&virus)&resistance&1,&

interferon3inducible&protein&p78&(mouse)

209193_at pim31&oncogene
225842_at,&
217996_at,&
217997_at,&
217999_s_at,&
217998_at

pleckstrin&homology3like&domain,&family&
A,&member&1

227751_at programmed&cell&death&5
209640_at,&
239582_at

promyelocytic&leukemia;&similar&to&
promyelocytic&leukemia&protein&isoform&
1

1566342_at superoxide&dismutase&2,&mitochondrial
201042_at transglutaminase&2&(C&polypeptide,&

protein3glutamine3gamma3
glutamyltransferase)

200803_s_at transmembrane&BAX&inhibitor&motif&
containing&6

202688_at,&
202687_s_at

tumor&necrosis&factor&(ligand)&
superfamily,&member&10

221371_at tumor&necrosis&factor&(ligand)&
superfamily,&member&18223827_at,&

227812_at
tumor&necrosis&factor&receptor&
superfamily,&member&19

204255_s_at,&
204254_s_at

vitamin&D&(1,253&dihydroxyvitamin&D3)&
receptor

GO:0010941(<(Regulation(of(Cell(Death
((28/815,((P=2.04E<05)
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204972_at 2'35'3oligoadenylate&synthetase&2,&
69/71kDa

204908_s_at B3cell&CLL/lymphoma&3
227749_at POU&class&2&homeobox&2
201998_at ST6&beta3galactosamide&alpha32,63

sialyltranferase&1
209546_s_at apolipoprotein&L,&1
209031_at cell&adhesion&molecule&1
210133_at chemokine&(C3C&motif)&ligand&11
216598_s_at chemokine&(C3C&motif)&ligand&2
208075_s_at chemokine&(C3C&motif)&ligand&7
204470_at chemokine&(C3X3C&motif)&ligand&1&

(melanoma&growth&stimulating&activity,&
alpha)

206336_at chemokine&(C3X3C&motif)&ligand&6&
(granulocyte&chemotactic&protein&2)

210659_at,&
229121_at,&
207652_s_at

chemokine3like&receptor&1

221019_s_at collectin&sub3family&member&12
206417_at cyclic&nucleotide&gated&channel&alpha&1
206914_at cytotoxic&and&regulatory&T&cell&molecule
210848_at glucose&phosphate&isomerase
209417_s_at interferon3induced&protein&35
204439_at interferon3induced&protein&443like
209827_s_at interleukin&16&(lymphocyte&

chemoattractant&factor)
203828_s_at interleukin&32
205266_at leukemia&inhibitory&factor&(cholinergic&

differentiation&factor)
240148_at mutS&homolog&6&(E.&coli)
217767_at similar&to&Complement&C3&precursor;&

complement&component&3;&hypothetical&
protein&LOC100133511

202688_at,&
202687_s_at

tumor&necrosis&factor&(ligand)&
superfamily,&member&10

221371_at tumor&necrosis&factor&(ligand)&
superfamily,&member&18

GO:0006955(<(Immune(Response((
(25/690,(P=2.83E<05)

213



ID Gene&Name
213790_at ADAM&metallopeptidase&domain&12
236029_at FAT&tumor&suppressor&homolog&3&

(Drosophila)
41660_at cadherin,&EGF&LAG&seven3pass&G3type&

receptor&1&(flamingo&homolog,&
Drosophila)

209031_at cell&adhesion&molecule&1
210133_at chemokine&(C3C&motif)&ligand&11
216598_s_at chemokine&(C3C&motif)&ligand&2
207571_x_at,&
210785_s_at

chromosome&1&open&reading&frame&38

228335_at claudin&11
218975_at,&
52255_s_at

collagen,&type&V,&alpha&3

204136_at collagen,&type&VII,&alpha&1
203917_at coxsackie&virus&and&adenovirus&receptor&

pseudogene&2;&coxsackie&virus&and&
adenovirus&receptor

207977_s_at,&
213068_at,&
213071_at

dermatopontin

240259_at,&
204359_at

fibronectin&leucine&rich&transmembrane&
protein&2

207370_at,&
236028_at

integrin3binding&sialoprotein

203828_s_at interleukin&32
201015_s_at junction&plakoglobin
229127_at,&
219213_at

junctional&adhesion&molecule&2

212843_at,&
227394_at

neural&cell&adhesion&molecule&1

204105_s_at neuronal&cell&adhesion&molecule
214111_at opioid&binding&protein/cell&adhesion&

molecule3like
204879_at,&
221898_at

podoplanin

228635_at protocadherin&10
213247_at sushi,&von&Willebrand&factor&type&A,&EGF&

and&pentraxin&domain&containing&1

ID Gene&Name
202912_at adrenomedullin
216598_s_at chemokine&(C3C&motif)&ligand&2
209541_at insulin3like&growth&factor&1&

(somatomedin&C)
205302_at insulin3like&growth&factor&binding&protein&

1
205266_at leukemia&inhibitory&factor&(cholinergic&

differentiation&factor)
223925_s_at myotrophin;&leucine&zipper&protein&6
205479_s_at plasminogen&activator,&urokinase

GO:0007155(<(Cell(Adhesion((
(23/700,(2.68E<04)

GO:0031099(<(Regeneration(
(7/69,(P=3.75E<04)
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ID Gene&Name
209212_s_at,&
209211_at

Kruppel3like&factor&5&(intestinal)

206298_at,&
1560821_at

Rho&GTPase&activating&protein&22

211518_s_at bone&morphogenetic&protein&4
205767_at epiregulin
210848_at glucose&phosphate&isomerase
203382_s_at hypothetical&LOC100129500;&

apolipoprotein&E
215073_s_at nuclear&receptor&subfamily&2,&group&F,&

member&2
205479_s_at plasminogen&activator,&urokinase
219700_at plexin&domain&containing&1
201042_at transglutaminase&2&(C&polypeptide,&

protein3glutamine3gamma3
glutamyltransferase)

GO:0001568(<(Blood(Vessel(Development((
(10/245,(P=7.04E<03)
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ID Gene&Name
203685_at B3cell&CLL/lymphoma&2
228173_at GNAS&complex&locus
221000_s_at,&
217511_at,&
1568598_at

Kazal3type&serine&peptidase&inhibitor&domain&1

1569150_x_at PDZ&and&LIM&domain&7&(enigma)
213435_at SATB&homeobox&2
228214_at SRY&(sex&determining&region&Y)3box&6
202935_s_at SRY&(sex&determining&region&Y)3box&9
1552340_at Sp7&transcription&factor
219682_s_at,&
225544_at

T3box&3

&217161_x_at,&
207692_s_at

aggrecan

215783_s_at,&
1557924_s_at

alkaline&phosphatase,&liver/bone/kidney

205290_s_at,&
205289_at

bone&morphogenetic&protein&2

205713_s_at cartilage&oligomeric&matrix&protein
242558_at,&
1554411_at,&
223679_at

catenin&(cadherin3associated&protein),&beta&1,&
88kDa

232458_at collagen,&type&III,&alpha&1
213622_at collagen,&type&IX,&alpha&2
229271_x_at collagen,&type&XI,&alpha&1
213870_at collagen,&type&XI,&alpha&2
234951_s_at,&
233109_at

collagen,&type&XII,&alpha&1

206788_s_at core3binding&factor,&beta&subunit
242138_at distal3less&homeobox&1
207147_at distal3less&homeobox&2
213707_s_at distal3less&homeobox&5
221289_at,&
239309_at

distal3less&homeobox&6

218995_s_at,&
222802_at

endothelin&1

204380_s_at,&
204379_s_at

fibroblast&growth&factor&receptor&3

213260_at forkhead&box&C1
214520_at forkhead&box&C2&(MFH31,&mesenchyme&

forkhead&1)
203697_at,&
203698_s_at

frizzled3related&protein

203146_s_at gamma3aminobutyric&acid&(GABA)&B&receptor,&
1232889_at glucuronidase,&beta&pseudogene;&
glucuronidase,&beta&pseudogene&1

216860_s_at growth&differentiation&factor&11
205498_at growth&hormone&receptor
208557_at homeobox&A6
229667_s_at homeobox&B8
231936_at homeobox&C9
205522_at homeobox&D4
204926_at inhibin,&beta&A

GO:0001501(Skeletal(System(Development
(57/319,(P=1.66E;16)
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209540_at,&
211577_s_at,&
209542_x_at,&
209541_at

insulin3like&growth&factor&1&(somatomedin&C)

202409_at,&
202410_x_at,&
210881_s_at

insulin3like&growth&factor&2&(somatomedin&A);&
insulin;&INS3IGF2&readthrough&transcript

211958_at,&
203426_s_at,&
1555997_s_at,&
203425_s_at

insulin3like&growth&factor&binding&protein&5

236028_at,&
207370_at

integrin3binding&sialoprotein

205959_at matrix&metallopeptidase&13&(collagenase&3)
207329_at,&
231688_at

matrix&metallopeptidase&8&(neutrophil&
collagenase)

205932_s_at msh&homeobox&1
231798_at noggin
226695_at,&
238852_at,&
205991_s_at

paired&related&homeobox&1

219729_at paired&related&homeobox&2
205911_at parathyroid&hormone&1&receptor
228481_at periostin,&osteoblast&specific&factor
209466_x_at,&
211737_x_at,&
209465_x_at

pleiotrophin

212151_at,&
212148_at

pre3B3cell&leukemia&homeobox&1

204223_at,&
37022_at,&
228224_at

proline/arginine3rich&end&leucine3rich&repeat&
protein

204748_at prostaglandin3endoperoxide&synthase&2&
(prostaglandin&G/H&synthase&and&
cyclooxygenase)

216994_s_at,&
232231_at,&
236859_at

runt3related&transcription&factor&2

209875_s_at secreted&phosphoprotein&1
230746_s_at,&
204596_s_at,&

stanniocalcin&1

GO:0001501(Skeletal(System(Development(
(Continued)

(57/319,(P=1.66E;16)
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ID Gene&Name
214535_s_at,&
236901_at,&
214454_at

ADAM&metallopeptidase&with&
thrombospondin&type&1&motif,&2

221000_s_at,&
217511_at,&
1568598_at

Kazal3type&serine&peptidase&inhibitor&domain&1

207692_s_at aggrecan
209462_at amyloid&beta&(A4)&precursor3like&protein&1
206385_s_at ankyrin&3,&node&of&Ranvier&(ankyrin&G)
242558_at,&
1554411_at,&
223679_at

catenin&(cadherin3associated&protein),&beta&1,&
88kDa

219747_at,&
230319_at,&
215059_at

chromosome&4&open&reading&frame&31

203989_x_at coagulation&factor&II&(thrombin)&receptor
232458_at collagen,&type&III,&alpha&1
229271_x_at collagen,&type&XI,&alpha&1
213870_at collagen,&type&XI,&alpha&2
234951_s_at,&
233109_at

collagen,&type&XII,&alpha&1

212865_s_at collagen,&type&XIV,&alpha&1
209082_s_at collagen,&type&XVIII,&alpha&1
221541_at cysteine3rich&secretory&protein&LCCL&domain&

containing&2
216269_s_at,&
212670_at

elastin

1568779_a_at extracellular&matrix&protein&2,&female&organ&
and&adipocyte&specific

213260_at forkhead&box&C1
214520_at forkhead&box&C2&
206377_at forkhead&box&F2
235666_at,&
214265_at

integrin,&alpha&8

236028_at,&
207370_at

integrin3binding&sialoprotein

229554_at lumican
201496_x_at,&
201497_x_at

myosin,&heavy&chain&11,&smooth&muscle

229422_at nardilysin&(N3arginine&dibasic&convertase)
228481_at periostin,&osteoblast&specific&factor

223854_at protocadherin&beta&10;&protocadherin&beta&9
231726_at protocadherin&beta&14
232099_at protocadherin&beta&16
223629_at protocadherin&beta&5
239443_at protocadherin&beta&6
216005_at,&
237169_at

tenascin&C

201506_at transforming&growth&factor,&beta3induced,&
68kDa

218731_s_at von&Willebrand&factor&A&domain&containing&1

GO:0043062(;(Extracellular(Structure(Organization
(34/163,(6.75E;12)
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ID Gene&Name
1557383_a_at ATPase&inhibitory&factor&1
204249_s_at LIM&domain&only&2&(rhombotin3like&1)
204790_at SMAD&family&member&7

219682_s_at,&
225544_at

T3box&3

205609_at,&
205608_s_at

angiopoietin&1

205572_at,&
211148_s_at,&
236034_at

angiopoietin&2

242558_at,&
1554411_at,&
223679_at

catenin&(cadherin3associated&protein),&beta&1,&
88kDa

232458_at collagen,&type&III,&alpha&1
209082_s_at collagen,&type&XVIII,&alpha&1
231778_at distal3less&homeobox&3
242868_at,&
200879_s_at

endothelial&PAS&domain&protein&1

218995_s_at,&
222802_at

endothelin&1

216235_s_at,&
243555_at,&
244832_at,&
204464_s_at,&
204463_s_at

endothelin&receptor&type&A

213260_at forkhead&box&C1
214520_at forkhead&box&C2&(MFH31,&mesenchyme&

forkhead&1)
204845_s_at,&
204844_at

glutamyl&aminopeptidase&(aminopeptidase&A)

44783_s_at,&
218839_at

hairy/enhancer3of3split&related&with&YRPW&
motif&1

225263_at heparan&sulfate&63O3sulfotransferase&1
219743_at,&
222921_s_at

hypothetical&LOC100129733;&hairy/enhancer3
of3split&related&with&YRPW&motif&2

208937_s_at inhibitor&of&DNA&binding&1,&dominant&negative&
helix3loop3helix&protein

205884_at integrin,&alpha&4&(antigen&CD49D,&alpha&4&
subunit&of&VLA34&receptor)

232797_at,&
236251_at,&
241769_at

integrin,&alpha&V&(vitronectin&receptor,&alpha&
polypeptide,&antigen&CD51)

211506_s_at interleukin&8
232406_at,&
231183_s_at,&
209098_s_at

jagged&1&(Alagille&syndrome)

210089_s_at,&
210990_s_at,&
202202_s_at

laminin,&alpha&4

&211354_s_at leptin&receptor
221796_at neurotrophic&tyrosine&kinase,&receptor,&type&2

GO:0001568(;(Blood(Vessel(Development((((((((((((((((((((((
(38/245,(P=2.51E;09)
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226695_at,&

238852_at,&

205991_s_at

paired&related&homeobox&1

219729_at paired&related&homeobox&2

209355_s_at phosphatidic&acid&phosphatase&type&2B

209652_s_at placental&growth&factor

201860_s_at plasminogen&activator,&tissue

241938_at quaking&homolog,&KH&domain&RNA&binding&

(mouse)

239251_at reticulon&4

228850_s_at,&

209897_s_at

slit&homolog&2&(Drosophila)

204642_at sphingosine313phosphate&receptor&1

205016_at transforming&growth&factor,&alpha

219778_at zinc&finger&protein,&multitype&2

GO:0001568(;(Blood(Vessel(Development(
(Continued)(((38/245,(P=2.51E;09)
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ID Gene&Name
216379_x_at,&
209772_s_at,&
208650_s_at,&
208651_x_at,&
209771_x_at,&
266_s_at

CD24&molecule;&CD24&molecule3like&4

206022_at Norrie&disease&(pseudoglioma)
201416_at,&
213668_s_at,&
201418_s_at

SRY&(sex&determining&region&Y)3box&4

211062_s_at carboxypeptidase&Z
1556007_s_at,&
240221_at,&
243338_at

casein&kinase&1,&alpha&1

242558_at,&
1554411_at,&
223679_at

catenin&(cadherin3associated&protein),&beta&1,&
88kDa

204602_at dickkopf&homolog&1&(Xenopus&laevis)
224199_at dickkopf&homolog&2&(Xenopus&laevis)
219889_at frequently&rearranged&in&advanced&T3cell&

lymphomas
204451_at,&
204452_s_at

frizzled&homolog&1&(Drosophila)

219683_at frizzled&homolog&3&(Drosophila)
218665_at frizzled&homolog&4&(Drosophila)
221245_s_at,&
206136_at

frizzled&homolog&5&(Drosophila)

227405_s_at,&
216587_s_at,&
224325_at

frizzled&homolog&8&(Drosophila)

203697_at,&
203698_s_at

frizzled3related&protein

227250_at kringle&containing&transmembrane&protein&1
221558_s_at,&
210948_s_at

lymphoid&enhancer3binding&factor&1

202036_s_at secreted&frizzled3related&protein&1
228284_at,&
203222_s_at

similar&to&transducin3like&enhancer&of&split&1&
(E(sp1)&homolog,&Drosophila);&transducin3like&
enhancer&of&split&1&(E(sp1)&homolog,&
Drosophila)

201869_s_at,&
201867_s_at

transducin&(beta)3like&1X3linked

224022_x_at wingless3type&MMTV&integration&site&family,&
member&16

214631_at zinc&finger&and&BTB&domain&containing&33

GO:0016055(;(Wnt(Receptor(Signaling(Pathway(
(22/133,(P=3.49E;06)
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ID Gene&Name
213435_at SATB&homeobox&2
1552340_at Sp7&transcription&factor
205290_s_at,&
205289_at

bone&morphogenetic&protein&2

206788_s_at core3binding&factor,&beta&subunit
203146_s_at gamma3aminobutyric&acid&(GABA)&B&receptor,&

1
209540_at,&
211577_s_at,&
209542_x_at,&
209541_at

insulin3like&growth&factor&1&(somatomedin&C)

202409_at,&
202410_x_at,&
210881_s_at

insulin3like&growth&factor&2&(somatomedin&A);&
insulin;&INS3IGF2&readthrough&transcript

211958_at,&
203426_s_at,&
1555997_s_at,&
203425_s_at

insulin3like&growth&factor&binding&protein&5

231798_at noggin
205911_at parathyroid&hormone&1&receptor
216994_s_at,&
232231_at,&
236859_at

runt3related&transcription&factor&2

209875_s_at secreted&phosphoprotein&1

GO:0001649(;(Osteoblast(Differentiation((12/42,(
P=5.55E;06)
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ID Gene&Name
202952_s_at,&
213790_at,&
226777_at

ADAM&metallopeptidase&domain&12

217523_at CD44&molecule&(Indian&blood&group)
217744_s_at PERP,&TP53&apoptosis&effector
226989_at,&
227340_s_at,&
227339_at

RGM&domain&family,&member&B

243012_at,&
1552482_at

Ras&association&(RalGDS/AFQ6)&and&pleckstrin&
homology&domains&1

206702_at TEK&tyrosine&kinase,&endothelial
208850_s_at,&
213869_x_at,&
208851_s_at

ThyQ1&cell&surface&antigen

211312_s_at,&
229802_at,&
235821_at,&
206796_at

WNT1&inducible&signaling&pathway&protein&1

214953_s_at amyloid&beta&(A4)&precursor&protein
41660_at cadherin,&EGF&LAG&sevenQpass&GQtype&receptor&

1&(flamingo&homolog,&Drosophila)
209030_s_at,&
209032_s_at,&
209031_at

cell&adhesion&molecule&1

210133_at chemokine&(CQC&motif)&ligand&11
216598_s_at chemokine&(CQC&motif)&ligand&2
203666_at chemokine&(CQXQC&motif)&ligand&12&(stromal&

cellQderived&factor&1)
210785_s_at,&
207571_x_at

chromosome&1&open&reading&frame&38

218182_s_at,&
222549_at

claudin&1

228335_at claudin&11
52255_s_at,&
218975_at

collagen,&type&V,&alpha&3

212940_at,&
212091_s_at,&
212937_s_at,&
212938_at

collagen,&type&VI,&alpha&1

221900_at,&
52651_at

collagen,&type&VIII,&alpha&2

203477_at collagen,&type&XV,&alpha&1
210701_at craniofacial&development&protein&1
220512_at deleted&in&liver&cancer&1
207977_s_at,&
213068_at,&
213071_at

dermatopontin

230229_at discs,&large&homolog&1&(Drosophila)
232098_at dystonin
201983_s_at,&
232541_at

epidermal&growth&factor&receptor&
(erythroblastic&leukemia&viral&(vQerbQb)&
oncogene&homolog,&avian)

1558199_at fibronectin&1
204359_at,&
240259_at

fibronectin&leucine&rich&transmembrane&
protein&2

GO:0007155(<(Cell(Adhesion(
(59/700,(P=2.40E<08)
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208622_s_at hypothetical&protein&LOC100129652;&ezrin

201474_s_at integrin,&alpha&3&(antigen&CD49C,&alpha&3&

subunit&of&VLAQ3&receptor)

209663_s_at integrin,&alpha&7

211488_s_at integrin,&beta&8

202637_s_at,&

202638_s_at

intercellular&adhesion&molecule&1

203828_s_at interleukin&32

201650_at,&

201015_s_at

junction&plakoglobin

219213_at junctional&adhesion&molecule&2

202267_at laminin,&gamma&2

242778_at leupaxin

202997_s_at lysyl&oxidaseQlike&2

203037_s_at metastasis&suppressor&1

212713_at microfibrillarQassociated&protein&4

227394_at,&

212843_at

neural&cell&adhesion&molecule&1

209982_s_at neurexin&2

215020_at,&

229649_at,&

215021_s_at,&

205795_at

neurexin&3

204105_s_at neuronal&cell&adhesion&molecule

227566_at,&

222020_s_at

neurotrimin

214111_at opioid&binding&protein/cell&adhesion&moleculeQ

like

236752_at,&

201929_s_at

plakophilin&4

221898_at,&

204879_at

podoplanin

202328_s_at polycystic&kidney&disease&1&(autosomal&

dominant)

233609_at,&

233770_at

protein&tyrosine&phosphatase,&receptor&type,&K

228635_at protocadherin&10

228640_at protocadherin&7

202896_s_at signalQregulatory&protein&alpha

207788_s_at sorbin&and&SH3&domain&containing&3

213247_at,&

219552_at,&

224543_at

sushi,&von&Willebrand&factor&type&A,&EGF&and&

pentraxin&domain&containing&1

237884_x_at transient&receptor&potential&cation&channel,&

subfamily&M,&member&7

200808_s_at zyxin

GO:0007155(<(Cell(Adhesion((Continued)(
(59/700,(P=2.40E<08)
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ID Gene&Name
217523_at CD44&molecule&(Indian&blood&group)
209211_at,&
209212_s_at

KruppelQlike&factor&5&(intestinal)

219158_s_at NMDA&receptor&regulated&1
241387_at PTK2&protein&tyrosine&kinase&2
1560821_at,&
206298_at

Rho&GTPase&activating&protein&22

208850_s_at,&
213869_x_at,&
208851_s_at

ThyQ1&cell&surface&antigen

211518_s_at bone&morphogenetic&protein&4
203666_at chemokine&(CQXQC&motif)&ligand&12&(stromal&

cellQderived&factor&1)
203477_at collagen,&type&XV,&alpha&1
214012_at endoplasmic&reticulum&aminopeptidase&1
205767_at epiregulin
1552721_a_at,&
208240_s_at,&
205117_at

fibroblast&growth&factor&1&(acidic)

203382_s_at,&
203381_s_at

hypothetical&LOC100129500;&apolipoprotein&E

209663_s_at integrin,&alpha&7
211506_s_at interleukin&8
201465_s_at jun&oncogene
202827_s_at,&
217279_x_at

matrix&metallopeptidase&14&(membraneQ
inserted)

206201_s_at mesenchyme&homeobox&2
216115_at neurofibromin&1
211668_s_at,&
205479_s_at

plasminogen&activator,&urokinase

216867_s_at plateletQderived&growth&factor&alpha&
polypeptide

202328_s_at polycystic&kidney&disease&1&(autosomal&
dominant)

243031_at,&
239251_at

reticulon&4

226028_at roundabout&homolog&4,&magic&roundabout&
(Drosophila)

236947_at,&
240815_at,&
203788_s_at

sema&domain,&immunoglobulin&domain&(Ig),&
short&basic&domain,&secreted,&(semaphorin)&3C

209909_s_at,&
220407_s_at,&
209908_s_at

transforming&growth&factor,&beta&2

239129_at,&
239605_x_at,&
236561_at

transforming&growth&factor,&beta&receptor&1

201042_at,&
211573_x_at

transglutaminase&2&(C&polypeptide,&proteinQ
glutamineQgammaQglutamyltransferase)

211965_at zinc&finger&protein&36,&C3H&typeQlike&1

GO:0001568(<(Blood(Vessel(Development(
(29/245,(2.50E<7)
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ID Gene&Name
204420_at FOSQlike&antigen&1
209211_at,&
209212_s_at

KruppelQlike&factor&5&(intestinal)

237891_at Mdm2&p53&binding&protein&homolog&(mouse)
219773_at NADPH&oxidase&4
1557543_at Notch&homolog&2&(Drosophila)
244745_at,&
227758_at

RASQlike,&estrogenQregulated,&growth&inhibitor

239448_at,&
205397_x_at

SMAD&family&member&3

206702_at TEK&tyrosine&kinase,&endothelial
202672_s_at activating&transcription&factor&3
202912_at adrenomedullin
202986_at arylQhydrocarbon&receptor&nuclear&

translocator&2
242068_at baculoviral&IAP&repeatQcontaining&6
211518_s_at bone&morphogenetic&protein&4
244503_at,&
239367_at,&
206382_s_at

brainQderived&neurotrophic&factor

242693_at cell&division&cycle&2Qlike&5&(cholinesteraseQ
related&cell&division&controller)

216598_s_at chemokine&(CQC&motif)&ligand&2
204470_at chemokine&(CQXQC&motif)&ligand&1&(melanoma&

growth&stimulating&activity,&alpha)
210701_at craniofacial&development&protein&1
242362_at cullin&3
242194_at cullin&4A
243808_at cyclinQdependent&kinase&6
220512_at deleted&in&liver&cancer&1
207977_s_at,&
213068_at,&
213071_at

dermatopontin

201983_s_at,&
232541_at

epidermal&growth&factor&receptor&
(erythroblastic&leukemia&viral&(vQerbQb)&
oncogene&homolog,&avian)

205767_at epiregulin
205738_s_at,&
214285_at

fatty&acid&binding&protein&3,&muscle&and&heart&
(mammaryQderived&growth&inhibitor)

1552721_a_at,&
208240_s_at,&
205117_at

fibroblast&growth&factor&1&(acidic)

207822_at fibroblast&growth&factor&receptor&1
230415_at,&
1561166_a_at,&
244535_at,&
244845_at

forkhead&box&P1

203382_s_at,&
203381_s_at

hypothetical&LOC100129500;&apolipoprotein&E

209184_s_at,&
209185_s_at

insulin&receptor&substrate&2

205207_at interleukin&6&(interferon,&beta&2)
211506_s_at interleukin&8

GO:0042127(<(Regulation(of(Cell(Proliferation(
(60/787,(P=5.65E<07)

228



201465_s_at jun&oncogene
205266_at leukemia&inhibitory&factor&(cholinergic&

differentiation&factor)
206814_at nerve&growth&factor&(beta&polypeptide)
208241_at neuregulin&1
216115_at neurofibromin&1
213032_at,&
213029_at,&
209290_s_at,&
211467_s_at

nuclear&factor&I/B

1554008_at oncostatin&M&receptor
211756_at parathyroid&hormoneQlike&hormone
211668_s_at,&
205479_s_at

plasminogen&activator,&urokinase

1563467_at platelet&derived&growth&factor&C
216867_s_at plateletQderived&growth&factor&alpha&

polypeptide
220049_s_at,&
224399_at

programmed&cell&death&1&ligand&2

239582_at,&
209640_at

promyelocytic&leukemia;&similar&to&
promyelocytic&leukemia&protein&isoform&1

205128_x_at,&
215813_s_at

prostaglandinQendoperoxide&synthase&1&
(prostaglandin&G/H&synthase&and&
cyclooxygenase)

233609_at,&
233770_at

protein&tyrosine&phosphatase,&receptor&type,&K

1568765_at,&
202627_s_at,&
202628_s_at

serpin&peptidase&inhibitor,&clade&E&(nexin,&
plasminogen&activator&inhibitor&type&1),&
member&1

209969_s_at,&
232375_at

signal&transducer&and&activator&of&
transcription&1,&91kDa

221477_s_at,&
216841_s_at,&
215223_s_at

superoxide&dismutase&2,&mitochondrial

1566191_at suppressor&of&zeste&12&homolog&(Drosophila)
201008_s_at,&
201009_s_at

thioredoxin&interacting&protein

209909_s_at,&
220407_s_at,&
209908_s_at

transforming&growth&factor,&beta&2

239129_at,&
239605_x_at,&
236561_at

transforming&growth&factor,&beta&receptor&1

201042_at,&
211573_x_at

transglutaminase&2&(C&polypeptide,&proteinQ
glutamineQgammaQglutamyltransferase)

241435_at vQets&erythroblastosis&virus&E26&oncogene&
homolog&1&(avian)

203683_s_at vascular&endothelial&growth&factor&B
204254_s_at,&
204255_s_at

vitamin&D&(1,25Q&dihydroxyvitamin&D3)&
receptor

212758_s_at,&
210875_s_at

zinc&finger&EQbox&binding&homeobox&1

GO:0042127(<(Regulation(of(Cell(Proliferation((
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ID Gene&Name
204908_s_at BQcell&CLL/lymphoma&3
239629_at CASP8&and&FADDQlike&apoptosis&regulator
217523_at CD44&molecule&(Indian&blood&group)
204420_at FOSQlike&antigen&1
240452_at G1&to&S&phase&transition&1
204224_s_at GTP&cyclohydrolase&1
211824_x_at NLR&family,&pyrin&domain&containing&1
1557543_at Notch&homolog&2&(Drosophila)
217744_s_at PERP,&TP53&apoptosis&effector
228780_at POU&class&3&homeobox&3
218501_at Rho&guanine&nucleotide&exchange&factor&(GEF)&

3
1555723_at,&
225590_at

SH3&domain&containing&ring&finger&1

239448_at,&
205397_x_at

SMAD&family&member&3

214953_s_at amyloid&beta&(A4)&precursor&protein
202986_at arylQhydrocarbon&receptor&nuclear&

translocator&2
210538_s_at baculoviral&IAP&repeatQcontaining&3
242068_at baculoviral&IAP&repeatQcontaining&6
211518_s_at bone&morphogenetic&protein&4
244503_at,&
239367_at,&
206382_s_at

brainQderived&neurotrophic&factor

211368_s_at caspase&1,&apoptosisQrelated&cysteine&
peptidase&(interleukin&1,&beta,&convertase)

213274_s_at cathepsin&B
209030_s_at,&
209032_s_at,&
209031_at

cell&adhesion&molecule&1

216598_s_at chemokine&(CQC&motif)&ligand&2
210701_at craniofacial&development&protein&1
242362_at cullin&3
242194_at cullin&4A
206914_at cytotoxic&and&regulatory&T&cell&molecule
220512_at deleted&in&liver&cancer&1
201983_s_at,&
232541_at

epidermal&growth&factor&receptor&
(erythroblastic&leukemia&viral&(vQerbQb)&
oncogene&homolog,&avian)

242320_at forkhead&box&O3;&forkhead&box&O3B&
pseudogene

230090_at glial&cell&derived&neurotrophic&factor
236140_at,&
234986_at

glutamateQcysteine&ligase,&modifier&subunit

206614_at growth&differentiation&factor&5
203382_s_at,&
203381_s_at

hypothetical&LOC100129500;&apolipoprotein&E

205207_at interleukin&6&(interferon,&beta&2)
201465_s_at jun&oncogene
201596_x_at keratin&18;&keratin&18&pseudogene&26;&keratin&

18&pseudogene&19

GO:0010941(<(Regulation(of(Cell(Death(
(60/815,(P=1.78E<06)
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202086_at myxovirus&(influenza&virus)&resistance&1,&
interferonQinducible&protein&p78&(mouse)

206814_at nerve&growth&factor&(beta&polypeptide)
208241_at neuregulin&1
216115_at neurofibromin&1
215067_x_at peroxiredoxin&2
209193_at pimQ1&oncogene
219566_at pleckstrin&homology&domain&containing,&family&

F&(with&FYVE&domain)&member&1
217999_s_at,&
218000_s_at,&
217996_at,&
217998_at,&
225842_at,&
217997_at

pleckstrin&homologyQlike&domain,&family&A,&
member&1

221583_s_at potassium&large&conductance&calciumQ
activated&channel,&subfamily&M,&alpha&
member&1

239582_at,&
209640_at

promyelocytic&leukemia;&similar&to&
promyelocytic&leukemia&protein&isoform&1

243031_at,&
239251_at

reticulon&4

209969_s_at,&
232375_at

signal&transducer&and&activator&of&
transcription&1,&91kDa

221477_s_at,&
216841_s_at,&
215223_s_at

superoxide&dismutase&2,&mitochondrial

201008_s_at,&
201009_s_at

thioredoxin&interacting&protein

209909_s_at,&
220407_s_at,&
209908_s_at

transforming&growth&factor,&beta&2

239129_at,&
239605_x_at,&
236561_at

transforming&growth&factor,&beta&receptor&1

201042_at,&
211573_x_at

transglutaminase&2&(C&polypeptide,&proteinQ
glutamineQgammaQglutamyltransferase)

200803_s_at transmembrane&BAX&inhibitor&motif&
containing&6

240399_at,&
208178_x_at,&
209013_x_at,&
235705_at,&
231403_at

triple&functional&domain&(PTPRF&interacting)

202688_at,&
202687_s_at

tumor&necrosis&factor&(ligand)&superfamily,&
member&10

221371_at tumor&necrosis&factor&(ligand)&superfamily,&
member&18

241435_at vQets&erythroblastosis&virus&E26&oncogene&
homolog&1&(avian)

204254_s_at,&
204255_s_at

vitamin&D&(1,25Q&dihydroxyvitamin&D3)&
receptor

GO:0010941(<(Regulation(of(Cell(Death((Continued)
(60/815,(P=1.78E<06)
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ID Gene&Name

204420_at FOSQlike&antigen&1

214953_s_at amyloid&beta&(A4)&precursor&protein

236404_at,&

1559249_at

ataxin&1

210133_at chemokine&(CQC&motif)&ligand&11

216598_s_at chemokine&(CQC&motif)&ligand&2

208075_s_at chemokine&(CQC&motif)&ligand&7

214038_at chemokine&(CQC&motif)&ligand&8

220351_at chemokine&(CQC&motif)&receptorQlike&1

204470_at chemokine&(CQXQC&motif)&ligand&1&(melanoma&

growth&stimulating&activity,&alpha)

203666_at chemokine&(CQXQC&motif)&ligand&12&(stromal&

cellQderived&factor&1)

209774_x_at chemokine&(CQXQC&motif)&ligand&2

206336_at chemokine&(CQXQC&motif)&ligand&6&(granulocyte&

chemotactic&protein&2)

207652_s_at,&

210659_at,&

229121_at

chemokineQlike&receptor&1

230090_at glial&cell&derived&neurotrophic&factor

209827_s_at interleukin&16&(lymphocyte&chemoattractant&

factor)

205207_at interleukin&6&(interferon,&beta&2)

211506_s_at interleukin&8

206814_at nerve&growth&factor&(beta&polypeptide)

211668_s_at,&

205479_s_at

plasminogen&activator,&urokinase

216867_s_at plateletQderived&growth&factor&alpha&

polypeptide

221583_s_at potassium&large&conductance&calciumQ

activated&channel,&subfamily&M,&alpha&

member&1

211663_x_at prostaglandin&D2&synthase,&hematopoietic;&

prostaglandin&D2&synthase&21kDa&(brain)

201136_at proteolipid&protein&2&(colonic&epitheliumQ

enriched)

218974_at sine&oculis&binding&protein&homolog&

(Drosophila)

221477_s_at,&

216841_s_at,&

215223_s_at

superoxide&dismutase&2,&mitochondrial

209909_s_at,&

220407_s_at,&

209908_s_at

transforming&growth&factor,&beta&2

GO:0007626(<(Locomotory(Behavior(
(26/274,(P=5.55E<06)
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Appendix(2.3(Enriched(Biological(Process((Genes)(
Activated(by(OSX
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Probe(Set Gene Accension 10nM(BMP6
Mean

10nM(
BMP6
(EOSX
Mean

Fold(
Change

8104901 IL7R* NM_002185* 330.33 52.67 36.27
7972239 SLITRK6* NM_032229* 170.93 50.31 33.4
8060850 BMP2* NM_001200* 340.82 125.22 32.72
8140668 SEMA3A* NM_006080* 208 97.64 32.13
7933772 ANK3* NM_020987* 230.07 123.23 31.87
8099746 CCKAR* NM_000730* 406.31 218.3 31.86
8011214 RTN4RL1* NM_178568* 91.13 50.15 31.82
8130505 EZR* NM_003379* 490.17 285.15 31.72
8141140 DLX5* NM_005221* 1021.05 640.5 31.59
8088919 ROBO1* NM_133631* 502.04 334.24 31.5

8162388 OMD* NM_005014* 786.15 125.36 36.27
7922130 DPT* NM_001937* 251.49 87.38 32.88
8077270 CHL1* NM_006614* 94.19 49.46 31.9
8046695 ITGA4* NM_000885* 488.18 279.52 31.75
8130505 EZR* NM_003379* 490.17 285.15 31.72
7985786 ACAN* NM_013227* 301.23 176.26 31.71
8088866 CNTN3* NM_020872* 117.73 68.69 31.71
8162404 ECM2* NM_001393* 257.1 158.28 31.62
7952036 MPZL3* NM_198275* 190.68 118.94 31.6
7917370 COL24A1* NM_152890* 75.9 48.62 31.56
7988713 TRPM7* NM_017672* 522.85 336.17 31.56
8177222 CD24* NM_013230* 142.05 93.51 31.52
8108697 PCDHB5* NM_015669* 329.7 219.45 31.5
8088919 ROBO1* NM_133631* 502.04 334.24 31.5

8057506 FRZB* NM_001463* 843.66 351.7 32.4
8161919 TLE1* NM_005077* 157.38 87.99 31.79
7927631 DKK1* NM_012242* 1433.13 928.68 31.54

OSX(Activated(Genes(148(out(of(13,528(
GO:0000902~Cell(Morphogenesis((10(out(of(356,(p(=(0.0157()

GO:0007155~Cell(Adhesion((14(out(of(148,(p(=(0.0413()

GO:0030178(Negative(Regulation(of(Wnt(Receptor(Signaling(Pathway
((3(out(of(30,(p(=(0.0418)
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Appendix(2.4(Enriched(Biological(Process(
(Genes)(Repressed(by(OSX
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Probe(Set Gene Accension

10nM(

BMP6

Mean

10nM(

BMP6

(EOSX

Mean

Fold(

Change

8066214 TGM2* NM_004613* 63.32 191.69 3.03
7902074 LEPR* NM_002303* 196.99 421.75 2.14
7972713 EFNB2* NM_004093* 40.79 78.35 1.92
7933469 ARHGAP22* NM_021226* 107.55 205.77 1.91
8135594 CAV1* NM_001753* 525.64 984.44 1.87
8114805 FGF1* NM_000800* 66.66 124.25 1.86
8095680 IL8* NM_000584* 75.75 140.85 1.86
7992789 TNFRSF12A* NM_016639* 300.02 473.62 1.58
7933194 CXCL12* NM_000609* 312.17 486.31 1.56
8095723 EPGN* NM_001013442* 356.88 542.67 1.52

8066214 TGM2* NM_004613* 63.32 191.69 3.03
8083690 IL12A* NM_000882* 73.61 213.25 2.9
8006433 CCL2* NM_002982* 124.33 320.99 2.58
7903358 VCAM1* NM_001078* 204.6 509.64 2.49
7914342 FABP3* NM_004102* 263.45 496.09 1.88
8135594 CAV1* NM_001753* 525.64 984.44 1.87
8131803 IL6* NM_000600* 177.01 331.74 1.87
8114805 FGF1* NM_000800* 66.66 124.25 1.86
8095680 IL8* NM_000584* 75.75 140.85 1.86
7958202 CHST11* NM_018413* 88.38 158.58 1.79
7962689 VDR* NM_001017535* 36.59 64.97 1.78
8105040 OSMR* NM_003999* 159.63 280.51 1.76
7973067 NP* NM_000270* 184.19 319.08 1.73
7960821 APOBEC1* NM_001644* 52.49 85.92 1.64
7904137 HIPK1* NM_198268* 146.73 238.92 1.63
8046488 CDCA7* NM_031942* 48.74 78.27 1.61
8012896 PMP22* NM_000304* 487.19 779.12 1.6
8010061 SPHK1* NM_182965* 110.8 176.9 1.6
7936661 PRDX3* NM_006793* 580.37 918.08 1.58
7953291 CD9* NM_001769* 265.89 417.5 1.57
8091972 EVI1* NM_001105078* 120.98 189.2 1.56
8095723 EPGN* NM_001013442* 356.88 542.67 1.52
7947230 BDNF* NM_170732* 132.8 199.54 1.5

OSX(Repressed(Genes(181(out(of(13,528(

GO:0001944(Vasculature(Development((10(out(of(251,(p(=(0.0064)

GO:0042127(Regulation(of(Cell(Proliferation(

(23(out(of(787,(P(=(7.72EE4)
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Appendix(3.1(Shape(Factors(
and(Surfaces(Areas(of(MSCs(

from(the(Two(Rats
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Rat Surface Sample(
Size((n)

Average(
Cell(Area(
(μm2)

Standard(
Deviation

Standard(
Error

Average(
Shape(
Factor(
(l/w)

Standard(
Deviation

Standard(
Error

W Smooth'PCL 29 9384.26 5475.4 1810.13 1.84 0.33 0.06
SD Smooth'PCL 22 12867.22 5992.7 1277.65 2.35 0.56 0.12
W Nanopillar 29 1916.46 792.08 147.09 6.84 2.5 0.46
SD Nanopillar 16 3563.89 1551.56 387.89 9.06 4.82 1.2

Rat Surface Sample(
Size((n)

Average(
Cell(Area(
(μm2)

Standard(
Deviation

Standard(
Error

Average(
Shape(
Factor(
(l/w)

Standard(
Deviation

Standard(
Error

W Smooth'PCL 22 10752.7 5587.63 1191.29 2.46 0.41 0.09
SD Smooth'PCL 14 16087.09 10212.45 2729.39 2.84 1.44 0.39
W Nanopillar 24 1328.73 483.13 98.62 7.07 3.1 0.63
SD Nanopillar 12 2194.01 1174.82 339.14 5.73 1.66 0.48

Rat Surface Sample(
Size((n)

Average(
Cell(Area(
(μm2)

Standard(
Deviation

Standard(
Error

Average(
Shape(
Factor(
(l/w)

Standard(
Deviation

Standard(
Error

W Smooth'PCL 27 11219.25 4204.64 809.18 1.79 0.31 0.06
SD Smooth'PCL 22 26072.34 18916.8 4033.08 2.18 0.67 0.14
W Nanopillar 43 1580.92 814.55 124.22 7.5 3.68 0.56
SD Nanopillar 25 3308.24 1875.36 375.07 7.44 3.71 0.74

Week(4

Week(2

Week(3
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