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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.



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



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



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 tissue!, 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: adipose?, skeletal
muscle®, liver*, synovial fluid®, amniotic fluid®, and brain’. In fact, evidence is pointing to
the notion that MSCs reside in almost all tissue types and organs®. 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; bone®, cartilage™, fat*,
muscle'?, tendon®, and non-mesenchymal lineages; including endothelial*, neuronal®,
and hepatic'® 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 apoptosis'’. 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



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 environments'®, 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 MSCs™. 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 disease®®, improve survival following endotoxin induced acute lung

injury?, and improve arthritic symptoms of collagen induced arthritis®* in mouse models.



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 defects®® and improve glomerular healing following experimentally
induced glomerulonephritis®.

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 defects®® and aids in the repair of articular cartilage?®, while intracoronary
administration of these cells results in improved left ventricular function in patients prone
to myocardial infarctions”’. Allogenic marrow derived MSCs, injected intravenously,
have resulted in improved bone growth in children with osteogenesis imperfecta®® and
increased nerve conduction velocities in patients with metachromatic leukodystrophy®.
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 disease®.

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



remain in the border zone of infarcted hearts and begin to express myocytic markers™.
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 apoptosis®. 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 imperfecta®.

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 cues®, surface chemistry®, matrix elasticity®®, seeding density®, and cell
geometry®’.  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 media®. 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 lineages®.

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 adipogenesis®. 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 lineages®>.

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 osteogenesis®. 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 adipogenesis®®. 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
adipogenesis®’. Clearly, MSC differentiation is a process greatly affected by the

surrounding cellular environment in which the cell resides. A detailed picture of the



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 matrix®. The term ‘bone morphogenetic protein’ was introduced in
1971 after enzymatic digestion of de-mineralized bone matrix abrogated its ability to

induce bone formation®. Over the years, work to isolate and characterize BMPs***

eventually led to their molecular cloning®**®

, 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
morphogenesis**.

BMPs belong to the Transforming Growth Factor p (TGFp) superfamily of
signaling molecules and are capable of binding to the extracellular matrix (ECM), soluble
antagonists, co-receptors and transmembrane receptors®. 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 vivo*. BMP heterodimers are thought to have



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, noggin*’. 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
vertebrates®.

Osteogenesis is initiated through the binding of BMP ligands to heterodimeric
receptor complexes, formed from type | and type Il transmembrane BMP receptors.
There are currently six BMP receptors which have been identified, three type | (ActR1a,
BR1a , and BR1b) and three type 1l (ActRIla, ActRIlb, BRIIa)*. 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 Il receptor tail domain, a constitutively activate kinase, to
phosphorylate and activate the type | receptor tail domain. Once activated, the type |
receptor transmits the BMP signal through the phosphorylation of a group of cytoplasmic
proteins known as receptor smads or R-Smads (Smadl, 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 differentiation®.

BMP signaling is a highly regulated process, during which many proteins play
roles in enhancing and attenuating the signaling event. Some membrane bound co-

50,49

receptor molecules are known to potentiate BMP signaling, including Betaglycan and

the repulsive guidance molecules (RGMSs)*, while others are known to function as decoy



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 molecules®®. 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 repressor*®.

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 2007>%. 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 grafts®, prompting the FDA to reject its application for pre



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 (BSunEL) 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
aggregation®°. 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 tissue®’. 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



multitude of techniques have been proposed and tested to alter the surface
nanotopography of titanium, including polishing, etching, blasting and oxidization®®. 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
surfaces™. 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 media®. 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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development®. 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
osteoblastogenesis®. 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 nanotubes®™. 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 arrays°? and single nucleotide polymorphism (SNP) arrays®. 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 disadvantages®. 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 mMRNA 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 5™ 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 mMRNA 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, MAS5%, DNA-Chip Analyzer’s (dChip) PM-MM and PM-only multiplicative

model based expression index (MBEI) models®®®’

, and the Robust Multi-array Average
(RMA) model® 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 BMPs®. 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, dexamethasone®. 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
activation’®. 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 BMPG6 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 analysis®’ (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.
Table 1.1 - dChip BMP6 Array Summary

Number Array Median Intt.ensity P call % %Ar.ray % Sin.gle
(unnormalized) outlier | outlier

1 4 Day GFP 331 59.4 0.34 0.094

2 4 Day GFP 2nM BMP6 152 58 0.71 0.161

3 4 Day GFP 20nM BMP6 259 58 0.507 0.122

4 10 Day GFP 349 54.5 0.26 0.08

5 10 Day GFP 2nM BMP6 348 54.4 0.417 0.124

6 10 Day GFP 20nM BMP6 305 56.6 0.631 0.101

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
values®. 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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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 13" 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 index®”. 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 below®’.

Yij = PM;; — MM;; = 6,¢9; + & Z‘P]z =], &;~N(0,0?%)
J

PM;; is the perfect match intensity for the j™ probe pair within the i array, while
MM;; is the mismatch intensity. The rate at which the j™ probe pair increases in intensity
after hybridization, g;, is also known as the probe sensitivity index, and the resultant
expression index for the i" array is 6;. €ij 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 ¢’s
are known within a probe set, the least squares estimate for 6 is®":

XY XY

6 = =
Y o7 J

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)*"2. 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, wh