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Abstract

The mechanisms by which mesenchymal stem cells (MSCs) play a role in tissue repair
and regeneration are not clearly understood. Present concepts however, suggest that the
regenerative capacity of MSCs may not solely be due to differentiation of the cells into
host tissues but also to generation of factors that modulate the host tissue
microenvironment. In this study, the capacity for differentiating human mesenchymal
stem cells (MSCs) to induce both differentiation, and migration of endogenous preosteoblastic cells was investigated in vitro. In addition, the osteoblastic markers exhibited
by these MSCs following differentiation, were examined and related to their degree of
differentiation at each time-point. Predicted paracrine factors, such as VEGF, were
identified and related to their roles in migration and differentiation. It was found that
conditioned medium harvested from day 7 of differentiating osteoblasts shows the most
significant enhancement of migration (44.6 microns) and differentiation of exogenous
MSCs. Furthermore, it was also predicted that VEGF plays a key role in the migration of
exogenous MSCs, as well as BMP-2 in the differentiation of exogenous cells. Therefore,
in these experiments, we provide evidence that differentiating human MSCs produce
factors, which create a microenvironment, leading to the recruitment, differentiation and
proliferation of surrounding cells. We also show that it is differentiating MSCs, not fully
differentiated osteoblasts that are responsible for the recruitment and differentiation of
endogenous cells in vitro.
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Chapter 1: Background on Stem Cells and Regenerative Therapy
In recent years, stem cells have become an increasingly viable option for tissue
regeneration in modern medicine. Many research groups have illustrated the capabilities
of these cells through regeneration of muscle, organ and bone tissue, further increasing
their applicability in patient treatment. However, emerging concepts suggest that the
therapeutic potential of stem cells, primarily mesenchymal stem cells, is not only
confined to their cellular differentiation, but may also be attributed to the production and
secretion of trophic factors responsible for modulating the tissue microenvironment,
facilitating regeneration.

Embryonic Stem Cells
Stem cells can be divided into two
categories, embryonic and post-natal
somatic stem cells, based on their intrinsic
origin. Embryonic stem cells (ESC) are
derived from the inner cell mass (ICM) of
the blastocyst, shown in figure 1.1. ICM
is acquired from embryonic trophectoderm
through immunosurgery or mechanical
dissection of the blastocyst during
gastrulation (Vazin et al, Freed et al, 2010).

Figure 1.1: Embryonic stem cell
development and differentiation potential
(http://en.wikipedia.org/wiki/Stem_cell)
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The cells composing the ICM are totipotent in nature and can therefore differentiate into
tissue from all three germ layers, endoderm, mesoderm, and ectoderm, in addition to
gamete cells. Furthermore, ESCs exhibit inherent plasticity in addition to an ability to
replicate indefinitely in the undifferentiated state (Thompson et al, 2008). Although a
primary candidate for regenerative therapies, the embryonic stem cell model has been an
ethically and politically controversial. This controversy stems from the derivation and
subsequent destruction of the embryo, and an ongoing discussion on the classification of
human life. This severe roadblock has further caused researchers to find ways to maintain
the embryo following extraction of ESCs. This is primarily accomplished by performing
isolation procedures in earlier developmental stages, since isolation of the morula, the
blastocyst precursor, has shown promising results (Vazin et al, Freed, 2010).

Induced Pluripotent Stem Cells
Another area of investigation for regenerative therapies is induced pluripotent
stem cells (iPSCs). iPSCs are embryonic-like stem cells derived by reprogramming of
somatic cells using four transcription factors, Oct4, Sox2, Klf4 and c-Myc, named the
“Yamanaka factors.” (Jung et al, 2012). This process successfully induces a pluripotent
state and promotes self-renewal. Once reverted, these cells may be further differentiated
into a multitude of lineages within the three germ layers. However, iPSCs are beyond the
scope of this project.
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Post-natal Somatic Stem Cells: Mesenchymal Stem Cells
Adult derived stem cells, or post-natal somatic stem cells, are multi-potent cells
found among differentiated cells within every tissue in the body. Tissues such as the bone
marrow, intestines and mammary gland have been found to contain significant caches of
these cells. Somatic stem cells are thought to be crucial for the regeneration and repair of
tissues in which they reside.
Mesenchymal Stem Cells are an important facet of somatic stem cells and are the
focus of the present project. MSCs are multipotent adult stem cells found in tissues of
stromal origin, in addition to muscle, fat and dermis (Pittenger, 2008, Singer et al, 2011).
Furthermore, most studies have focused on MSCs harvested from bone marrow but other
sources include skeletal muscle, adipose tissue, umbilical cord and dental pulp, among
others, yet vary in concentration (Phinney, 2007). In vitro, MSCs have been shown to
differentiate into adipogenic, osteogenic, chondrogenic, tendonogenic/ligamentogenic,
and stromal lineages (Phinney, 2007. Singer et al, 2011). According to the International
Society for Cell Therapy, MSCs are defined by three criteria. Including, their ability to
adhere to plastic in standard culture conditions; expression of CD73, CD90, and CD105
in the absence of CD34, CD45, HLA-DR, CD14 or CD11b, CD79a, or CD19 surface
molecules; and a capacity for in vitro differentiation into osteoblasts, adipocytes, and
chondrocytes (Singer et al, 2011). These criteria, however, only apply to human MSCs.
In vivo, MSCs have a multi-functional nature. For instance, these cells have been found
to be a factor in T cell regulation, therefore controlling specific immune responses. In
addition, MSCs also maintain the proliferation and differentiation of local stem cells
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through paracrine activity. This microenvironment adjustment takes place in tissue niches
such as bone marrow, the outer root sheath of hair follicles, intestinal epithelium,
vascular tissue and adipose tissue. MSCs regenerative and paracrine activity will be the
primary discussion in further sections. It should also be noted that age does not affect the
differentiation and proliferation capacity of MSCs ex vivo as shown by Fickert et al
(Fickert et al, 2011).

MSC Therapeutic Applications
MSCs have been shown to be effective in both bone remodeling and treatment of
bone related diseases. MSCs have been utilized in bone marrow grafting, significantly
improving bone formation in treatment of atrophic nonunions (Djouad et al, 2009). MSC
application in combination with scaffolds and BMP exposure, have increased both the
safety and effectiveness of the procedure. Furthermore, in clinical trials of atrophic tibial
diaphyseal nonunion ~88% of patients showed union with no local or systemic
complications encountered (Hernigou, 2005). Additionally, the number of progenitor
cells in the graft was found to be a factor in the degree of regeneration efficiency
(Herinigou, 2005). This practice is also being investigated for cartilage engineering
through transplantation of cartilage MSCs or implantation of chondrocytes differentiated
from MSCs (Djouad et al, 2009).
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Treatment of Inflammatory Diseases
Treatment of osteoarthritis (OA) with MSCs has been an active area of research. OA
causes the degeneration of joints, mainly the articular cartilage and sub-chondral bone.
Injection of MSCs to the affected areas not only increases the amount of differentiating
chondrocytes around the joint, but also inhibits further apoptosis of surrounding cells
(Djouad et al, 2009). This indicates that MSCs must be releasing factors in order to
influence other cells to inhibit apoptosis.
Use of MSCs in rheumatoid arthritis (RA) is another area of ongoing research.
Rheumatoid arthritis is a systemic inflammatory disorder affecting synovial joints
causing extreme discomfort and pain. Evidence in a collagen-induced arthritis mouse
model has shown prevention of severe arthritis in addition to a decrease of proinflammatory cytokines following MSC exposure (Djouad et al, 2009). However, further
investigation by other research groups has found no significant effect of MSCs on
arthritis prevention (Djouad et al, 2009). This notion suggests a systemic, rather than
local, paracrine effect of MSCs on the regulation of inflammatory mechanisms.

Genetic Bone Diseases
Application of MSCs has become a viable option for therapy of genetic bone
disorders, such as osteogenesis imperfecta. Osteogenesis imperfecta is a rare disorder
characterized by an abnormality in the type I collagen produced by osteoblasts. This
abnormality results in fractures, bone deformities, and osteopenia, due to type I
collagen’s role in tensile bone strength (Djouad et al, 2009, Li et al, 2012). Clinically,
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severe cases of osteogenesis imperfecta have been treated with MSCs. In these patients,
MSCs were grafted to bone and marrow stroma. This procedure resulted in an overall
increase in bone growth and mineral content (~28g), exhibiting an improvement in type I
functionality (Horwitz et al, 2001, Djouad et al, 2009). The mechanisms by which the
cells contributed to the regenerative process, however, are not clearly understood. Six
months following marrow transplantation into OI patients, the level of engraftment was
extremely low and this could not have accounted for the benefits observed (Horwitz et al,
2001). The results suggested that paracrine activities of MSCs may have played a role in
this process. This has however not been demonstrated.

Immunosuppression and Anti-inflammatory Response
Immunosuppressive and anti-inflammatory effects have been linked to the
paracrine activity of MSCs. MSCs express MHC-I surface marker, allowing them to
avoid immune responses of the body. This surface marker is minimally expressed, yet is
maintained through differentiation and maintains their survival (Chanda et al, 2010).
Further, MSCs have been shown to create a microenvironment causing the repression of
immune mediated responses. This is further supported by MSCs ability to suppress
growth and function of memory T cells in addition to CD4+ and CD8+ T cells in vitro
(Singer et al, 2011). This is accomplished by arresting these cells in G0-G1 phase of the
cell cycle (Chanda et al, 2010). Moreover, MSCs were shown to also suppress the
functions of B cells, NK cells and dendritic cells. Finally, the factors suspected of
eliciting this inhibitory response are IL-10, TGF-beta, LIF, and soluble HLA-G (Phinney,
2009).
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MSC Role in Diabetes
Recent studies have suggested that MSCs have applications in protecting diabetic
kidneys from end-stage renal disease. Moreover, MSCs, derived from human umbilical
cord blood, maintain a renoprotective effect in diabetic-induced mice (Park et al, 2012).
Once MSCs are grafted onto the kidneys of diabetic-induced mice, they exhibited an
increase in blood glucose levels, kidney weight, and proteinuria. In addition, it was found
that VEGF plays an integral role in renoprotection (Park et al, 2012). Further, when
VEGF was decreased, using an anti-VEGF antibody, increased senescence, decreased
proliferation and defects in tube formation were observed in the kidney. However, MSCs
were also found to create a potential problem in grafting to nephrectomized kidneys.
These MSCs were found to maldifferentiate into adipocytes, which cause further
complications in vitro (Park et al, 2012).

Osteogenic Markers and Paracrine Factors
Current concepts on MSCs function is that in addition to differentiation into cells
of the tissue in which they are transplanted, they also secrete several factors that play a
role in the modulation of the microenvironment thus influencing tissue repair and
regeneration. Paracrine signaling has been suggested as a primary mechanism by which
MSCs influence endogenous cells to proliferate, migrate, and inhibit apoptosis (Burdon et
al, 2010). In study of ischemic injury repair, cytokines such as VEGF, FGF-2, IL-6,
PlGF, and MCP1 have been found in MSC- conditioned medium (MSC-CM) (Kinnaird,
2005). These growth factors are known to induce angiogenesis and revascularization of
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blood vessels, and therefore produce increased blood flow, and decreased muscle atrophy
upon injection (Kinnaird, 2005. Burdon et al, 2010). This suggests that MSCs have a role
not only in differentiation, but also produce the factors necessary to recruit progenitor
cells required for regeneration.
The role of trophic factors in MSC-induced regeneration has been further studied
through organ reparative studies. Research done on cigarette-smoke damaged fibroblasts
has yielded MSCs’ capacity to both inhibit apoptotic activity, and promote cell
proliferation in a smoke exposed environment (Kim et al, 2012). In the lung, fibroblasts
not only support alveoli, but also maintain their structure through extracellular matrix
protein excretion. However, upon excessive exposure to cigarette-smoke, primarily
cigarette-smoke extract (CSE), fibroblasts become apoptotic, senescent and lack the
ability to repair damage, in addition to inhibiting proliferation and migration (Nakamura
et al, 1995). Exposed fibroblasts in the presence of MSC conditioned media exhibited
vital changes in caspase-3, p53, p21, p27, Akt, and p-Akt (Kim et al, 2012). Increase of
p-AKT and AKT indicate the restoration of proliferative and repair function,
respectively, of the affected area of fibroblasts. Moreover, down-regulation of p53, p21,
p27, and caspase-3 allows fibroblastic cellular differentiation in addition to inhibition of
apoptosis. Therefore, MSCs’ promotion of somatic cell survival is a consequence of its
paracrine activity in vivo.
MSC repair of myocardial infarction has been an area of great interest in recent
years, expanding upon evidence that MSCs improve heart regeneration following injury
(Siegel et al, 2012, Gnecchi et al, 2008). Siegel et al. assessed the assumption that bone
marrow MSCs differentiate into the cells needed to repair tissue. The research group

8

found that MSCs treated with differentiation media exhibited up regulation in
cardiomyogenic genes and proteins, yet no differentiation was reported (Siegel et al,
2012). These findings suggest that MSC differentiation does not contribute to the
regeneration of myocardial tissue, however the secreted factors of MSCs create a
specialized microenvironment for recruiting endogenous myocardial progenitor cells.
MSCs were also found to secrete “survival factors” similar to those secreted by
cardiomyocytes in order to maintain cardioprotection, including VEGF, bFGF, HGF and
IGF. (Liu et al, 2011, Burdon et al, 2010). Furthermore, these paracrine factors have been
shown to not only induce neovascularization, but also further activate local stem cells and
signal proliferation of progenitor cardiomyocytes (Burdon et al, 2010).
Although MSC’s paracrine activity has been identified in other tissues, this has
not been clearly demonstrated as the mechanism for bone regeneration in humans. In
mice, however, there has been research to support this theory. Previously, the Niyibizi
laboratory has shown MSCs’ migration and differentiation abilities in a mouse model (Li
et al, 2012). This study will focus primarily on two trophic factors and four osteogenic
markers. One trophic factor, BMP-2, was expected to exhibit differentiating MSCs
capacity to further differentiate other endogenous cells, while the remaining trophic
factor, VEGF, was expected to show differentiating MSC’s capacity to induce migration.
Osteogenic markers that were examined for their ability to mark progression of
differentiation were ostoerix (OSX), osteopontin (OPN), osteocalcin (OCN), runt-related
transcription factor 2 (RUNX2). Furthermore, Bone morphogenic protein-2 (BMP-2) and
vascular endothelial growth factor (VEGF) were implicated as differentiative and
migratory factors for endogenous cells, respectively.
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OSX has long been associated as an osteoblastic-specific transcription factor that
is essential for osteoblast differentiation and overall bone formation. Further, OSX-null
mice do not form bone (Peng et al, 2013). It has also been found that BMP-2 induces upregulation of this factor, showing the relationship between BMP-2, OSX and
differentiation of the endogenous cell (Ulsamer et al, 2007). As indicated by its name,
OPN is primarily associated with mediating attachments (-pontin) between osteoblastic
(osteo-) cells in the extracellular matrices of bone and in tooth dentin (Sodek, 2000). This
is mainly accomplished through the protein’s binding of hydroxyapatite and calcium ions
between cells (Sodek et al, 2000). However, this protein has been found in a manifold of
tissue types such as bone, dentin, cementum, hypertrophic cartilage, kidney brain, gland
cells, and vascular tissue (Sodek et al, 2000). In addition, there has been no indication
that OPN is required for the survival of the cell, which has been indicated by OPN-null
mice (Sodek et al, 2000).
Osteocalcin (OCN, also termed Gla protein, is responsible for bone mineralization
and calcium ion homeostasis (Lee et al, 2000). Furthermore, this protein is exclusively
secreted by osteoblasts (Lee et al, 2000). The prevalence of this protein therefore
indicates that the cells have fully differentiated into osteoblastic cells. RUNX2 has been
shown to be an essential protein in osteoblastic differentiation by acting as a scaffolding
protein that binds to DNA as a monomer or heterodimeric complex (Ding et al, 2012). As
a scaffold protein, RUNX2 permits the binding of other nucleic acids and regulatory
proteins, which are involved in skeletal gene expression (Ding et al, 2012). Furthermore,
this protein has also been indicated as an essential protein, for RUNX2-null mice have
been associated with bone development disorders, such as cleidocranial dysplasia.
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VEGF is a paracrine factor most implicated in osteoblastic migration. VEGF has
been shown to be a primary regulator of both angiogenesis and vasculogenesis (TombranTink et al, 2004. Hoeben et al, 2004). In other studies, VEGF has been shown as a key
factor in not only in cell migration, but also other maintains other protective properties,
such as renoprotection (Park, 2012). Previous studies in Dr. Niyibizi’s laboratory have
shown that osteoblastic cells treated with CM containing anti-VEGF exhibited less
migratory capacity of endogenous MSCs than did MSCs treated with CM in a mouse
model.
BMP-2, or Bone morphogenetic protein-2, is a paracrine factor implicated in the
differentiation of endogenous cells. Although this factor is well known as a protein
important for the development of bone and cartilage, there is much evidence that it in fact
induces surrounding cells to differentiate into osteoblastic lineages (Ulsamer et al, 2007).
For instance, the Niyibizi laboratory has determined in a mouse model that the addition
of anti-BMP2 antibodies to the conditioned medium harvested from differentiating mouse
MSCs caused a significant decrease in the differentiation capacity of exogenous MSCs
when compared to unaffected conditioned medium (Li et al., 2012).

Mouse Model Studies
Dr. Niyibizi and colleagues previously found that medium harvested from
osteogenic differentiating murine MSCs between days 10 and 15 induced the highest
ALP activity in exogenous MSCs (Li et al, 2012). Furthermore, their research also found
that the greatest migratory capacity of conditioned medium is present between days 5 and
15 in the mouse MSC model (Li et al, 2012). However, it should be noted that there may
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be differences between human and mouse MSC in terms of time points at which specific
factors may be generated during differentiation.
Therefore, to explore human MSCs’ role in bone repair and regeneration, the
effects of paracrine factors produced by differentiating MSCs in in vitro and their effects
on differentiation and migration of endogenous MSCs will be examined. This will be
done by investigating the factors produced at different time points following MSC
osteogenic differentiation, and evaluating their role in recruitment and migration of
human exogenous MSCs.
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Chapter 2. Hypothesis and Experimental Aims

Hypothesis: Differentiating Mesenchymal Stem Cells produce factors that play a
role in differentiation and migration thus contributing to bone repair and
regeneration.

The following aims will be used to test the above hypothesis.
Aim 1: Demonstrate that differentiating MSCs produce factors that induce the
differentiation of endogenous MSCs.
Aim 2: Demonstrate that differentiating MSCs produce factors that enhance migration of
exogenous MSCs.
Aim 3: Identify candidate factors produced by MSCs in vitro and relate them to their
migration and differentiation activities.
-This aim could not be completed due to both the time constraint of Master’s
candidates in addition to the complexity of such assays (i.e. protein array)
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Chapter 3. Methods
Cell Isolation:
Human bone marrow was obtained from the riming of the femoral heads of the patients
undergoing hip surgery under Institutional Review Board (IRB)-approved protocol. The
cells were then washed 4 times by centrifugation in Dulbecco's Modified Eagle Medium
(DMEM; GIBCO, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS; GIBCO) (v/v) and 1% (v/v) penicillin/streptomycin (P/S; Cambrex Bioscience,
Baltimore, MD, USA). The washed cells were suspended in 1 mL of DMEM and
centrifuged. The cells were then plated in T-75 flasks at very low density in DMEM
supplemented with 20% FBS, 1% P/S, 50 µg/mL ascorbic acid (Sigma, St. Louis, MO,
USA), and 10 -7 M dexamethasone (Sigma). This isolation protocol was performed
according to a protocol by Kawamura et al (Kawamura et al, 2005) After 4 days of
incubation, the non-adherent cells were removed and the adherent cells were maintained
in culture in presence of 10 -7 M dexamethasone and 50 µg/mL of ascorbic acid with
media changes every 3 days.

Maintenance and Expansion:
The adherent cells were expanded in culture and maintained with media (1% Pen/Strep,
10% FBS) and periodic media changes every 3 days.
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Characterization:
Cells were characterized for putative surface marker expression and differentiation into
the osteogenic cell lineage. Established protocols were used.

Preparation and Collection of Conditioned Media:
To determine if differentiating MSCs generate factors that induce exogenous MSC
differentiation, medium conditioned by the cells were harvested. Using 100 x 20mm
polystyrene culture plates, 3x106 MSCs were cultured in osteogenic differentiation
medium consisting of 1000x DEX, 100x ASA, and 100x β-GP, and the MSC –
conditioned medium was collected at scheduled times. Before each medium collection,
cells were washed twice with 10ml of HBSS, and replaced with serum free medium,
which was collected 24h later and at days 0, 3, 7, 14, 21 and 28 after initiation of
differentiation. The collected media was then centrifuged at 2000g (RCF), and the
resulting media was harvested and stored at -80°C until use. The remaining cells were
then exposed to 2 mL Trizol solution, collected, then stored at -80°C for RNA isolation.

Alkaline phosphatase activity:
Exogenous MSCs plated in 24 well plates were incubated for two weeks in medium
conditioned by differentiating MSCs collected at different days indicated above. After 7
days, medium was removed and the cells were rinsed twice with PBS. Then, 200 µl of
0.05% Triton (x100) was added to each well. Cells were then extracted, centrifuged and
homogenized. Next, 5 µl of lysate was added to a 96 well plate for protein assay.
Followed by 300 µl of the “substrate solution” was added to each well. The plate was
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then shaken at room temperature. After 20 min, the reaction was stopped by adding 0.1N
NaOH (50 µl of sample to 200 µl of NaOH). The absorbency at 410 nm was then read
and a standard curve was produced and used to determine activity.

Cell Migration and Invasion Assays
Due to the simplicity and low maintenance of the assay, migration scratch assays were
used to determine the degree of MSC migration. Done in triplicate, a 200 µl pipette tip
was used to scratch an “X” into exogenous cell wells. These scratches were then
photographed and measured. Conditioned medium from days 0, 3, 7, 14, 21, and 28 were
then added to the wells and left for 24 hours. Following the 24 hour period, the scratches
were fixed using formalin and dyed with trypan blue. The scratches were then remeasured and compared to the initial photos.

RNA Isolation
RNA was extracted from 1 x 106 cells of expanded MSCs at different days to assess
expression of selected candidate genes (BMP-2, VEGF, SDF-1) by differentiating MSCs
in vivo. Triplicate PCR reactions were amplified using specific primers and β-actin as a
control for assessing PCR reaction efficiency. This was accomplished by first exposing
the cells to 1 mL of Trizol solution. The cells were then incubated at 30°C for 5 minutes.
0.2 mL of chloroform was then added (0.2mL chloroform/ 1mL Trizol). Following a brief
and gentile shake, the tube was then incubated from 2-3 minutes at 30°C. The tubes were
then centrifuged at 10,000g for 15 minutes at 4°C. The aqueous phase of the centrifuged
tube was transferred to a new tube (since it contains the majority of RNA). Isopropyl
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alcohol (0.5mL/ 1mL of Trizol initially added) was added. The tubes were then be
incubated for 10 minutes at 15-30°C. The tubes were centrifuged below 12,000 g for 10
minutes. The absorbency was then taken to determine concentration. Once RNA
concentration was determined, 1 µl of oligo(dt) and 10mM dNTP mix was added, in
addition to 1ng of RNA and the rest filled with distilled water, up to 12 µl. The mixture
was then heated to 65°C for 5 minutes and quickly chilled (in a freezer). 4 µl of 5X First
Strand Buffer, 2 µl of 0.1M DTT and 1 µl of RNase Out were then added to the mixture
and incubated at 37°C for 2 minutes. 1 µl of M-MLV RT was then added and mixed. The
mixture was then incubated for 10 minutes at 25°C, then at 37°C for 50 minutes and
finally 70°C for 15 minutes, halting the reaction. PCR was then utilized to assess
expression of specific genes.
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Chapter 4. Results and Significance
ALP activity of differentiating cells from which conditioned medium was collected
Following the collection of MSC conditioned medium at the respective timepoints, the primary cells that were exposed to osteogenic differentiation medium were
stained, using an ALP staining, in order to visualize ALP activity (Figure 1.1).
Furthermore, each diagram expresses an increase in differentiation as the cells progressed
from days 0-28 following osteogenic medium exposure. This is clearly expressed by the
increase in red dye as the days progress. For, at day 0, there is little to no red dye,
whereas by day 28 there is a clear red presence. This demonstrates that the MSCs were at
varying differentiated states at the time the conditioned medium was collected.

Day 0
Day 3
Day 7
Day 14
Day 21
Day 28
Figure 2.1: ALP Activity Staining. This figure shows the increase in ALP activity of the differentiated cells from
which the differentiated media is collected at allotted time-points. Day 0 and day 3 express almost no ALP
proteins, however as the days progress between days 7 and 21, there is greater amounts of proteins present.
Finally, at day 28, there is a great increase in staining coloration and thus ALP proteins.

ALP activity of exogenous MSCs by factors in conditioned medium of
differentiating MSCs
Through alkaline phosphatase assays, in addition to protein concentration
analyses, it was shown that significant MSC differentiation begins between days 3 and
day 7, shown in figure 2.2 and table 1.1. Furthermore, the highest degree of
differentiation occurs at day 7. Following day 7, there is a decrease in differentiation of
exogenous cells. Day 14 conditioned medium also induced significant ALP activity,
although to a lesser degree than day 7. By day 21 there is a decrease in ALP, which
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shows ALP expression close to the day 0 control. This low ALP activity remains
throughout day 28. Lastly, day 7 exhibited the only significant data when compared to a
p=0.05 significance threshold, showing that only day 7 shows essential cell
differentiation. These data exhibit time-points between days 7 and 14 yields sufficient
paracrine factors to induce the differentiation of exogenous MSCs.

DAY
Day 0
Day 3
Day 7
Day 14
Day 21
Day 28

Protein
Average
0.74
0.82
1.25
0.91
0.82
0.71

ALP
Averages
0.24
0.26
0.27
0.23
0.25
0.20

ALP/protein
3.06
3.14
4.72
3.95
3.35
3.53

Table 1.1: Protein Averages, ALP averages and ALP
Activity. This table expresses the average ALP activity
and protein concentration averages, exhibiting their
relationship and individual differentiation at each time
point. Day 7 clearly has the most differentiation
activity.

ALP Activity (Units/µg protein)

ALP/protein
6

***

5
4
3
2
1
0
Day 0

Day 3

Day 7

Day 14

Day 21

Day 28

Figure 2.2: ALP Activity Histogram. Histogram exhibiting the increase in ALP activity from day 0 to day 28.
Day 7 exhibits the highest degree of differentiation compared to the other time-points. There is a clear
downward progression following day 7, and then a slight increase as the MSCs differentiate into pre-osteoblasts
at day 28. (***= p<0.01) n=4

19

Cell Migration
The scratch-migration assay demonstrated that there was a slight increase in
migration by day 3. The highest degree of induced migration was again found at day 7
time-point, with cells migrating on an average of 45 microns, as shown in figure 2.3. This
notion can be clearly observed in figure 2.4, where the gap between the cell walls is
significantly smaller than that of the other time-points. Following day 7 there is a steep
decrease in migration of endogenous MSCs, through day 14. This was followed by a
slight increase in migration between days 21 to 28. In addition, day 3 through day 28
time-points all exhibited significant data, compared to a p=0.05 significance threshold.
Therefore, this data suggests that differentiating MSCs are secreting factors that induce
the migration of cells, primarily within a window between days 7 and 14.

Migration Assay
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Figure 2.3: Migration Scratch Assay Histogram. Results of the migration scratch assay. Day
7 exhibits the highest degree of migration capacity, showing an average of 46 microns of
movement. Following that time-point, there is a large decrease in cell migration, possibly
due to the cells becoming pre-osteoblastic progenitors. ANOVA and post- hoc analysis show
that these values are below p<0.01. (***=p>0.01) n=3
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Day 0
Day 3
Day 7
Day 14
Day 21
Day 28
Figure 2.4: Migration Scratch Assay Photographs. Conditioned medium trials exhibiting cell migration
following 24 hour exposure. Photos show both cross and straight scratches in migration scratch assay. Day 7
clearly shows a smaller gap between the walls of cells than do the other time-points. In addition, we can see a
large gap at day 3. The graphical data of this figure is shown in figure 2.3.

Assessment of osteogenic markers and secreted paracrine factors
Osteogenic markers, assessed by PCR, have shown that the MSCs exposed to
osteogenic differentiation medium have begun differentiation in addition to the degree of
their differentiation at each time-point, as shown by other groups (Ilmer et al, 2009).
OSX exhibited no signal at day 0, but showed full expression from days 3 to day 28.
However, there is a slightly lower signal at day 7. OCN, a marker indicating that MSCs
have begun differentiating into preosteoblasts, only showed expression at days 21 and 28.
Furthermore, RUNX2, a marker indicating that other osteogenic factors were able to
enhance certain osteoblastic gene expression, is constant throughout the experiment,
which was expected. OPN expression varies throughout the 28 day conditioned medium
time-points. The first strong signal begins at day 14, and a lesser signal is observed at day
21. However, it is interesting to note that there is no expression at the day 28 time-point.
PCR analysis data also exhibited noteworthy results for VEGF expression. At the
day 0 time-point, there is no expression of the paracrine factor. However, starting at day

21

3, there is a incremental increase through day 7. The expression of VEGF then decreases
from day 7 to day 14, and again begins to increase from days 21 to 28.
The PCR analysis data for BMP-2 exhibited unexpected results. As shown in
figure 2.5 (bottom), BMP-2 remains constant until day 14, where there is an increased
signal. Additionally, it appears that day 28 maintains the highest levels of BMP-2
secretion of all the time-points. These data exposes that both differentiating MSCs and
preostoblastic MSCs are secreting BMP-2 as the cells progress closer to osteoblastic
maturity.

Day 0

Day 3

Day 7

Day 14

Day 21

Day 28

Figure 2.5: PCR of Osteogenic Markers and Suspected Paracrine Factors. PCR figures expressing
osteogenic markers (top) and paracrine factors (bottom). The osteogenic markers OSX and RunX2 indicate
that MSCs are progressively differentiating into osteoblasts. Further, OCN exhibits that MSCs at days 21
and 28 have entered the pre-osteoblast phase. An increase in VEGF expression from day 3 to day 7 shows
up-regulation and exhibits a correlation with the migration of exogenous cells. BMP-2, however, seems to
play a lesser role than previously expected, since it seems to only be up-regulated at the day 14 time-point
and after. This was performed on two occasions.
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Chapter 5. Discussion
Through this research, we have demonstrated that differentiating MSCs, not fully
differentiated to osteoblasts, are responsible for the differentiation and migration of
endogenous cells in vivo. Moreover, it has been further demonstrated that these
differentiating MSCs accomplish the recruitment and differentiation of endogenous cells
through the secretion of specific paracrine factors, which create an immediate
microenvironment at the site of regeneration. The current findings have also shown that
there are both similarities and differences between human and mouse MSC models in
their response to conditioned medium. These findings provide advances in our
understanding of MSC’s application in bone regeneration. Further, the results help
emphasize the role of differentiating donor MSCs in bone repair in addition to providing
a basis of understanding previous observations of endogenous MSC migration in bone.
Both the ALP and migration assays have shown that the most activity from the
conditioned medium arises at day 7. This significant increase shows that differentiating
MSCs are responsible for these functions. Further evidence from the PCR data, (Figure
2.5) shows an increased OSX signal from days 3 to day 7 indicating that the cells are
progressively differentiating at that time-point. A lack of OCN signal, more so reinforces
that these cells have not fully differentiated into osteoblasts or pre-osteoblasts.
Although day 14 conditioned medium also shows a relative increase in
differentiative and migratory capacity, the ALP activity is much lower than that induced
by medium collected at day 7. This suggests that by day 14, the primary MSCs were
beginning to fully differentiate into their osteoblastic lineage. The strong OPN signal at
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day 14 shows that these MSCs have almost reached a pre-osteoblastic lineage, for OPN is
essential for the linkage between the new osteoblast cells and the surrounding
extracellular matrix in vivo (Lee, 2000). Therefore, we see that by day 14, there is a
significant population of early stage pre-osteoblastic cells. The presence of these markers
gives further affirmation on the fast rate at which human MSCs differentiate into the
osteoblastic lineage. Furthermore, it shows that there is a smaller window for
differentiating MSCs to secrete these factors and thus assist in the regeneration and repair
of bone.
The PCR data have also revealed an intimate relationship between VEGF and the
migration of exogenous MSCs in vitro. Aside from its well reported function in
angiogenesis and vasculogenesis, figure 2.5 shows the predicted relationship between
VEGF expression and migration capacity. One of the primary findings expressing this
notion is the strong VEGF signal at the day 7 time-point, which is also the time-point that
showed the highest peak of migration activity. Furthermore, as the VEGF signal
decreases at day 14, as does the migration of exogenous cells. Additionally, as the
migration activity of the exogenous MSCs slightly increases from day 21 to day 28, the
signal also becomes stronger, maintaining the same pattern. However, VEGF is not the
only factor at work inducing migration. Mouse models have revealed through anti-VEGF
antibody assays that other factors are also at work in the recruitment of endogenous cells
(Li et. al., 2012).
BMP-2 in conditioned medium was shown to have a lesser effect on exogenous
MSCs than previously expected. Although there is increased expression at day 14 timepoint, showing that MSCs do secrete BMP-2 at late differentiating stages, there is no

24

evidence to show that it plays a significant role in conditioned medium’s capacity to
differentiate exogenous MSCs. As indicated by figure 2.5, there is not a significant
increase in BMP-2 at the day 7 time-point, the differentiation peak as shown with the
ALP assay (figure 2.2), which shows there must be other factors playing a role in the
differentiation of exogenous cells. This notion has been further supported by previous
mouse data, which exhibits that a decrease in BMP-2, performed by the addition of an
anti-BMP-2 antibody, which led to the reduction in ALP activity in exogenous murine
MSCs, although the activity was not completely eliminated. However, these data do not
consider the effect of BMP-2 on pre-osteoblastic cells, only endogenous MSCs. The
notion that there is an increase in BMP-2 secretion at the day 28 time-point further
supports this theory. Additional experiments are required to investigate the effect of
conditioned medium on human pre-osteoblastic cells.
Compared to the findings reported by Niyibizi and Li et al. in 2012, the
differentiation capacity of both cell models, murine and human, appears quite different.
While the cells continue to increase in differentiation through day 20 in the mouse model,
the human MSCs exhibit peak differentiation around the day 7 time point, and slowly
decrease their differentiation capacity following that peak (Li et al, 2012). In addition, it
appears that human MSCs have a smaller window to secrete factors, which induce
migration. These notions may be due to the fact that human MSCs differentiate faster into
the osteoblastic lineage in humans than they do mouse MSCs. These findings were also
performed in vitro, and may have different results in vivo.
The current findings show a shift in the paradigm of how differentiating MSCs
work in the repair of bone wounds. In afflictions such as atropic non-unions, where
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MSCs were added to scaffolding with additions of BMP-2, we find that it is not
necessarily the differentiation of MSCs that are responsible for the full repair of the bone,
but the secretion of factors in conjunction with the migration and differentiation of
endogenous cells that contributes to the repair of bone fractures (Herinigou, 2005).
To conclude, as human MSCs differentiate into the osteoblastic lineage, they
secrete factors that assist in the recruitment and differentiation of endogenous cells of the
host tissue. VEGF should be a primary target of future studies investigating this
phenomenon, for the present findings exhibits its direct relationship to migration of
exogenous cells. Lastly, this research may provide a basis for designing therapeutic
approaches involving MSCs in aims bone repair and regeneration.
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