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Mechanosensitive 3-Catenin Signaling
Modulates Mesenchymal Stem Cell Chondrogenesis

Lauren Yael Statman

Abstract
Bone marrow-derived mesenchymal stem cells are a promising source of cells for
cartilage regeneration therapies due to their ease of isolation and capacity to differentiate
into cells resembling articular chondrocytes. However, the current differentiation
protocols result in the development of additional phenotypic features, common to
hypertrophic and osteoarthritic chondrocytes, which are undesirable in the context of
articular cartilage repair. In this work we investigated the roles of cyclic hydrostatic
pressure and canonical Wnt/B-catenin signaling in regulating the phenotype of
chondrogenic MSCs. We used a standard chemically defined medium containing TGF-j
to induce chondrogenic differentiation in pellets of human MSCs. Hydrostatic pressure
was applied using a custom-built loading chamber. B-catenin signaling was modified
using small molecules; XAV939 for inhibition and CHIR99021 for stimulation. The
chondrogenic MSCs in this culture system resembled osteoarthritic chondrocytes, co-
expressing features of both articular and hypertrophic chondrocytes. Cyclic hydrostatic
pressure favored a modest shift in the phenotypic balance away from hypertrophy and
toward chondrogenesis. In addition, cyclic hydrostatic pressure inhibited intracellular
signaling via the ERK1/2 and canonical Wnt/B-catenin pathways. Inhibition of -catenin
signaling with XAV939 significantly augmented chondrogenesis and inhibited

hypertrophy, suggesting that this may be a potential mechanism by which hydrostatic



pressure is transduced in MSCs. Stimulation of B-catenin with CHIR99021, inhibited
both types of chondrogenic differentiation. Our results indicate that B-catenin is an
attractive target for phenotypic modulation of chondrogenic MSCs, and has potential
applications in cartilage regeneration therapies from tissue engineering to targeted drug

delivery to gene therapy.

Vi



Table of Contents

Chapter 1 INtrodUCTION. ...t e e e e 1
1.1 Mesenchymal Stem Cells and Potential Applications in Cartilage Repair
RO APICS. .ttt e 1
1.2 Articular Cartilage and MSC Chondrogenesis. .........c.coevvivviiiiiiiiininnnn 4
1.3 Chondrocyte Mechanotransduction..............o.vvviiiiiininiiiiiiiinieieanans 9
1.4 Developmental Chondrogenesis. ........c.ovvieiriiiiiii e 14
FIDIrONBCHIN. ... 16
TeNASCIN-C.oot e e 17
N-CAONEIIN. ... e 18

NC A L ————— 19

0K e 20

The TGF-B Superfamily............oooiiiii e, 22
B-catenin and the Wnt Pathway...............ccoooiiiiiiiie 26

1.5 Chondrocyte Maturation and Endochondral Ossification........................ 31
Indian Hedgehog........c.ooviniii 32

G RS .o et 35

IGF-1 and Growth HOrmone. ...........ooiiiiiiiii e, 35

RUNX . .. 36

S0X D et 37

P HIP 39
Thyroid HOMMONES. ...t e, 41

The TGF-B Superfamily..........ooiiiiiiiiii e, 42
B-catenin and the Wnt Pathway...............ccooiiiiiiiiiiii 44

1.6 OSte0artNIItiS. ... .t 47
1.7 Hypothesis and AMS.......c.oeiniiii e, 51
Chapter 2 Materials and Methods. ..o 55
Chapter 3 Characterization of MSC Chondrogenesis.............ccoooviviiiiiiiiiiiininann.. 74
3L INtrOTUCTION. ..ot e e 74
B2 RESUITS. ..ot 76
ChONAIOgENESIS. ...ttt e e 76
HYPEIIOPNY . .o 84
Dedifferentiation and Transdifferentiation.................................... 88
Chapter 4 Regulation of MSC Chondrogenesis by Cyclic Hydrostatic Pressure........... 91
A1 INEFOTUCTION. . ..ottt e 91
A2 RESUIES. ...t 95
Cyclic Hydrostatic Pressure Enhances Chondrogenesis on Day 11....... 95

Cyclic Hydrostatic Pressure Suppresses Aspects of Hypertrophy on Day
2Lttt ettt beereereere et et e e 97
Effects of CHP on Chondrogenesis Occur Early in the Chondrogenic
Culture Period.........cooiiii e 99
Effects of CHP on Hypertrophy Occur Later in the Chondrogenic Culture

PeriOd. .. 102
Cyclic Hydrostatic Pressure Suppresses ERK1/2 and B-catenin
SIgNAlING. ..o 103

vii



Chapter 5 Regulation of B-catenin During MSC Chondrogenesis......................... 107

5.1 INErOTUCTION. ...t e e 107
5.2 RESUIES. ... et 109
Ctnnbl Expression is Increased during MSC Chondrogenesis......... 109
[-catenin Protein Levels and/or Post-Translational Modifications Change
during MSC Chondrogenesis..........c.oouvivriiriiriiiiiiiieineanenns. 110
[B-catenin Levels Increase at the Membrane and Decrease in the Nucleus

during MSC Chondrogenesis. .........c.oueerieriieieiiiiieiiieeaneciineens 111
[-catenin Signaling is Elevated during MSC Chondrogenesis............. 114
Chapter 6 B-Catenin Signaling Regulates MSC Chondrogenesis........................... 117
6.1 INtrodUCTION. ... .eit e 117
8.2 RESUITS. ...ttt 121
XAV939 Decreases B-catenin Signaling and Protein..................... 121
CHIR99021 Increases B-catenin Signaling and Protein.................. 124

GAG Accumulation in Chondrogenic MSCs is Negatively Regulated by 3-

(o= 1 (< 0 T PPN 125

Chondrogenic Gene Expression is Negatively Regulated by -catenin..127
Hypertrophic Gene Expression is Differentially Regulated by -

(0751 (=] 3 129

MMPs are Differentially Regulated by p-catenin........................... 134

Chapter 7 DISCUSSION. .. .. ettt et e et ettt e e are e eeaeans 136
5 RS U110 1 T- T Y2 136

7.2 Donor Variability.........c.oouiiiiiiiiii e 139

7.3 The Hybrid Phenotype of Chondrogenic MSCs.. U ...145

7.4 Mechanobiology of Hydrostatic Pressure Loadmg in Chondrogenlc

S Sttt e 150

7.5 B-catenin Regulates MSC Chondrogenesis. .........c.oovvviviiiiiiiniiieennn, 153

7.6 Global Implications and Conclusion................cccooiiiiiiiiiiiiiiin. 160
Chapter 8 RETEIBNCES. ...t 163

List of Tables

Table 1-1: Effects of Mechanical Loading on Chondrocytes ..............ccoovviiiinnnin, 13
Table 1-2: Effects of TGF-f Superfamily in Developmental Chondrogenesis............. 24
Table 1-3: Effects of Wnts in Developmental Chondrogenesis...............c.c.ceovenne... 29
Table 1-4: Effects of TGF-p Superfamily in Chondrocyte Maturation...................... 43
Table 1-5: Effects of Wnts in Chondrocyte Maturation..................ccoevivieeannnnnnn.. 45
Table 2-1: Real Time RT-PCR Primers.........c.o.ovviiiiiiiiii e 61
Table 2-2: Real Time RT-PCR Amplification Parameters...................c.ooeeivin.n.. 61
Table 2-3: Collagen Immunohistochemistry Antibodies...................ocooiiiiiiin.. 63
Table 2-4: Luciferase Reporter Plasmids.............cooviiiiiiiiiiiiiiiiiiiieieee e 65
Table 2-5: Western Blot Antibodies..........oovvvriniiiiii e 67
Table 3-1: Temporal development of chondrogenic markers in MSC pellets............ 75
Table 3-2: Temporal development of hypertrophic markers in MSC pellets............... 75
Table 4-1: Effects of CHP on MSC Chondrogenesis...........coovvveiiiiiiiiiiiinianenn.. 93

viii



List of Figures

Figure 2-1: Schematic of hydrostatic loading apparatus.................coeveviiiieiininnnn.. 64
Figure 3-1: The magnitude of GAG production during chondrogenesis distinguishes
between strongly and weakly chondrogenic MSCS............ccooiiiiiiiiiiiiiie, 77
Figure 3-2: Day 11 is a common point in the expression profiles of cartilage-specific
genes during MSC ChONArogenesis ...........cooveeriirinieiiiiaie e, 80
Figure 3-3: The timing of GAG deposition varies even among strongly chondrogenic
MSC PEIELS ..t e 83
Figure 3-4: Col2 is detected in regions of strong GAG staining, and is followed by Col10
AEPOSIEION .ttt 85

Figure 3-5: Genes which are markers of chondrocyte hypertrophy and terminal
differentiation are expressed in parallel with Sox9, Col2, and Acan in chondrogenic

S S, ettt 87
Figure 3-6: Chondrogenic MSCs do not upregulate Coll or OC.............cccoeeiivinnnn. 89
Figure 4-1: Cyclic hydrostatic pressure (CHP) enhances chondrogenesis of MSC pellets
on day 11, but NOt day 21......c.oiiiii i 96
Figure 4-2: CHP suppresses expression of Ihh and Runx2 on day 21..................... 98
Figure 4-3: CHP 10ading regimens. ... .....ouiutintintitit ittt ee e eeeeeneas 99
Figure 4-4: Early application of CHP enhances GAG deposition, and late application of
CHP inhibitS SOX9 EXPreSSIONn ..........cuiiriirit ittt 101
Figure 4-5: Late application of CHP suppresses Runx2 and BSP ........................ 102
Figure 4-6: CHP represses the canonical Wnt/B-catenin and MAPK signaling
DALY S . .ottt e e e 105
Figure 5-1: Expression of CTNNB1 during MSC chondrogenesis........................ 109
Figure 5-2: Activation status of B-catenin during MSC chondrogenesis................. 110
Figure 5-3: Validation of subcellular fractionation of MSC pellets........................ 112
Figure 5-4: Subcellular localization of -catenin during MSC chondrogenesis......... 113
Figure 5-5: Transcriptional activity of 3-catenin during MSC chondrogenesis......... 115
Figure 6-1: Validation of the effects of XAV939 on B-catenin signaling................ 122
Figure 6-2: Validation of the effects of CHIR99021 on B-catenin signaling............. 123
Figure 6-3: Modulation of B-catenin signaling affects GAG deposition during MSC
CRONAIOgENESIS. ..ttt e 126

Figure 6-4: Inhibition of B-catenin signaling increases expression of chondrogenic genes,
while stimulation of B-catenin signaling decreases expression of chondrogenic

(0114 13 R 128
Figure 6-5: Inhibition of B-catenin signaling decreases expression of some hypertrophic
(01111 TR 130
Figure 6-6: Stimulation of B-catenin signaling alters expression of some hypertrophic
(01141 T PP 131
Figure 6-7: Inhibition of B-catenin signaling alters secretion of MMPs.................... 135



Chapter 1 Introduction

1.1 Mesenchymal Stem Cells and Potential Applications in Cartilage Repair
Therapies

Mesenchymal stem cells (MSCs), like other stem cell types, have tremendous
promise in tissue engineering and regenerative medicine applications. Due to their ability
to differentiate into cells of different skeletal lineages, they represent an abundant cell
source for repair of skeletal tissues ravaged by disease. MSCs are tissue culture plastic-
adherent cells capable of differentiation into osteoblasts, adipocytes, and chondrocytes [1,
2]. MSCs were first isolated from bone marrow as cells that form fibroblastic colonies
(CFU-Fs) and have osteogenic potential [3]. Later, the osteogenic, adipogenic, and
chondrogenic differentiation capacities of MSCs were definitively demonstrated [2].
Since their initial discovery, MSCs have been isolated from a variety of tissues including
adipose tissue [4], skeletal muscle [5], synovium [6], dental pulp [7], and umbilical cord
[8], and have been reported to differentiate into cells of smooth muscle, skeletal muscle,
tendon, endothelial, epithelial, and neural lineages [9]. Many cell surface antigens have
been proposed for purifying MSCs from various tissues including different combinations
of Stro-1, SH2, SH3, SH4, CD29, CD44, CD71, CD73, CD90, CD105, CD106, CD120a,
CD124, CD146, CD200, and CD271 [1, 2, 9, 10]. Negative markers include endothelial
and hematopoietic markers such as CD45, CD34, CD14, CD79a, or HLA-DR [1, 2, 9,
11]. Unfortunately, there is no consensus as to which combination of markers represents

a true MSC, or which tissue might contain the best MSC population. In this work MSCs



were isolated from bone marrow, selected by tissue culture plastic adherence, and
validated by demonstration of trilineage differentiation capacity.

Characterization of bone marrow-derived MSCs demonstrates population
heterogeneity with both undifferentiated progenitors and lineage-committed precursors
among the plastic adherent cells. While groups of plastic adherent cells are capable of
osteogenesis, adipogenesis, and chondrogenesis, individual MSCs may or may not be
capable of trilineage differentiation. In one study, when cells from individual CFU-Fs
were assessed for their differentiation capacity, most were capable of osteogenic and
adipogenic differentiation, and only a small portion were capable of chondrogenic
differentiation [2]. Another study showed that while nearly all MSC clones could go
differentiate into osteoblasts, 60-80% could become either osteoblasts or chondrocytes,
and only about 30% demonstrated trilineage potential [12]. MSC heterogeneity is,
therefore, a significant limitation of this and other MSC-based research. In addition to the
heterogeneous character of MSC populations, MSCs possess some degree of
differentiation plasticity. MSC-derived osteoblasts can be transdifferentiated into
adipocytes and chondrocytes under specific culture conditions [13]. MSC-derived
adipocytes and chondrocytes can transdifferentiate to the other two lineages as well [13].
Thus, another limitation of MSCs is the instability of their differentiated phenotype.
While MSCs are capable of some degree of self-renewal, these other characteristics
distinguish MSCs from true stem cells. Other names have been proposed including
“mesenchymal stromal cells,” “multipotent stromal cells,” “mesenchymal progenitor
cells,” and “skeletal stem cells,” although “mesenchymal stem cell” continues to be the

most widely used [9].



Despite the limitations of MSCs, these cells are important for their potential to
repair tissue damage caused by trauma or disease. Since MSCs can differentiate into
chondrocytes, they may be able to contribute to articular cartilage regeneration. However,
while endogenous MSCs reside in nearby connective tissues in vivo, cartilage has a
limited healing capacity. Instead, damage caused by wear or traumatic injury nearly
always progresses to osteoarthritis (OA). The Centers for Disease Control and Prevention
reports that arthritis afflicts nearly 50 million individuals over the age of 18, and costs
upwards of 128 billion dollars annually [14, 15]. OA accounts for more than 50% of all
diagnosed cases of arthritis [16]. End-stage OA is typically treated with total joint
replacement, which has a limited lifetime and does not fully restore joint function [17].
Focal cartilage defects can be treated with microfracture of the subchondral bone,
osteochondral grafts, or autologous chondrocyte implantation aimed at regenerating
tissue at the site of injury. Such therapies provide some measure of pain relief, although
the tissue formed tends to be inferior fibrocartilage rather than true articular cartilage, and
successes come at the expense of the subchondral bone or donor cartilage [18].

If the chondrogenic capacity of MSCs could be channeled to engineer cartilage
grafts in vitro or regenerate cartilage in vivo, it would address many of the drawbacks
linked to the current treatments. In addition to their chondrogenic potential, MSCs can be
expanded in vitro, providing high cell numbers with limited donor site morbidity,
although their differentiation capacity decreases with increasing passage number. MSCs
also lack MHC class Il cell surface markers, making them virtually undetectable by the
immune system, and they secrete factors that support wound healing [19]. Therefore,

MSCs are an attractive cell candidate for cell-based cartilage regeneration strategies. The



success of such repair strategies will depend on the quality of tissue generated by the
MSCs. In the next section, the structure and function of articular cartilage will be

discussed and compared with the tissue obtained through MSC chondrogenesis.

1.2 Articular Cartilage and MSC Chondrogenesis

Articular cartilage is the tissue covering the articulating surfaces in diarthrodial
joints. It is a smooth, glistening tissue that supports near frictionless motion and
mechanical loads within the joint [20]. Articular cartilage is avascular and aneural, and its
major components are water, collagen, proteoglycans (PGs), and cells; water accounts for
60-85% of tissue wet weight, collagen for 10-30%, PGs for 3-10%, and cells for less than
5%. The main type of collagen in articular cartilage is type Il collagen (Col2). Col2 is a
homotrimer of three al(ll) protein chains that form a helix, and many Col2 molecules
polymerize to form a fibril network with the assistance of cartilage oligomeric matrix
protein (COMP) and type XI collagen (Col11l). Minor collagens in the fibril network
include types Ill (Col3), VI (Col6), IX (Col9), XII (Col12), and XIV (Col14). The
primary PG in articular cartilage is aggrecan, which consists of a core protein modified
along its length with the sulfated glycosaminoglycans (GAGs) chondroitin sulfate and
keratan sulfate. Many aggrecan molecules bind to hyaluronan with link protein to form
large aggregates embedded with Col2 fibrils. Other matrix PGs include biglycan, decorin,
fibromodulin, lumican, perlecan, and versican. The cells in articular cartilage are
chondrocytes, which are isolated from each other in lacunae throughout the tissue and are
responsible for maintenance of the surrounding tissue. Adult chondrocytes are relatively

inactive metabolically, but they produce and secrete the collagens and PGs of the



extracellular matrix and the enzymes required to remodel healthy tissue and degrade
damaged tissue.

The organization of its various matrix components varies through the depth of
articular cartilage [21, 22]. Col2 content decreases from the superficial zone at the joint
surface through the middle zone and deep zone, while aggrecan increases through these
layers. In the superficial zone, thin collagen fibrils are arranged parallel to the joint
surface with very little aggrecan and higher levels of Coll. The chondrocytes in this zone
are flattened with a fibroblastic appearance and secrete lubricin to facilitate joint
articulation. In the middle zone, round chondrocytes are sparsely embedded in the
extracellular matrix. Aggrecan content is increased and the Col2 fibrils are thicker and
randomly oriented. In the deep zone, aggrecan content increases even more and the
thickest Col2 fibrils are oriented perpendicular to the articular surface. The chondrocytes
are still round and are arranged in columns. Below the deep zone, the tidemark delineates
the beginning of the calcified cartilage. In the calcified cartilage the structural
organization remains the same, but with depleted aggrecan levels and with a mineral
content of 65% [23]. The chondrocytes in the calcified cartilage exist in uncalcified
lacunae and express type X collagen (Col10) and alkaline phosphatase (ALP) [23-25].
Blood vessels from the subchondral bone invade the calcified cartilage, but the mineral
prevents diffusion of soluble factors from the subchondral bone across the tidemark [23,
26].

When it is said that MSCs are able to differentiate into chondrocytes, it means
that MSCs can develop into the kind of cells that populate articular cartilage. The degree

of MSC chondrogenesis depends on the culture conditions. It has long been known that



maintenance of the chondrocyte phenotype requires a three dimensional culture system
[27]. Not only do chondrocytes dedifferentiate in monolayer culture, but they largely lose
their chondrocyte differentiation capacity, suggesting that physical factors such as cell
shape are essential to regulating the chondrocyte phenotype [18, 27]. Therefore, MSC
chondrogenesis commonly employs 3D culture configurations to promote differentiation.
In the “pellet” culture system, suspensions of MSCs are centrifuged to form cellular
aggregates [28-31]. MSCs have also been suspended in various polymer solutions and
polymerized to yield a gel laden with MSCs, or seeded directly onto fibrous polymer
scaffolds [32-37]. Choosing a 3D culture system involves consideration of other factors
that might regulate chondrogenesis. For example, pellet cultures have high numbers of
cell-cell contacts as in developing cartilage, whereas gels isolate individual cells as in
adult cartilage. Gels allow for high oxygen and nutrient diffusion which is important for
cell metabolism and is more limited in dense pellet culture, but hypoxic conditions might
favor chondrogenesis [38]. With a scaffold, the initial mechanical properties can be
controlled, and substrate stiffness has been shown to influence cell fate [39]. Thus,
selecting a culture configuration involves prioritizing these factors. In this work we
employed a pellet culture system, which recapitulates the high cell density essential to
developmental chondrogenesis.

Three dimensional culture alone is not sufficient to induce MSC chondrogenesis.
In the above culture systems, chondrogenesis is induced by culturing the MSCs in
chemically defined medium containing growth factors that promote differentiation.
Chondrogenic medium (CM) formulations vary slightly, but typically consist of basal

medium supplemented with insulin/transferrin/selenium (ITS), ascorbate, pyruvate,



proline, dexamethasone, and a transforming growth factor (TGF)-p-family growth factor
[40]. Unlike other differentiation media, CM is well defined because it is typically serum-
free. Finally, extrinsic mechanical conditioning has been used to enhance chondrogenesis
by mimicking the physical environment of native cartilage [41].

Successful chondrogenic induction of MSCs is characterized by the presence of
an extracellular matrix rich in aggrecan and Col2. Histological staining with toluidine
blue [28-30], Alcian blue [31, 36, 37, 42], and Safranin O [30, 33, 42, 43] has
demonstrated extensive GAG deposition in sections of MSC-derived chondrogenic tissue.
Immunohistochemistry using Col2 antibodies has revealed Col2 accumulation as well
[28, 31, 35, 43]. GAG and collagen increases have been quantified by enzymatically
digesting the MSC tissue and measuring radio-labeled sulfate incorporation [29, 36],
dimethylmethylene blue dye binding [29, 32, 33, 36], and hydroxyproline content [33,
42]. Other matrix molecules including versican, biglycan, decorin, link protein,
fibromodulin, and COMP are present in MSC-derived cartilage [29, 36]. In addition to
the similar extracellular matrix composition, when MSCs differentiate into chondrocytes,
they assume a transcriptional profile similar to that of articular chondrocytes. Increases in
cartilage specific genes encoding the cartilage specific transcription factor Sox9 (Sox9)
[30, 35, 37], and matrix proteins Col2 (Col2al) [28-30, 32, 33, 35-37], aggrecan (Acan)
[29, 30, 33, 35-37], Col9 [30, 33, 36], Colll [30, 36] and COMP (COMP) [29, 30, 33,
35] have been demonstrated in quantitative real time reverse transcription-polymerase
chain reaction, microarray analyses, and by in situ hybridization. While numerous
cartilage components have been found in chondrogenic MSC tissue, the benchmark for

confirming chondrogenesis in this work is the presence of GAG by dye-binding and Col2



by immunohistochemistry, and increased expression of Sox9, Col2, and Acan via
quantitative RT-PCR.

Chondrogenic MSCs also exhibit additional features that are not found in articular
cartilage, but rather during endochondral ossification and osteoarthritic degradation.
MSCs have trilineage differentiation capacity, but under chondrogenic conditions do not
mineralize or accumulate lipids, markers of osteogenic and adipogenic differentiation,
respectively [2, 37]. However, chondrogenic MSC cultures do exhibit increased
deposition of Col10 [29, 44-47], increased secretion of matrix metalloproteinase 13
(MMP13) [48], and increased ALP activity [28, 44-48]. Col10 [28-32, 37, 44, 46],
MMP13 [44, 46, 48], and ALP transcription are increased as well [2]. Further, upon
subcutaneous implantation in immunodeficient mice, these chondrogenic MSCs undergo
vascular invasion and calcification [44-46]. Though these are decidedly un-articular
features, they are not foreign to chondrocytes having been described above in the
calcified cartilage. In addition, when articular cartilage becomes osteoarthritic,
inflammation and tissue degradation is accompanied by vascularization and tissue
mineralization [49, 50]. Even healthy cartilage is subject to such changes. In addition to
the permanent chondrocytes that populate articular cartilage, temporary chondrocytes in
the growth plate mature during the process of endochondral ossification in service of long
bone growth. These chondrocytes express markers of terminal differentiation—Col10,
MMP13, and ALP—before they undergo matrix mineralization, vascular invasion, and
programmed cell death. The phenotype observed in osteoarthritic chondrocytes may

result from an aberrant endochondral ossification program.



While markers of terminal differentiation, the endpoint of endochondral
ossification, are expressed in the natural course of development, they are undesirable in
the context of articular cartilage repair, which necessitates the elimination of a terminal
and/or osteoarthritic phenotype. In order to optimize the phenotype of chondrogenic
MSCs, it is necessary to manipulate the chondrogenic culture conditions. However, it is
unknown how various intrinsic and environmental factors interact to control MSC
differentiation and which ones might be the best targets. Biology serves as a rich source
of inspiration in this case. Since chondrogenic MSCs at times resemble developing
chondrocytes, articular chondrocytes, maturing growth plate chondrocytes, and
osteoarthritic chondrocytes, the mechanisms governing these processes are essential to
understanding regulation of the MSC-derived chondrocyte phenotype and identifying
opportunities for manipulation. In the next section, mechanical regulation of articular
chondrocytes will be discussed. Following that, the molecular mechanisms regulating
developmental chondrogenesis, chondrocyte maturation and endochondral ossification,
and OA will be surveyed in search of common pathways that are potential targets for

intervention.

1.3 Chondrocyte Mechanotransduction

Articular chondrocyte function is regulated by mechanical forces. The matrix
composition and structure of articular cartilage dictates its mechanical properties.
Physical forces and the mechanical properties of the tissue together define the mechanical
environment of the chondrocytes within the tissue. In turn, the chondrocytes remodel the

tissue in order to adapt to applied mechanical loads. The collagen and PG content of the



tissue is increased in areas of greater loading to support those loads [51, 52]. The
chondrocytes in load bearing regions sense the higher loads and respond by synthesizing
more matrix molecules [53-55]. In damaged osteoarthritic cartilage not only do the
altered tissue mechanics render the tissue unable to support loads, but may contribute to
chondrocyte deregulation by decoupling the chondrocytes from their normal loading
environment. As described earlier, articular cartilage is composed primarily of water,
Col2, aggrecan, and chondrocytes. This can be thought of as chondrocytes dwelling in a
biphasic matrix with a fluid phase and solid phase, which together give rise to cartilage’s
viscoelastic behavior [56].

The solid phase of cartilage is composed of sulfated PGs and collagen. Aggrecan
and other sulfated PGs are responsible for regulating tissue swelling due to their high
density of negative charges known as the fixed charge density (FCD) of cartilage [20].
The negative charges on the sulfated GAG chains are spaced closely enough to give rise
to repulsion forces, pushing the PGs away from each other. Furthermore, the negative
FCD attracts positive counter ions to restore tissue electroneutrality. The counter ions
mitigate swelling due to repulsion forces, but they increase the osmolarity relative to the
surrounding fluid, which draws in more water to maintain osmotic equilibrium. The
stable triple helix structure of Col2 has great tensile strength and traps the PGs in its
network. The boundaries of the tissue are thus defined by the balance between the
swelling forces of the PGs and the tensile resistance of Col2. At rest, these opposing
forces gives rise to a basal hydrostatic pressure in the tissue is about 0.2 MPa due to these

forces [57].
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Both the solid and fluid phases determine how cartilage responds to joint loading.
Compressive forces and fluid shear in cartilage arise from contact between opposing joint
surfaces. Matrix compression causes fluid to flow out of the cartilage surface resulting in
direct and lateral deformation of the superficial zone of cartilage as the solid matrix is
compacted. However, only 1-5% of the fluid is lost during normal gait while the rest
remains in the tissue [57]. Rapid deformation of the solid phase during normal gait
lowers the permeability of cartilage, resisting fluid flow. The trapped fluid in the middle
and deep zones of cartilage becomes pressurized at 5-15 MPa [58, 59]. Because the fluid
phase is virtually incompressible, the solid phase is not deformed under hydrostatic
pressure. When the compressive force is removed, the hydrostatic pressure in the lower
zones of cartilage is relieved, the superficial zone resumes its original shape, and the fluid
returns to the tissue. If, however, a static load is sustained, a larger volume of fluid would
be exuded from the tissue over time leading to deformation in these lower cartilage zones
as forces are transferred to the solid matrix. This behavior is the typical creep behavior of
a viscoelastic material.

In addition to basal swelling pressure, chondrocytes embedded in the cartilage
matrix experience deformation, fluid flow, and high levels of hydrostatic pressure during
joint loading. In the superficial layer, the chondrocytes are exposed to fluid flow upon
fluid exudation, and when the solid matrix is compacted the chondrocytes are exposed to
compressive, tensile, and shear forces [59]. Under compression and tension, the
chondrocytes experience changes in shape and volume, while shear causes deformation,
but no volume change. In the middle and deep zones, hydrostatic pressure predominates

and shields those chondrocytes from both deformation and volume changes. All of these
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forces have been shown to alter chondrocyte metabolism, and some examples are listed in
Table 1-1. Notably, static or excessively high loads decrease matrix synthesis, but
physiological levels of dynamic loads favor synthesis of cartilage-specific extracellular
matrix components [59-61]. Thus, these mechanical cues are an additional factor that
regulates chondrogenesis. Physiological levels of the forces found in cartilage promote
chondrogenesis of MSCs [62], so in this work we focused on the effects of physiological
levels of hydrostatic pressure.

The conversion of physical forces into biological signals occurs through the
process of mechanotransduction. The exact mechanism by which this occurs is not
entirely resolved, but likely involves the cytoskeleton. The microfilaments, intermediate
filaments, and microtubules that compose the cytoskeleton are coupled to their external
environment by adhesion molecules [63]. These focal adhesions are home to signaling
proteins including focal adhesion kinases and extracellular signal-regulated protein
kinases, and the downstream effectors Rho, caveolin-1, G-proteins, and protein kinase A
[64]. In addition, other intracellular regulatory proteins can be immobilized along the
length of a cytoskeletal filament. Application of mechanical stresses results in
rearrangement of the cytoskeletal components and alters the connections between the
cytoskeleton and associated molecules. Affected molecules may be activated by their
release or shape change and initiate a signaling response. The importance of the
cytoskeleton as a regulator of chondrocyte phenotype is best illustrated in monolayer
culture. When chondrocytes spread out in monolayer culture they dedifferentiate, but
disruption of the actin cytoskeleton causes them to round up and resume production of

Col2 and GAGs [65]. The actin cytoskeleton in flattened cells may repress pro-
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Table 1-1: Effects of Mechanical Loading on Chondrocytes

Cells Force Loading Regime | Effect Reference
Cartilage explants | Compression 50% strain, 24 Decreased Acan, Col2al, [66]
hours Decreased [*°S]sulfate and
[*H]proline incorporation
Cartilage explants | Compression 30-50% strain, 5 Increased apoptosis, SGAG [67]
minutes release
Chondrocytes in Compression Up to 50% strain, | Decreased [>°S]sulfate and [68]
collagen gels 24 hours [*H]proline incorporation
Cartilage explants Compression 1-20% strain, Increased [*°S]sulfate and [53]
0.01-1 Hz [*H]proline incorporation
Chondrocytes in Compression 15% strain, 1 Hz, | Increased GAG synthesis; [69]
agarose 48 hours Increased [*H]thymidine
incorporation
Chondrocytes in Compression 10% strain, 1 Hz, | Increased sGAG and [70]
agarose 5 hours/day, 28 hydroxyproline content
days
Chondrocytes in Compression 10% strain, 1-3 Increased Aggrecan promoter [71]
agarose Hz, 1-3 hours acitivity; Decrased Col2al
promoter activity
High density Fluid shear 1 dyne/cm?, 3 Increased Col2 [72]
chondrocyte days
construct
Cartilage explants | Fluid shear 150 mm Hg, 2.5 Increased [*S]sulfate [73]
Hz, 10 days incorporation and SGAG
deposition
Monolayer Fluid shear 1.6 Pa rotating, Increased sGAG [74]
chondrocytes 24-72 hours
Monolayer Fluid shear 1.6 Parotating, 1 | Decreased Col2al, Increased [75]
chondrocytes day apoptosis
Chondrocytes in Hydrostatic 5 MPa, 4 hours Increased Acan and Col2al [76]
agarose pressure
Cartilage explants Hydrostatic 5 MPa, 0.5 Hz, Increased [*°S]sulfate [77]
pressure 1.5 hours incorporation; Inhibition at
lower frequencies
Monolayer Hydrostatic 10 MPa, 1 Hz, 4 Increased Acan and Col2al after | [78]
chondrocytes or pressure hours/day 4 days
pellets
Monolayer Hydrostatic 5-10 MPa, 1 Hz, Increased Acan and Col2al after | [79]
chondrocytes pressure 4 hours 4 days
Monolayer Hydrostatic 5/10 MPa, 1 Hz, 4 | Increased Acan, Col2al, [75]
chondrocytes pressure hours, 4 days Aggrecan, Col2

chondrogenic signals,

while the

rounded cytoskeleton supports them. Many

mechanosensitive elements have been described in chondrocytes that interact with the

regulatory transcription factors and signaling pathways that will be discussed below [80],

and the mechanotransduction of hydrostatic pressure will be discussed in more detail in

Chapter 4.
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1.4 Developmental Chondrogenesis

Chondrocytes first appear during embryonic skeletal development. Limb
formation begins with the clustering of prechondrogenic mesenchymal cells into a
precartilage mesenchymal condensation with high numbers of cell-cell contacts [81-87].
The mesenchymal cells then differentiate into chondrocytes secreting the characteristic
extracellular matrix of Col2 and aggrecan [88, 89]. As the matrix is elaborated around
them, individual chondrocytes are pushed away from each other to yield the skeletal
anlagen, a cartilaginous structure containing discrete chondrocytes that serves as a
template for the developing skeleton [81-86]. Ultimately, the anlagen is lengthened by
chondrocyte maturation and turned into bone through the process of endochondral
ossification. Chondrocytes remain only in the articulating surfaces at the ends of the bone
and, temporarily, in the growth plate where they continue the process of skeletal
elongation until the growth plate fuses during puberty. While most of the chondrocytes in
the anlagen die during the process of endochondral ossification, the mechanisms that
control their initial differentiation are essential to understanding chondrocyte regulation
and MSC chondrogenesis.

Developmental chondrogenesis is characterized by alterations in cellular
morphology, extracellular matrix content, and the gene expression profiles of the
differentiating mesenchymal cells. Morphologically, undifferentiated cells display
multiple cellular processes [85], and produce a matrix of type I collagen (Col1) [89, 90],
fibronectin [90, 91], hyaluronic acid [92], and mesenchyme-specific PGs [93]. During
condensation, the cells become rounded and cluster together, while the extracellular

matrix is pushed outward. The condensed cells begin expressing Col2al [94] and Acan
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[89], and decrease expression of Coll [94], which becomes confined to the
perichondrium. These transcriptional changes correspond spatially and temporally with
increased deposition of a cartilage-specific extracellular matrix containing Col2 [90, 95]
and aggrecan [89]. Other matrix components produced by neo-chondrogenic cells include
Col9, Col1l, COMP, link protein, and other PGs, which are also found in mature
articular cartilage [21, 96-98].

The role of mesenchymal condensation in the subsequent chondrogenesis of
mesenchymal cells has been studied in micromass cultures of embryonic limb bud cells
that recapitulate the condensation-chondrogenesis sequence observed in vivo [99, 100].
Increasing the density of the micromass correlates with greater overall chondrogenesis
[95, 99-102]. Enhancement or disruption of micromass condensation via modulation of
cell adhesion proteins results in improved or inhibited chondrogenesis, respectively [103-
108]. The simplest explanation is that a larger condensation represents a greater number
of cells committed to a chondrogenic lineage, but condensation may also aid lineage
commitment and/or chondrogenic differentiation by allowing cells to directly
communicate with each other. Gap junctions, membrane-bound channels that directly
link neighboring cells, increase during mesenchymal condensation and persist through
chondrogenesis until the cells detach from one another and accumulate extracellular
matrix between them [87, 109]. In micromass culture, transfer of gap junction-permeable
dye is observed exclusively in regions of chondrogenic differentiation, suggesting a role
for cell coupling in the spatial coordination of chondrogenesis [110], whereas blocking

gap junction communication inhibits chondrogenesis [108, 111].
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Lineage commitment and condensation alone are not sufficient to initiate
chondrogenic differentiation [107]. Extracellular matrix interactions, cell-cell
interactions, secreted factors, and transcription factors have all been implicated as factors
that regulate developmental chondrogenesis following condensation. Since MSCs in
pellet culture physically recapitulate the dense packing of the precartilage condensation,
the factors regulating MSC chondrogenesis are likely to overlap with those that are
known to regulate developmental chondrogenesis. Some of the key regulators of
developmental chondrogenesis will be explored in more detail below to clarify which

signals might be involved in the regulation of MSC chondrogenesis.

Fibronectin

Fibronectin (FN) is a dimeric glycoprotein found in the extracellular matrix of
various tissues including the mesenchyme, the precartilage condensation, and mature
cartilage [90, 91]. FN is present throughout the mesenchyme, but becomes highly
concentrated in the precartilage condensation before assuming a diffuse distribution
pattern in mature cartilage [91]. FN interacts with other extracellular matrix proteins via
collagen, fibrin, and heparin binding domains, and with cells via its heparin binding and
integrin-binding arginine-glycine-aspartate (RGD) domains [112]-[113]. FN may aid
condensation of chondroprogenitors by using these sites of cellular attachment to
incorporate them into the condensation.

FN is produced in various isoforms as a result of alternative mRNA splicing.
Alternative splicing of FN over the course of developmental chondrogenesis suggests a

role in mediating differentiation. Between condensation and differentiation, the splicing
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pattern of FN changes from B*A”" to B*A"; exon I1IA, which is required for condensation
and normal chondrogenesis, is spliced out [114]. In micromass culture, the B*A*
“mesenchymal” isoform of FN enhances condensation and supports chondrogenesis,
while other isoforms of FN inhibit condensation and compromise chondrogenesis [112].
The B*A" isoform has been shown to discourage cell spreading in mesenchymal cells in
vitro [112], so it could serve as a signal to promote cell rounding and thereby enhance
cell packing. The switch to the B*A” “differentiated” isoform of FN, which provides no
apparent pro-chondrogenic benefit, suggests that the role of FN in regulating

chondrogenesis occurs at the level of condensation.

Tenascin-C

Tenascin (TN)-C is a glycoprotein of the cartilage extracellular matrix first
observed during mesenchymal condensation [115]. TN-C is selectively localized to
prechondrogenic regions of the condensed mesenchyme, but progressively disappears
from the anlagen as the chondrocytes mature, although it persists in the perichondrium
and articular cartilage [115-117]. This expression pattern suggests a role in promoting
early chondrogenesis. Indeed, limb bud mesenchyme micromasses cultured on TN
substrates demonstrate enhanced chondrogenesis [115, 118, 119], while TN-C antibodies
inhibit chondrogenesis [119]. In addition, TN-C inhibits attachment to FN [36], so the
transition from binding to FN during the condensation phase to binding to TN-C may be
a signal to begin differentiation.

Like FN, TN-C is subject to alternative splicing that changes over the course of

chondrogenesis. TN-C is made up of six monomers each containing a series of epidermal
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growth factor (EGF)-like repeats, a series of FN type 11l repeats, and a fibrinogen-like
domain [115, 117, 118]. Splice variants of TN-C differ as to the number of extra FN type
I11 repeats [117, 118]. As mesenchymal cells differentiate into chondrocytes they express
TN-C splice variants with fewer and fewer extra FN type Il repeats [117], until fully
differentiated chondrocytes express TN-C with no extra repeats as their primary isoform
[118]. Attachment of undifferentiated cells to “mesenchymal” TN-C containing the
maximum number of FN type 1l repeats is decreased compared to other TN-C isoforms
[118], suggesting that binding to TN-C binding improves with advancing differentiation
state. Cells grown on TN-C form attachments, but remain rounded rather than spread out
[120]. Since the cells are better able to attach to TN-C as they differentiate, TN-C may

support chondrogenesis by promoting continued cell rounding.

N-Cadherin

N-cadherin, a member of the calcium-dependent classical cadherin family of
cellular adhesion glycoproteins, is highly expressed during mesenchymal condensation
[103, 104]. Cadherins are membrane bound proteins that associate with each other via
their extracellular cadherin domains to form adherens junctions between neighboring
cells. The intracellular domain is linked to the actin cytoskeleton by interactions with -
catenin and a-catenin, and this association can modulate both cell adhesion and
intracellular signaling [121]. Adhesion via N-cadherin is one means by which pre-
chondrogenic mesenchymal cells are able to selectively draw themselves into the
condensation [122]. Since only prechondrogenic cells express N-cadherin, its diffuse

distribution seen in the mesenchyme becomes considerably concentrated in the
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condensation as the lineage committed cells aggregate [103, 104]. However, following
condensation, N-cadherin expression is lost from the chondrogenic cells and persists only
in the perichondrium.

The importance of N-cadherin in regulating chondrogenesis has been
demonstrated by perturbing its activity. Injecting an anti-N-cadherin antibody, NCD-2,
into the developing chick limb bud inhibits chondrogenesis in vivo [103]. In micromass
culture, overexpression of loss-of-function N-cadherin mutants results in decreased
capacity for condensation and subsequent chondrogenic differentiation [106, 107]. Even
though this suggests a role in driving chondrogenesis, N-cadherin is conspicuously absent
from differentiating cartilage. In fact, sustained expression of N-cadherin after micromass
condensation prevents chondrogenic differentiation [107, 123]. Coupled with its
expression pattern, the inhibitory effect of N-cadherin on differentiation indicates that
though N-cadherin may be required for lineage committed cells to condense, it negatively

regulates chondrogenesis.

NCAM

Neural cell adhesion molecule (NCAM) is a cell surface glycoprotein involved in
calcium-independent adhesion and is observed during chondrogenesis. Like N-cadherin,
NCAM is weakly present in mesenchymal cells and is enhanced in the precartilage
condensation [119, 124]. As the cells become more differentiated NCAM disappears
from the condensation, but remains in the perichondrium. Treatment with anti-NCAM
antibodies inhibits micromass aggregation and chondrogenesis, while overexpression of

NCAM increases condensation [119, 124]. However, unlike N-cadherin, overexpression
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of NCAM in the micromass condensation does not inhibit chondrogenesis, but increases
it [124]. Thus, while its expression profile suggests a role in condensation rather than

chondrogenesis, NCAM may serve as an early differentiation signal as well.

Sox9

Sox9 is a transcription factor that is strongly expressed in committed
chondroprogenitors [125, 126], and its expression is maintained during chondrogenic
differentiation [127] and in articular cartilage [125]. Sox9 is a member of the SRY-
related high mobility group (HMG) box (Sox) family of proteins, and contains a DNA-
binding HMG box [45] and a transcription activation domain [127]. Binding of the HMG
box to consensus sequences on the minor groove of DNA induces a sharp bend to allow
for assembly of transcriptional regulatory complexes at nearby DNA sites [128].
Heterozygous mutations in Sox9 result in campomelic dysplasia, a disorder characterized
by skeletal bowing and other defects, respiratory distress, and XY sex reversal. Sox9*"
mice also exhibit symptoms of campomelic dysplasia, and their skeletal and respiratory
defects have been traced to impaired cartilage formation during development [129]. Sox9
is thus involved in normal chondrogenesis, and additional studies have demonstrated that
Sox9 exerts its effects at both the levels of condensation and differentiation.

Sox9 is a marker of chondrogenic lineage commitment expressed by
mesenchymal chondroprogenitors even before condensation [125, 126]. In a
Sox9"*°x-prx1-Cre mouse, which does not express Sox9 in its mesenchymal cells, there
are no condensations [130]. Mesenchymal cells without Sox9 are excluded from

condensations in Sox9 chimeras [131]. Conversely, overexpression of Sox9 accelerates
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aggregation in micromass cultures, and in mice, Sox9" cells near the condensation
become segregated before overt chondrogenesis. Together, this suggests that Sox9 may
regulate adhesion molecules that enhance condensation [126, 131].

Sox9 is a true chondrogenic differentiation factor, being both necessary and
sufficient to induce chondrogenesis. Limb bud cells from Sox9"®/%:Prx1-Cre mice
exhibit no cartilage differentiation in micromass culture [130]. Even when surrounded by
Sox9-expressing cells in the mesenchymal condensation, Sox9™ cells do not differentiate
into chondrocytes [131]. In Sox9"™:Col2al1-Cre mice, in which Sox9 is knocked out of
early chondrocytes, chondrogenesis is impaired and the cells remain condensed [130].
When Sox9 is knocked out of more mature chondrocytes, they halt their differentiation
program [132]. These studies illustrate that Sox9 is required for chondrogenesis to
proceed at every stage of differentiation. Meanwhile, overexpression of Sox9 enhances
chondrogenesis, even under conditions where chondrogenic differentiation should be
impaired [126, 133, 134]. Sox9 can cause ectopic cartilage formation [126, 133] and
switch non-chondrogenic cells to a chondrogenic program [126], indicating that Sox9 is
both necessary and sufficient to drive chondrogenesis.

Sox9 drives expression of the primary extracellular matrix components of
cartilage and is aided by transcription co-factors. The HMG domain of Sox9 binds to a
sequence in the Col2al enhancer and the transcription activation domain activates the
Col2al promoter [135]. Even non-chondrogenic cells overexpressing Sox9 display an
increase in Col2al mRNA [136]. Sox9 also binds the Al enhancer sequence in the Acan
gene leading to activation of Al-driven reporters [80, 137]. Since Sox9 is also expressed

in the developing central nervous system [125], heart [125], kidney [138], and gonads
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[138], specificity for activating transcription of Col2al and Acan in chondrogenic cells is
conferred by cartilage-specific cofactors such as L-Sox5 and Sox6 [139], and PGC-1a
[133]. Each of these factors can form a complex with Sox9, and co-expression of Sox9
with either L-Sox5, Sox6, or PGC-1a leads to increased activation of the Col2al promoter
relative to expression of Sox9 alone [133, 136]. Co-expression of Sox9 with L-Sox5 and
Sox6 led to an increase in aggrecan compared to Sox9 alone [136], and co-expression of
Sox9 with PGC-1« led to an increase in COMP and link protein relative to expression of
Sox9 alone [133]. These and likely other cofactors coordinate the degree to which Sox9

activates chondrogenesis in various cell types.

The TGF-$ Superfamily

Members of the transforming growth factor (TGF)-f family are secreted proteins
that activate signaling responses through structurally related receptors. These growth
factors contain a highly conserved C-terminal domain, and in their mature form, exist as
homodimers linked by disulfide bridges at their cysteine rich domain [140]. The two
main subclasses are the TGF-p (and activin) molecules and the bone morphogenetic
proteins (BMPs), which signal to unique receptors [141]. All TGF-B family receptors
form a stable tetramer of two type | receptors and two type Il receptors upon ligand
binding, allowing for phosphorylation of the type | receptors by the type Il receptors,
followed by autophosphorylation of the type | receptors [140]. Receptor activation leads
to downstream Smad signaling. In general TGF-Bs bind to the ALK4, ALKS5, and ALK7
type | receptors and activate Smads 2 and 3, and BMPs bind to the ALK2, ALK3, and

ALKG6 type | receptors and activate Smads 1, 5, and 8 [141]. However, there are
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exceptions to this general pattern as TGF-p can bind to ALK1 and activate Smad1/5/8
[142]. In addition, activated type | receptors can phosphorylate proteins that activate non-
Smad signaling cascades including several of the MAP kinases and the [-catenin
pathway. The affinity of the TGF-p family molecules for a particular combination of
receptors determines in part the specificity of the signal transduced. These Smads couple
with Smad4 to effect transcriptional activation.

TGF-p activity is found in prechondrogenic mesenchymal cells and chondrocytes,
and after condensation its expression is confined primarily to the surrounding
perichondrium. TGF-Bs have redundant functions as indicated by the mild skeletal
phenotype in TGF-p1 and TGF-B3 null mutants [141] and the activation of common
Smads. Smad3 (and Smad?2 to a lesser extent) are the primary mediators of the TGF-j
signal in chondrogenesis [143, 144]. Treatment of micromass cultures with various TGF-
Bs enhances condensation and chondrogenesis (Table 1-2), and this effect depends on
downstream Smad signaling. Overexpression of the inhibitory Smad, Smad7, inhibits
condensation and chondrogenesis [145]. These studies demonstrate that TGF-p promotes
the commitment of undifferentiated cells to a chondrocytic lineage by promoting
condensation as well as their subsequent differentiation. Conditional deletion of the TGF-
B type II receptor in chondrogenic precursors following mesenchymal condensation does
not affect subsequent chondrogenesis, suggesting that other factors can maintain
chondrogenesis in the absence of TGF-p signaling [146].

Several BMPs, BMP receptors, and their target Smads are found in the
precartilage condensation and can enhance chondrogenesis [141, 147]. Treatment of

micromass cultures with BMP-2 or activation of BMP signaling in the limb bud with
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Table 1-2: Effects of TGF- Superfamily in Developmental Chondrogenesis

Molecule System Effects on . Other Effects Reference
Chondrogenesis
GF treatment of micromass
TGF-B1 cultures of chick limb Enhanced condensation [148]
mesenchymal cells
GF treatment of micromass Enhanced
TGF-p1 cultures of mouse limb . [149]
chondrogenesis
mesenchymal cells
GF treatment of micromass Enhanced
TGF-p1 cultures of chick limb . [150]
chondrogenesis
mesenchymal cells
GF treatment of interdigital Ectopic
TGF-pI space in chick limb bud chondrogenesis [151]
GF treatment of micromass
TGF-3 | cultures of chick limb Enhanced Greatest effects pre- | 15,1
chondrogenesis condensation
mesenchymal cells
TGF-f type fifl. i No effect on
Il receptor Tgfpr2™"Col2al-Cre mouse chondrogenesis [146]
GF treatment of micromass
BMP-2 cultures of chick limb Enhanced . Greatest eﬁects. [152]
chondrogenesis post-condensation
mesenchymal cells
Expression of RCAS-BMP2
in micromass cultures of Enhanced
BMP2 chick limb mesenchymal chondrogenesis [153]
cells
GF treatment of micromass .
BMP-2 cultures of chick limb Enhanced Reversed by LICI | 549
chondrogenesis treatment
mesenchymal cells
GF treatment of micromass Enhanced Reversed by
BMP-2 cultures of chick limb . overexpression of [155]
chondrogenesis i
mesenchymal cells N-cadherin
GF treatment of micromass ?oonggr?scgt?onn'
BMP-2 cultures of chick limb ' [156]
Enhanced of
mesenchymal cells .
chondrogenesis
Expression of RCAS-CA- Enhanced of
ALK3 ALK3 in chick limb bud chondrogenesis [157]
ALK6 Expression of RCAS-CA- Erc]Loap:ge(aondensatlon; [157]
ALKG® in chick limb bud .
chondrogenesis
Expression of RCAS-CA- Enhanced
ALKG6 in micromass cultures | condensation;
ALK®E of chick limb mesenchymal Enhanced [157]
cells chondrogenesis
Smad7 Inhibited condensation;
(Smad Prx-Smad7 mouse Inhibited [145]

antagonist)

chondrogenesis
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constitutively active receptors improves chondrogenesis, but does not have a consistent
effect on condensation (Table 1-1). BMP-2 treatment enhances expression of the cell
adhesion molecules connexin43 and N-cadherin, [111, 155], suggesting a role for BMPs
in promoting condensation as well. However, blocking BMP signaling using conditional
deletion of ALK3 in ALK6™ mutants does not prevent mesenchymal condensation, but
does prevent chondrogenesis [147]. Inhibition of BMP signaling with Noggin in
condensed cells or through overexpression of dominant negative ALK6 in immature
chondrocytes prevents chondrogenesis [158, 159]. This means that BMP signaling does
not drive chondrogenic lineage commitment or condensation, but is essential for
chondrogenesis.

TGF-Bs and BMPs both exert their effects in part through induction of Sox9.
Implantation of TGF-B1 or BMP-7 soaked beads in the interdigital space in the chick
limb bud leads to increased Sox9 expression [151]. Knocking out ALK3 in condensed
chondroprogenitors abolishes Sox9 expression [147]. In addition to regulating its
transcript levels, TGF-Bs and BMPs can increase Sox9 transcriptional activity. In
SW1353 immature chondrocytes, phosphorylation of Smad2/3 by TGF-p signaling
causes it to form a complex with the transcriptional coactivator p300 and Sox9, leading to
enhanced activation of the Col2al promoter [144, 160]. BMP-2 also increases Sox9
transcriptional activity, and overexpression of the inhibitory Smad6 reverses this increase
[161]. In the absence of Sox9, TGF-fs and BMPs are unable to influence chondrogenesis

[141].
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S-Catenin and the Canonical Wnt Pathway

The focus of this dissertation is B-catenin, which interacts with many of the
aforementioned regulatory elements in regulating chondrogenesis. [-Catenin is a
transcriptional regulator that is both part of and itself regulated by canonical Wnt
signaling. pB-Catenin protein is encoded by the gene Ctnnbl and has a transactivation
domain in its C-terminus, 12 Armadillo repeats that acts as a binding site for other
molecules, and consensus phosphorylation sites in its N-terminus [162]. In the nucleus, -
catenin binds to the N-terminal of T-cell enhancing factor (TCF) and lymphocyte
enhancing factor (LEF) transcription factors, switching them from transcriptional
repressors to transcriptional activators [163]. p-Catenin can also recruit additional
transcriptional co-activators such as cyclic AMP response element-binding protein and
Brg-1, among others, to promote activation of target genes [164]. However, B-catenin is
typically sequestered in the membrane or cytoplasm before it reaches the nucleus. B-
Catenin can bind to N-cadherin via its armadillo domain, and this interaction is stabilized
by phosphorylation of cadherin and strengthens cell-cell adhesions [165]. In the
cytoplasm, B-catenin is bound in a complex with the scaffolding proteins Axin and
adenomatous polyposis coli (APC) and the kinases casein kinase-la and glycogen
synthase kinase (GSK)-3p [162, 163]. In this complex, the kinases phosphorylate B-
catenin on serine (S) and threonine (T) residues in its N-terminal, allowing binding of E3
ubiquitin ligase that targets B-catenin for proteasomal degradation [163]. Wnt signaling
relieves this constitutive degradation of f-catenin, allowing it to accumulate at membrane

or in the nucleus, where it drives transcriptional changes.
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The canonical Wnt pathway signals through activation of 3-catenin. Wnt proteins
are secreted morphogens containing a region of highly conserved cysteine residues. One
of the cysteines is palmitoylated to increase Wnt’s hydrophobicity, which is required for
its activity [163, 164]. Wnt signaling is initiated by its binding to a cysteine rich domain
on a Frizzled (Fz) seven-pass transmembrane receptor [164]. Activation of Wnt signaling
depends on the presence of the co-receptors LRP5 and/or LRP6. The LRPs are single-
pass transmembrane proteins with a proline-proline-proline-serine/threonine-proline
(PPPS/TP) motif in their C-termini [164]. When Wnt binds to Fz, the cytoplasmic protein
Dishevelled (Dsh), which recognizes Fz’s intracellular lysine-threonine-X-X-X-
tryptophan (KTXXXW) motif, is phosphorylated [164]. Dsh causes LRPs to aggregate
and become phosphorylated, and phosphorylation of the LRP PPPS/TP motif allows for
docking of Axin [162-164]. This promotes the release of GSK-3 from the Axin complex,
preventing phosphorylation of both Axin and B-catenin [162, 164]. In this way, Axin is
made to release B-catenin from the degradation complex, allowing for its accumulation
and translocation to the nucleus [164].

In addition to the canonical pathway described above, Wnt ligands can also
activate non-canonical pathways including PCP, JNK, cGMP/Ca®*, RAP1, ROR2, PKA,
GSK3-MT, aPKC, RYK, and mTOR [166]. Many of these pathways are activated
through the same Fz receptor and Dsh protein involved in transduction of the canonical
Whnt signal. While all Wnts are theoretically capable of initiating both canonical and non-
canonical signaling, the signal output depends on the combination of Wnt, receptors, and

other contextual factors [167].

27



Many of the components of the Wnt signaling machinery are differentially
expressed during chondrogenesis, suggesting a role in regulation of chondrogenesis.
Various Whnts, including Wnt4, Wnt5a, and Wnt14 are found in mesenchymal cells
before condensation, and then become localized to those cells surrounding the
condensation [168, 169]. These secreted Whnits likely act on the condensing mesenchymal
cells where both Fz-7 and B-catenin are expressed during condensation [168-171].
However, expression of Fz-7 and B-catenin is downregulated as chondrogenesis proceeds,
indicating that Wnt signaling may actually be detrimental to this process. The Wnt
antagonist Frzb-1 is strongly expressed in the mesenchymal condensation and early
chondrogenic cells, and may act to inhibit Wnt signaling at this early stage until the rest
of the signaling molecules can be effectively eliminated [172].

When Whnts or their receptors are overexpressed in the limb bud or in micromass
culture, the common effect is inhibition of chondrogenesis (Table 1-3). One notable
exception is Wnt5a, a non-canonical Wnt, which does not appear to have an effect on
chondrogenesis when misexpressed in chick limb bud or micromass culture, and may be
required for normal condensation in the mouse [173-175]. Ectopic expression of Wntl in
the developing mouse limb disrupts the mesenchymal condensation, and limb buds from
this transgenic mouse lack gap junction transcripts in the region of Wntl expression,
indicating that Wntl may negatively regulate condensation and subsequent
chondrogenesis via the downregulation of gap junctions [176]. Other Wnts may also
inhibit chondrogenesis by maintaining cell contacts. Overexpression of Wnt7a in
micromass culture results in the persistence of N-cadherin and NCAM at the membrane,

and inhibition of chondrogenesis [153, 173]. The dual implication of canonical Wnts and
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Table 1-3: Effects of Wnts in Developmental Chondrogenesis

Molecule System Effects on . Other Effects Reference
Chondrogenesis
Expression of RCAS-
Wr?tl in micromass No effect on i

Whntl S condensation; Inhibited [177]
cultures of chick limb hond .
mesenchymal cells chondrogenesis

Wntl Ectopic e_zxpression_ in Defective condens_ation [176]
transgenic mouse limb and chondrogenesis
Expression of RCAS- No effect on
Whnt5a in micromass condensation;

Wht5a cultures of chick limb No effect on [173]
mesenchymal cells chondrogenesis
Expression of RCAS- No effects on

Whnt5a Wnt5a in chick limb condensation or [174]
bud chondrogenesis

n Inhibited condensation;

Wht5a WntSa™ mouse Inhibited chondrogenesis [175]
Expression of Ad-

Whnt5b in micromass Enhanced condensation;

wntSh cultures of mouse limb | Inhibited chondrogenesis [178]
mesenchymal cells
Expression of RCAS- No effect on

Whnt7a Wht7a in Mmicromass condensation; Inhibited [177]
cultures of chick limb .

chondrogenesis
mesenchymal cells
Expression of RCAS- Delayed N-cadherin

Wnt7a Whnt7ain mic_roma_lss Enhanced condensation_; expression; Persistencg [173]
cultures of chick limb Inhibited chondrogenesis | of N-cadherin/p-catenin
mesenchymal cells complex at membrane

. Prolonged expression
Ejﬁt;e:sihorr;?grsrg?sf Irregular condensation; of NCAM’ N-padherln,

Whnt7a S e ". | Bl integrin; Diffuse FN; | [153]
cultures of chick limb Inhibited chondrogenesis :
mesenchymal cells Decreased expression

of TN-C
Expression of RCAS-

Whntl4 \c/\ljlr][tulris";l[ncl rflrglinl?fr?b Inhibited chondrogenesis [179]
mesenchymal cells
Expression of RCAS-

Wnt14 ?:/\Lflr]ctulris"(])pqcl r(ilrglinl?rsr?b Inhibited chondrogenesis [179]
mesenchymal cells

Wnt14 Col2al-Wntl14 mouse Inhibited chondrogenesis [168]
Expression of RCAS-

F7.7 Fz7 in micromass Inhibited condensation; Delayed or decreased [170]
cultures of chick limb Inhibited chondrogenesis | N-cadherin expression
meser:lt/:fpymal cells

tEEZ and IE:T;GLRF’,.[,).er;rQS; Ectopic chondrogenesis [180]
Implantation of Sfrp-2-

Srp-2 expressing cells in Enhanced

(Wnt [175]

antagonist)

mouse limb bud
interdigital space

chondrogenesis
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N-cadherin in regulating chondrogenesis suggests a role for B-catenin in this process as
well since it interacts with both of these.

B-Catenin negatively regulates chondrogenesis via several mechanisms. As with
Wnt, misexpression of a constitutively active B-catenin in mesenchymal cells or
chondrocyte precursors inhibits chondrogenesis [181-183]. Similarly, treatment of
micromass cultures with LiCl, which frees -catenin from degradative phosphorylation,
inhibits chondrogenesis [154]. Conversely, conditional knockout of B-catenin in early
chondrocytes results in perichondrial chondrogenesis and ectopic cartilage formation
[164, 174, 180]. In micromass cultures, B-catenin is localized in the cell-cell contacts
with N-cadherin [167]. Treatments that oppose chondrogenesis such as retinoic acid and
IL-1p preserve B-catenin and N-cadherin levels [167]. The relatively low levels of B-
catenin in the nucleus during condensation and early chondrogenesis suggests that -
catenin effects are mediated by its role in stabilizing cell adhesions, which negatively
regulate chondrogenesis. In the nucleus [-catenin may inhibit chondrogenesis by
regulating Sox9. In constitutively active B-catenin mutants, Sox9 expression is reduced
[180]. Further, the Armadillo domain of -catenin can bind directly to the C-terminal of
Sox9 resulting in their mutual degradation [174]. Elevated levels of B-catenin would
decrease levels of Sox9 and prevent Sox9-driven chondrogenesis and vice versa.
Downregulation of B-catenin is, therefore, required for chondrogenesis to proceed, and -

catenin is required to prevent chondrogenesis in Sox9-expressing mesenchymal cells.
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1.5 Chondrocyte Maturation and Endochondral Ossification

After their initial chondrogenic differentiation, chondrocytes continue to mature,
and the cartilage anlage is replaced by bone via endochondral ossification. Beginning in
the diaphysis, the center of the anlagen, the chondrocytes proliferate, mature, and
undergo hypertrophy, lengthening the cartilage element. At the primary ossification
center, structures known as growth plates, consisting of chondrocytes arranged in
sequential stages of maturation, form along the axis of the future long bone. During the
process of endochondral ossification, endothelial cells and osteoblasts from the
perichondrium invade and replace the growth plate with bone and concomitant marrow
formation. Secondary ossification centers arise at the two epiphyseal ends of the long
bone, and these growth plates persist through puberty as sites of ongoing longitudinal
growth. Eventually, the entire skeletal structure consists of bone with only the two ends
covered with a thin layer of permanent hyaline articular cartilage.

Growth plate architecture is classified in zones according to the different
functions of the chondrocytes in each zone. Beginning from furthest away from the center
of ossification are zones of resting, proliferative, pre-hypertrophic, hypertrophic, and
terminally differentiated calcified chondrocytes [184, 185]. Resting chondrocytes are
small rounded cells similar in appearance to articular chondrocytes. In the proliferative
zone, the resting chondrocytes start to divide, and the rapidly dividing chondrocytes are
packed into dense columns of flattened cells [186]. The pre-hypertrophic chondrocytes
form an intermediate zone of cells transitioning from proliferation to hypertrophy. Here,
the cells are not mitotic and assume a rounded morphology. These pre-hypertrophic cells

still express Col2, but their expression of Indian hedgehog (Ihh) marks them as having
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committed to hypertrophic differentiation [187]. In the hypertrophic zone, chondrocytes
then enlarge up to ten times their original volume and secrete a matrix consisting mainly
of Coll10 instead of Col2 [185, 186, 188]. In the zone of terminally differentiated
chondrocytes, the fully mature chondrocytes express MMP13, a collagenase capable of
digesting any remaining Col2, and ALP to initiate the process of matrix mineralization.
Ultimately, these terminally differentiated chondrocytes undergo programmed cell death,
leaving behind space for blood vessel infiltration and bone formation [185].

The signals involved in regulating the transitions to proliferating, hypertrophic,
and terminally differentiated chondrocytes are tightly regulated by transcription factors,
secreted factors, and systemic factors [184]. Important factors that manage each stage of
chondrocyte maturation are discussed below in more detail as these signals may also be

involved in the development of hypertrophy characteristics during MSC chondrogenesis.

Indian hedgehog

The reserve and proliferative zones are regulated by a negative feedback loop
involving Ihh and parathyroid hormone-related peptide (PTHrP). Ihh is expressed by pre-
hypertrophic chondrocytes and drives expression of PTHrP in periarticular perichondrial
cells and early proliferating chondrocytes [187, 189-191]. The PTHrP receptor (PPR) is
highly expressed on chondrocytes at the end of the proliferative zone that are exiting the
cell cycle [187]. PTHrP binding to its receptor prevents the differentiation of PPR-
expressing cells, thus defining a region of cells that are no longer proliferating, but have
not yet committed to a hypertrophic fate: the pre-hypertrophic, Ihh-expressing

chondrocytes [190]. As continued proliferation lengthens the proliferative zone, the cells
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at the far end of the zone are believed to be pushed beyond diffusion limit of PTHrP.
These cells no longer receive the anti-hypertrophy signal from PTHrP and become pre-
hypertrophic chondrocytes expressing lhh. Thus, expression of lhh by the pre-
hypertrophic chondrocytes serves to regulate the proliferative zone via activation of
PTHrP expression which prevents more proliferating chondrocytes from becoming pre-
hypertrophic.

In addition to its role regulating PTHrP expression, Ihh acts as a positive regulator
of proliferation. The proliferative zone in lhh”" mice lacks the organized columnar
structure of the wild type growth plate [191]. In addition, these Ihh-null mutants
demonstrate less bromodeoxyuridine (BrdU) incorporation, an indication of reduced
proliferation. Although these mice lack PTHrP, the observed effects on proliferation are
Ihh-dependent. The reduction in proliferation is also observed in Smo™®";Col2-Cre mice,
which have normal Ihh and PTHrP expression, but whose chondrocytes do not respond to
Ihh signaling [192]. Conversely, proliferation is increased when Ihh signaling is
enhanced [193]. Proliferation is also increased in Col2-lhh and Col2-caSmo mice, in
which Ihh or constitutively active Ihh targets are ectopically expressed in chondrocytes
[192]. Therefore, Ihh signaling is responsible for inducing and or maintaining
proliferation.

Ihh signaling directly targets the perichondrial cells and resting chondrocytes. Ihh
is a member of the Hedgehog (Hh) family of proteins that contain a catalytic domain in
the C-terminus which modifies the N-terminus signaling domain with lipids to generate
the active signaling molecule [194]. Activated Hhs form multimers capable of long range

diffusion, which is regulated by heparan sulfate [195]. Like the other Hhs, Ihh signals
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through the transmembrane receptors Patchedl (Ptc) and Smoothened (Smo) [196].
Binding of Ihh to Ptc relieves repression of Smo, which in turn activates the Gli family of
transcription factors to express Ihh target genes [194, 196]. In the growth plate Ptc, Smo,
and Gli3 are expressed with a decreasing gradient from the periarticular chondrocytes to
the late proliferating chondrocytes, and in the perichondrium, indicating that these cells
are the targets of Ihh [191, 195, 197]. In Ihh™ and Smo"®;Col2-Cre mice, cyclin-D1 is
noticeably downregulated in the proliferating chondrocytes [192]. Positive regulation of
proliferation by Ihh may be achieved in part by its control of cell cycle genes in the
periarticular and proliferating chondrocytes.

Ihh exerts its effects on proliferation in part via Gli3, which can act as either an
activator (Gli-A) or repressor (Gli-R), depending on post-translational modifications
[198, 199]. Proliferation is partially restored in the Ihh™;Gli3" double knockout mouse
compared to the 1hh” mouse, suggesting that in the absence of lhh, Gli3 represses lhh
target genes [197, 200]. However, there is also evidence that Gli3 acts as an activator of
Ihh target genes. Ectopic expression of Ihh in Col2al-expressing chondrocytes results in
an increase in proliferation, but this effect is abolished in the absence of Gli3 [197]. Thus,
in the presence of Ihh, Gli3 acts as a transcriptional activator. In the growth plate, Gli3 is
highly expressed in the periarticular chondrocytes with a decreasing gradient through the
proliferative zone [197, 201], and the distribution of Gli3 isoforms changes along this
gradient. Gli-R is the dominant type in the periarticular cells and decreases toward the
prehypertrophic zone, while Gli-A stays relatively constant throughout the proliferative
zone [199]. The transition from Gli-A to Gli-R is negatively regulated by Hh signaling,

so there is more Gli-R further from the pre-hypertrophic zone, the source of Ihh [199]. By
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converting Gli-R to Gli-A, Ihh signaling not only relieves transcriptional repression of
proliferation, but activates it as well. This suggests that the diffusion limit of Ihh defines
the region at which cells switch from the GIli-R resting chondrocytes to Gli-A

proliferating chondrocytes.

FGFRs

Fibroblast-like growth factor receptors (FGFRs) are differentially expressed in
skeletal development. FGFR1 and FGFR2 are highly expressed in the mesenchymal
condensation and become confined to the perichondrium when the chondrocytes begin to
mature [202]. FGFR3 is expressed in the resting and proliferative zones during
embryonic development [203]. Activating mutations in FGFR3 causes varying degrees of
dwarfism in mammals in which the size of the proliferative zone is noticeably reduced
[204-206], and studies suggest that this is because activation of FGFR3 negatively
regulates proliferation [204, 207-210]. Conversely, FGFR3” mice demonstrate skeletal
overgrowth, though this phenotype has not been directly correlated with increased
proliferation [211]. Beyond the proliferative zone, FGFR1 is found in hypertrophic
chondrocytes where it is also negatively regulates proliferation [206]. Differences in the

effects of FGFR1 and FGFR3 are likely maturation-stage dependent.

IGF-1 and Growth Hormone
Insulin-like growth factor (IGF)-1 and growth hormone (GH) interact to regulate
growth, as well as exerting independent effects on proliferation. While GH regulates

postnatal elongation of the long bones in part through IGF-1, IGF-1 has its own effects

35



before the onset of GH-driven growth. IGF-17 and IGF-1 receptor (IGF-1R)” mutants
are born with visible skeletal shortening [212]. After birth, these mice have an enlarged
zone of resting chondrocytes, indicating that IGF-1 may be required for these cells to
enter the proliferative phase, although the numbers of proliferating chondrocytes are
unchanged [213]. Other studies suggest, however, that IGF-17" dwarfism derives from
defective chondrocyte hypertrophy [214]. The effects of GH, meanwhile, are better
defined. Mice lacking the GH receptor (GHR) have clearly reduced numbers of
proliferating chondrocytes [213], while infusion of GH directly into the growth plate
increases the number of proliferating cells [215]. There is evidence that IGF-1 is partially
responsible for mediating the effects of GH as GH elevates the level of IGF in the growth
plate [216] and IGF-1-treated hypophysectomized rats and GHR™ mice have an increased
proliferative zone compared to their respective controls [217, 218]. These factors also
interact with the Ihh-PTHrP feedback loop to regulate chondrocyte proliferation [219,

220].

Runx2

Runt-related transcription factor 2 (Runx2) is a transcription factor also known as
core binding factor al (Cbfal) or osteoblast-specific transcription factor 2 (OSF2). It is
known primarily for its role in positively regulating osteogenesis, but also plays a role in
regulating chondrocyte hypertrophy. During endochondral ossification Runx2 is found in
the perichondrium, where it drives the differentiation of these cells into the osteoblasts of
the bone collar [221-224]. In the absence of Runx2 there is no bone formation [225].

Runx2 is also expressed in proliferating, pre-hypertrophic, and hypertrophic chondrocytes
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with increasing expression with maturation, suggesting an additional role in these cells
[221-224]. Runx2”" mice lack or have severely delayed hypertrophy [222, 223, 226],
while restored expression of Runx2 in chondrocytes within Runx2”™ mice restores normal
hypertrophy [221]. Expression of a viral Runx2 construct in limb bud chondrocytes leads
to accelerated hypertrophy [224], and misexpression of Runx2 in chondrocytes results in
hypertrophy and mineralization of chondrocytes in the rib cartilage and trachea, which do
not normally terminally differentiate [221]. Runx2 is thus required for hypertrophy.
Runx2 induces hypertrophy in immature chondrocytes, suggesting that in the
absence of other signals Runx2 is sufficient to foster chondrocyte maturation [227].
Runx2 achieves this in part by driving expression of genes associated with hypertrophy.
Runx2 contains a runt DNA-binding domain and three transactivation domains: a
glutamine/alanine (Q/A) rich domain, one in the N-terminus, and one on the C-terminus
side of the DNA-binding domain [228]. Runx2 binds to sequences in the Ihh promoter
[229], the Col10 promoter [230, 231], the MMP13 promoter [232], and the BSP promoter
[233], and is capable of transcriptional activation of these genes. Runx2”~ chondrocytes in
which hypertrophy is delayed or prevented do not express these genes [222].
Furthermore, the DNA-binding domain is required for the effects of Runx2 on
hypertrophy [221, 224]. This suggests that Runx2 regulates hypertrophy by

transcriptional activation of genes associated with maturing chondrocytes.

Sox9
While its role as a chondrogenic induction factor is the best characterized, Sox9 is

also required for the proper progression of chondrocyte maturation. Sox9 is gradually
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downregulated as chondrocytes mature [234], and its expression is completely absent in
terminal chondrocytes [130]. However, Sox9 remains essential to the maturation process.
Heterozygous Sox9 mutants have serious skeletal defects including a widened zone of
hypertrophic chondrocytes [235]. When Sox9 is expressed under the control of the
Col2al promoter in these mutants, the hypertrophic zone is rescued, indicating a
regulatory role for Sox9 in these cells [182]. Conditional knockout of Sox9 in resting and
proliferating chondrocytes abolishes the normal progression of chondrogenesis. Instead,
mutant resting cells dedifferentiate and undergo apoptosis. Mutant proliferating cells
bypass the cell growth and Col10 deposition phases, and transition directly to a terminal
state expressing MMP13 and BSP and mineralizing the extracellular matrix [132, 236].
These findings demonstrate that precise spatiotemporal control of Sox9 is required for
normal chondrocyte maturation.

Sox9 regulates the induction of Col10 expression that characterizes hypertrophy.
Sox9 is able to bind to and activate the Col10al promoter, and conditional ablation of
Sox9 from proliferating chondrocytes prevents Col10al expression entirely [132, 236].
Col10al expression reaches wild type levels in Col2al-Sox9 knock-in mutants, but
terminal differentiation is significantly impaired [182]. Therefore, while Sox9 positively
regulates Coll0al expression, it negatively regulates the other aspects of terminal
differentiation.

Sox9 is thought to act opposite Runx2 in maturing chondrocytes. Elevated levels
of Sox9 promote degradation of Runx2 in HEK293, while conditional ablation of Sox9 in
chondrocytes results in elevated levels of Runx2 [236-238]. In chick embryos infected

with Sox9 retrovirus, cartilage nodules form in typical bone domains and chondrocyte
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hypertrophy is severely delayed or, in some cases, prevented [238]. Infection with Runx2
retrovirus causes resting cartilage to undergo hypertrophy. In light of their respective
effects in regulating chondrogenesis and hypertrophy, it follows that the balance between
Sox9 and Runx2 interacts to direct chondrocyte maturation. This transition occurs at the
beginning of hypertrophy. Wnt/B-catenin signaling may be involved here as well. Since
B-catenin regulates levels of Sox9 [182] and Runx2 [231], increased signaling would

favor Runx2 and the hypertrophic phenotype.

PTHrP

PTHrP was introduced above in the context of regulating the proliferative zone,
which it achieves by negatively regulating hypertrophy. As described previously, PTHrP
is expressed in periarticular chondrocytes and in the perichondrium [189, 190] and
diffuses outward to bind its receptor PPR, which is expressed throughout the proliferative
zone and most highly in the pre-hypertrophic transition region between the proliferative
and hypertrophic chondrocytes [190, 239]. Receptor binding activates a number of
intracellular signaling pathways that alter gene expression. In the absence of PTHrP
signaling, chondrocytes undergo accelerated hypertrophy. PTHrP™ mice have short limbs
due to accelerated hypertrophy of the proliferating chondrocytes [240-242] and PPR™
chondrocytes also experience accelerated hypertrophic differentiation [241]. Conversely,
addition of PTHrP to mouse limbs in culture prevents hypertrophic differentiation [241],
and activation of PTHrP signaling as in Col2-PTHrP and Col2-caPPR systems results in
delayed chondrocyte hypertrophy [243, 244]. These findings highlight the importance of

PTHTrP in regulating the transition from proliferation to hypertrophy, but do not define
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whether the role of PTHrP is to maintain proliferation of dividing chondrocytes or
actively prevent their hypertrophic differentiation.

Observations of abnormal hypertrophy when PTHrP signaling is disrupted
suggest that PTHrP does indeed negatively regulate hypertrophy. In PTHrP knockouts,
hypertrophy is observed in chondrocytes that do not typically mature. PTHrP”" mice
exhibit hypertrophic differentiation of rib cartilage chondrocytes [240], and Ihh”";PTHrP"
" double knockouts have hypertrophic chondrocytes present in the growth plate near the
articular surface [242]. Additionally, when PTHrP signaling is interrupted in proliferating
cells, they undergo premature hypertrophy. In PPR” chimeras, mutant cells in the
proliferative zone differentiate into hypertrophic chondrocytes [245], and similarly, in
PPR"";Osteocalcin-Cre mice, chondrocytes missing PPR undergo hypertrophy in the
proliferative zone [193]. While the zone of proliferating chondrocytes is extended in both
PPR mutants, this is due to misexpression of Ihh in the proliferative zone. In PPR"";Ihh™"
;Ost-Cre mice expansion of the proliferative zone is eliminated because the prematurely
hypertrophic cells no longer produce Ihh [193]. Thus, Ihh is responsible for maintaining
proliferation, while PTHrP prevents hypertrophy.

PTHTP inhibits hypertrophic differentiation in part by its interaction with Runx2.
The delayed hypertrophy observed in Runx2”™ mice is rescued in Runx2”";Col2-Runx2
mice, and PTH treatment abrogates this rescue [226]. PTHrP decreases expression of
Runx2 at the levels of both transcription and translation, and this decrease is specific to
chondrocytes [226, 246, 247]. Inhibition of Runx2 is sufficient to prevent hypertrophy as

described in the previous section. However, PPR activation delays hypertrophy even
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when it cannot downregulate Runx2 expression, suggesting that PTHrP regulates

hypertrophy by another mechanism as well [226].

Thyroid hormones

Thyroid hormones are known to regulate postnatal skeletal growth. In addition to
other symptoms, hypothyroidism slows skeletal growth while hyperthyroidism
accelerates growth and growth plate fusion [248]. Thyroidectomy in mice causes growth
retardation that is partially rescued with administration of thyroxine (T4) [219]. T4 is a
prohormone produced by the thyroid, which is converted to the active triiodothyronine
(T3) in its target tissues [249]. There is evidence that the growth plate is a target of
thyroid hormones. Both isoforms of T3 receptor (TR), TRa and TR, are expressed in
resting and proliferative chondrocytes in the growth plate and in osteoblasts, but not in
hypertrophic chondrocytes [250]. Further, T4 treatment of thyroidectomized rats have a
more organized growth plate than their hypothyroid counterparts [219], indicating that
the growth plate is a likely target of T3 action. T3 inhibits proliferation of growth plate
chondrocytes [250] and causes them to transition to hypertrophy. Treatment of organ
cultured mouse tibias with T3 results in an increased zone of hypertrophic chondrocytes
[249]. Increased cell diameter, ALP activity, Coll expression in growth plate
chondrocytes treated with thyroid hormones validates that these cells are undergoing
hypertrophy [219, 250, 251]. These effects are observed in micromass culture as well; T3
inhibits proliferation and enhances hypertrophy [252]. Hypothyroid rats have enhanced
PTHrP expression throughout their proliferative zone [219], indicating that thyroid

hormones may act in part via negative regulation of PTHrP.

41



The TGF-4 Superfamily

The TGF-B superfamily has multiple roles in regulating chondrocyte maturation.
During the differentiation process, TGF-Bs are expressed in the perichondrium and in
hypertrophic cartilage [141]. The target cells of these signals are the proliferating and
hypertrophic chondrocytes, which express ALK5 and TGF-BRII. Overexpressing or
ablating various components of the cascade indicates that TGF--Smad signaling inhibits
hypertrophy and terminal differentiation (Table 1-4). One mode of action is via
repression of Runx2; TGF-p signaling recruits HDACs 4 and 5 to the Runx2-Smad3
complex, where they can repress Runx2 function [253, 254]. TGF-B also increases
expression of PTHrP [255].

Various BMPs are also expressed in the perichondrium as well as in proliferating
and hypertrophic chondrocytes, but the effects on proliferation are unclear. Proliferation
is dramatically reduced in the limbs of BMP2” mice [256], while BMPs 2, 4, and 6
inhibit proliferation in cultured growth plate chondrocytes [257]. Treatment of mouse
limb explants with BMP-2 increases proliferation, while treatment with Noggin inhibits
proliferation, even in the presence of 1hh [258]. Expression of a dominant negative ALK6
should have a similar effect to Noggin treatment since it antagonizes BMP signaling, but
instead leads to increased proliferation in cultured growth plate chondrocytes [159].
Further, BMP-2 treatment cannot overcome the block in proliferation caused by depleted
Ihh signaling [258]. Since the effects of BMP on chondrocyte proliferation depend
heavily on context, its signaling must be tied to receptor expression and interaction with

other pathways.
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Table 1-4:

Effects of TGF-p Superfamily in Chondrocyte Maturation

Molecule | System Effects on Other Effects Reference
Hypertrophy
GF treatment of micromass
TGF-B1 cultures of mouse limb Inhibited hypertrophy [259]
mesenchymal cells
GF treatment of mouse Inhibited proliferation; | Increased PTHrP
TGF-pI metatarsal Inhibited hypertrophy expression [255]
TGF-B . Accelerated
type Il !Expressmn of DN-TGFBRII hypertrophy: Ectopic Increasgd lhh [260]
in skeletal precursors expression
receptor hypertrophy
Expression of RCAS- .
Smad2/3 Smad2/3 in immature chick Reduced CoIlOal_, . [143]
Reduced ALP activity
chondrocytes
Expression of RCAS-DN- .
Smad2/3 Smad3 in immature chick Increased CoIlOa-l,_ [143]
Reduced ALP activity
chondrocytes
Immature Smad3” mouse Reversed by
Smad3 chondrocytes Increased Col10al overexpression of [261]
Smad2 or Smad3
Smad3 smad3® mouse Accelerated Ectopic hypertrpphy [259]
hypertrophy in articular cartilage
. Enhanced proliferation;
BMP-2 ﬁglfiﬁaetmﬁ?;é’;féﬁ'ffﬁb” No effect on [258]
hypertrophy
BMP-2 No effect on
and BMP- | Bmp2*";Bmp6™ mouse [262]
6 hypertrophy
. Inhibited pre-
Expression of RCAS-CA-
ALK3 ALK3 in chick limb bud hypertrophy and [157]
hypertrophy
Expression of RCAS-DN- No effect on
ALK3 ALK3 in maturing chick hvoertroph [159]
chondrocytes yP pny
Expression of RCAS-DN- - )
ALKG ALKG® in maturing chick Inhibited hype_rtrophy, [159]
Enhanced proliferation
chondrocytes
ALKG6 ALK6” mouse Inhibited proliferation [263]
BMP tvpe Expression of RCAS-DN- Strongly inhibited
yp BMPRII in maturing chick hypertrophy; Enhanced [159]
Il receptor X .
chondrocytes proliferation
Noggin . Inhibited proliferation;
(BMP GF treatment of_chl_ck and Accelerated [258]
. mouse embryonic limb
antagonist) hypertrophy
Smad7
(Smad 11Enh-Smad7 mouse Inhibited proliferation [145]
antagonist)
Smad7
(Smad 11Prom-Smad7 mouse Inhibited hypertrophy [145]
antagonist)
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BMP receptors are differentially expressed in the growth plate, and are
responsible for discrete effects of BMP signaling on both proliferation and hypertrophic
differentiation (Table 1-3). ALK®6 is distributed throughout the growth plate, ALK2 is
localized to resting and proliferating chondrocytes, and ALK3 is found in later
proliferating and hypertrophic chondrocytes. The differential expression of these
receptors through the growth plate indicates varying roles for BMPs in the maturation
process. BMP signaling through ALK6 negatively regulates proliferation [159], while
signaling through ALK3 and ALKG6 coordinate to regulate hypertrophy. Activation of
ALKS in chick limb bud leads to inhibition of hypertrophy in the developing limb bud
[157], while inhibition of ALKG6 inhibits hypertrophy [159, 264]. The relative

concentrations of ALK3 and ALKG® likely determine the maturation of the chondrocytes.

S-Catenin and the Canonical Wnt Pathway

The differential distribution of Wnts and Wnt receptors in the growth plate belies
their significance in regulating chondrocyte maturation. Wnt5a, Wnt5b, and Wnt11 are
expressed in diaphyseal chondrocytes transitioning from prehypertrophy to hypertrophy
[169, 265, 266]. Wnt4 is expressed in hypertrophic chondrocytes and Wnt5a is also
expressed in the adjacent perichondrium [266]. Fz-1 is strongly expressed in the
perichondrium surrounding the pre-hypertrophic zone, and Fz-7 is expressed in
proliferating chondrocytes [169]. High levels of Tcf-4 are detected in pre-hypertrophic
and hypertrophic chondrocytes, and Lef-1 is elevated in the perichondrium surrounding
the pre-hypertrophic zone [169]. Overexpression of various Wnts in maturing

chondrocytes generally leads to accelerated hypertrophy (Table 1-5). The exceptions to
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Table 1-5: Effects of Wnts in Chondrocyte Maturation

Molecule System Effects on Other Effects Reference
Hypertrophy
Wnt3a GF treatment of growth | Enhanced [234]
plate chondrocytes hypertrophy
Wnt4 Col2al-Wnt4 mouse Disorganized growth | Decreased proliferation [267]
plate; Accelerated
hypertrophy
Whnt4 Expression of RCAS- Accelerated Increased domain of lhh; | [266]
Whnt4 in chick limb bud | hypertrophy Increased distance
between PPR-expressing
domains; Increased Lef-1
expression
Whntb5a Expression of RCAS- Inhibited Continuous expression of | [169]
Wnt5a in chick limb hypertrophy PPR
bud
Expression of RCAS- Delayed
Whntba Whnt5a in chick limb chondrocyte [174]
bud maturation
Whnt5a Wnt5b™ mouse E elayed [265]
ypertrophy
Expression of Ad-
Wnt5b in micromass Inhibited
Wnt5b cultures of mouse limb | hypertrophy [178]
mesenchymal cells
Whntsb Col2al-Wnt5h mouse Ee'ayed [265]
ypertrophy
Wnt9a Wnt9a™ mouse Delayed [268]
chondrocyte
maturation
Retroviral transfection Enhanced
Wntl14 of mature growth plate hvoertroph [181]
chondrocytes yP pny
Whntl4 Col2al-Wnt14 mouse ,:\ccelerated [168]
ypertrophy
Frizzled-1 and | Expression of RCAS- Inhibited pre- Decreased expression of | [169]
Frizzled-7 DN-Fz1 or RCAS-DN- | hypertrophy and Ihh; Decreased PPR
Fz7 in chick limb bud hypertrophy domain
LRP5 and LRP6™;Dermo1- Inhibited 180
LRP6 Cre;LRP” mouse hypertrophy [180]
Frzb-1 (Wnt Expression of RCAS- Inhibited [269]
antagonist) Frzbl in chick limb bud | hypertrophy

this pattern are the non-canonical Wnt5a and Wnt5b, which actually inhibit hypertrophy.

That the canonical Wnts all promote hypertrophy suggests that p-catenin is responsible
for this effect.
B-Catenin mutations cause severe growth plate defects. Ctnnb1%™*:Col2al1-Cre

mice lack an organized growth plate and have short limbs. When the newly differentiated
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chondrocytes begin expressing constitutively active p-catenin they stop maturing, so no
organized growth plate is formed to direct chondrocyte maturation [181, 182]. When
constitutively active B-catenin is misexpressed in more mature chondrocytes or in the
already formed growth plate, the zone of hypertrophic chondrocytes is expanded, and
more Col10 and mineral is deposited, indicating that B-catenin promotes hypertrophy and
endochondral ossification [169, 236]. More specifically, the more immature chondrocytes
closer to the epiphysis undergo dedifferentiation to a mesenchymal cell type, and the
more mature chondrocytes in the diaphysis experience accelerated ossification [181]. The
rapidly ossifying cells overrun the growth plate resulting in short limbs. In
Ctnnb1":Col2al-Cre mice, the limbs are also severely shortened, although this is
caused by inhibition of proliferation and delayed hypertrophy rather than premature
ossification [168, 182, 270]. When Ctnnbl is conditionally knocked out of all skeletal
progenitors, osteoblasts fail to form and the perichondrial cells differentiate into
chondrocytes instead [168, 271].

Unlike its cadherin-stabilizing role in inhibiting chondrogenesis, in the growth
plate B-catenin promotes chondrocyte hypertrophy via transcriptional activation of target
genes. Overexpression of constitutively active B-catenin in the growth plate accelerates
chondrocyte differentiation, increasing MMP13 and VEGF expression in mature
chondrocytes and diminishing expression of Col10al [181]. In monolayer cultures of
mature chondrocytes, overexpression of [B-catenin results in upregulation of Runx2,
Col10a1, and ALP [231]. Runx2 [231, 234], ALP [272], MMP13 [273], and VEGF [274]
all contain consensus TCF/LEF binding sites in their promoters while Col10al does not.

Therefore, while many hypertrophy-associated genes can be regulated directly by f-
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catenin signaling, Col10 cannot. B-catenin upregulation of Col10al depends on Runx2;
when the Runx2 binding site in the Col10 promoter is mutated, the upregulation of Col10
is eliminated [231]. This also explains why Col10 is not always upregulated by B-catenin.
In immature chondrocytes lacking Runx2, there is no expectation of increased Col10
expression. In addition, Col10 is downregulated in the final stages of terminal
differentiation in the presence of both Runx2 and (-catenin, so its regulation necessarily
involves other factors as well [181]. Finally, B-catenin treatment also increases Lef-1,
indicating positive feedback for continued signaling [168, 169].

B-Catenin overlaps with the Ihh/PTHrP signaling axis during chondrocyte
hypertrophy through their dual regulation of Runx2. The delayed hypertrophy observed
in PB-catenin conditional knockouts is turned into accelerated hypertrophy in
Ctnnb1":Col2al-Cre;PTHrP”" double mutants, suggesting that the effects of Wnt
signaling can be overwhelmed by PTHrP activity [270]. Similarly, even though
constitutively active Thh signaling increases B-catenin signaling activity, hypertrophy is
delayed due to increased PTHrP [275]. Loss of B-catenin signaling under these conditions
further delays hypertrophy [276], indicating that PTHrP and B-catenin have independent

roles in regulating hypertrophy, even though they share a common target in Runx2.

1.6 Osteoarthritis

Osteoarthritis is termed as such because it is characterized by inflammation
(“itis”) affecting the joints (“arthros”) and underlying bone (“osteo”). Inflammatory
markers have been identified in osteoarthritic joints, but the progressive cartilage

degeneration of OA can begin in the absence of inflammation. Unlike the smooth surface
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of healthy articular cartilage, the surface of OA cartilage is fibrillated or contains lesions
or fissures [277]. Early on, the tissue swells, and there is substantial loss of matrix PGs.
At this early stage, the chondrocytes become metabolically active in an attempt to repair
the damaged extracellular matrix [278]. As the disease progresses the articular cartilage is
similarly eroded from the top down, and vascular channels breach the tidemark from
below [50]. The chondrocytes proliferate, become hypertrophic, and/or die [279, 280]. In
severe OA, the articular surface is completely denuded of cartilage, and fibrocartilage or
osteophyte formation is present [49, 277]. The degraded, bony articular surface is unable
to move smoothly or bear mechanical loads, leading to pain and loss of joint function.
Since the hallmark of OA is cartilage degeneration, it follows that aggrecanases
and collagenases would be involved in the pathology of OA. A Disintegrin and
Metalloproteinase with Thrombospondin Motifs (ADAMTS)-4 and ADAMTS-5, or
aggrecanase 1 and aggrecanase 2, respectively, and MMP13 are upregulated in OA
chondrocytes [281-283]. ADAMTS-4 and 5 cleave aggrecan at glutamine (E) residues
B33, EP®, EMM E™, and E'Y, and fragments of aggrecan cleaved at these sites are
detected in OA cartilage and synovial fluid [284, 285]. ADAMTS-5 knockout mice, but
not ADAMTS-4 knockouts, are more resistant to induced OA, and explants release less
PG from the tissue when cultured [284, 286]. In human explants, both ADAMTS-4 and
ADAMTS-5 siRNA inhibit the release of GAG from cartilage explants [285]. MMP13 is
also known as collagenase 3, and its preferred substrate is Col2. In MMP13 knockout
mice the severity of induced OA is reduced [287], whereas Col2-MMP13 mice develop
spontaneous focal lesions and GAG loss compared to wild type [288]. These studies

illustrate that ADAMTS-4/5 and MMP13 contribute to the disease progression of OA.
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OA shares many features with endochondral ossification. The OA cartilage matrix
is degraded, mineralized, and vascularized, and the chondrocytes undergo a process
similar to the proliferation-hypertrophy-terminal differentiation-apoptosis sequence
observed in endochondral ossification [289]. OA chondrocytes have an increased
proliferation capacity [290] and increased expression and secretion of Ihh targets [291],
Runx2 [292], Col10 [278, 293], ALP [280], and MMP13 [282, 294, 295]. It is likely that
many of the same signals that regulate chondrocyte maturation are also at work in the
propagation of OA. Activation of Ihh or the B-catenin pathway in articular chondrocytes
causes OA in mice [291, 296, 297], while mice that are unresponsive to TGF-f signaling
develop spontaneous OA [259, 260]. Haploinsufficiency of Runx2 protects mice from
induced OA [292], and overexpression of Runx2 aggravates it [298]. Ihh, Runx2, and B-
catenin signaling are not active in articular cartilage, but are upregulated in OA [291,
292, 296], and TGF-B is downregulated in chondrocytes found in osteophytes [299].
These data suggest that the advancement of OA is aided by deregulation of normal
articular chondrocyte signaling.

The initial cause of OA is unknown and probably varies by individual, but
collagen and PG fragments released from the matrix when cartilage degeneration begins
initiate a feedback loop that sustains the aberrant chondrocyte phenotype. Collagen and
PG fragments have been shown to induce MMP and ADAMTS secretion in chondrocytes
[300-304]. The chondrocyte response to tissue damage should be to produce more
extracellular matrix, which does happen during early OA, but the anabolic response
driven by TGF-B is eventually overwhelmed by the increase in catabolic enzymes leading

to further degradation. TGF-B signaling is also itself altered due to shifts in TGF-p
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receptor expression in OA; an increasing ALKI/ALKS5 ratio is observed in
experimentally induced OA [142]. The resulting switch from Smad2/3 activation to
Smad1/5/8 activation mediates increased MMP13 expression [142, 254]. In addition,
Col2 fragments induce the production of the pro-inflammatory cytokines TNF-a and IL-
1B [300, 305, 306]. These cytokines in turn cause chondrocytes to upregulate MMPs and
ADAMTS [285, 295, 307-309], generating a positive feedback loop of cartilage
degradation and inflammation. The B-catenin signaling pathway is also sensitive to
matrix fragments. Upon treatment with papain or collagenase, the number of -catenin
positive cells in articular cartilage is increased [297]. The change in B-catenin localization
is reflected in OA,; there is virtually no B-catenin present in normal cartilage, but it is
widespread in OA tissue [310]. In articular chondrocytes, overexpression of B-catenin
leads to increased expression of MMPs and ADAMTS [310]. Since activation of B-
catenin signaling in chondrocytes is also associated with hypertrophy, it may play a
similar role in the pathogenesis of OA after the initial degradation event.

The subchondral bone is another rich source of signals that may aggravate OA.
Healthy articular cartilage is impervious to vascularization, but OA chondrocytes express
VEGF with increasing OA severity, which correlates with vascular invasion [50, 311-
314]. Breaching of the tidemark by vascular channels brings an influx of signals from the
underlying bone into the previously sequestered cartilage. Co-culture with osteoblasts
causes chondrocytes to downregulate expression of Sox9, Col2, and Aggrecan, and
increase expression of Col10, Runx2, MMP13, and ALP as well as matrix mineralization

[315-317]. Therefore, vascular invasion may serve to establish another positive feedback
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loop via an influx of factors that promote hypertrophic differentiation of chondrocytes

leading to further vascular invasion and the advancement of OA.

1.7 Hypothesis and Aims

Regulation of the chondrocyte phenotype depends on the complex interaction of
the physical and biological factors described above and more. Many of these regulatory
factors are also involved in directing MSC chondrogenesis. Two of the most commonly
used parameters to experimentally induce MSC chondrogenesis studies are 3D cultures
and medium containing TGF-p. Morphology is an important physical regulator of the
chondrocyte phenotype as chondrocytes dedifferentiate in monolayer culture [27]. In
vivo, the TGF-p superfamily promotes the chondrocyte phenotype, opposes hypertrophy,
and its signaling is deregulated in pathological conditions [143, 260, 318]. That these
factors regulate articular chondrocytes is used as a gquiding principle in MSC
chondrogenesis with great success, but the resulting engineered tissues are cannot be used
to replace articular cartilage as MSC chondrogenesis also features aspects of maturing
and/or diseased chondrocytes. Therefore, it is thus necessary to manipulate other factors
in the interest of better controlling the chondrogenic MSC phenotype. Different
combinations of growth factors have been proposed to improve MSC chondrogenesis and
restore the proper phenotype in diseased articular cartilage [319-321]. The main focus of
this work is to identify additional factors that can be used to this end. Our selection of
factors was inspired by those that regulate the chondrocyte phenotype in vivo.

Hydrostatic pressure is a force unique to articular cartilage. High joint contact

forces are resisted by fluid pressure in the highly hydrated cartilage tissue. Compression
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and shear forces are present in cartilage during joint loading as well, and reinforce the
chondrocyte phenotype in chondrocytes. However, these forces are also present in other
tissues, so their role in cells undergoing chondrogenesis will depend heavily on other
factors. Physiologic levels of hydrostatic pressure increase synthesis of cartilage matrix
components in both chondrocytes and MSCs, but little is known about its effects on
hypertrophic differentiation [61]. In a mathematical model of intermittent joint loading,
hydrostatic pressures were shown to promote chondrocyte maintenance, while shear and
tensile stresses favored terminal differentiation and endochondral ossification [322].
Therefore, hydrostatic pressure may very well prevent differentiation in MSCs as well.

At the convergence of developmental chondrogenesis, endochondral ossification,
and OA is the Wnt/B-catenin signaling pathway. After the initial condensation event, -
catenin negatively regulates chondrogenesis and positively regulates hypertrophy. B-
Catenin signaling is virtually absent in articular cartilage, but is present at high levels in
mesenchymal precursors. MSCs in pellet culture share many features in common with
mesenchymal cells from their initial high density to their hypertrophic response to TGF-$
withdrawal and T3 supplementation [323]. However, B-catenin signaling has not been
characterized in chondrogenic MSCs. If MSCs continue to express p-catenin during
chondrogenic culture, they could be predisposed to hypertrophy. Further, TGF-p
increases B-catenin signaling in monolayer MSCs, so the CM may actually promote
hypertrophy in MSCs [324]. This signaling pathway is a promising target for modulating
MSC chondrogenesis.

Many of the factors involved in regulating chondrocytes could be targets for

improving MSC chondrogenesis. Of the factors discussed, hydrostatic pressure and p-
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catenin are notable regulators of the articular chondrocyte phenotype, because of their
specificity; hydrostatic pressure because it is the dominant load modality in cartilage, and
[-catenin signaling because of its absence in articular chondrocytes. The hypothesis of
this work is that MSC chondrogenesis can be regulated by the same regulatory
mechanisms as articular chondrocytes. Specifically, that hydrostatic pressure will
promote chondrogenesis and suppress hypertrophy, and B-catenin signaling will inhibit
chondrogenesis and promote hypertrophy. To address this hypothesis, we have

undertaken the following aims:

Aim 1: Characterize the temporal profile of chondrogenic differentiation in pellet
cultures of MSCs (up to 21 days) to identify biological patterns in comparison to
those in cartilage development.

a. Chart the expression of chondrogenic genes and cartilage matrix deposition.

b. Map the expression of hypertrophy genes and hypertrophic matrix deposition.

Cc. Assess the expression of non-chondrogenic genes.

Aim 2: Determine the effects of cyclic hydrostatic pressure on MSC chondrogenesis
and intracellular signaling.
a. Evaluate differences in the development of chondrogenic and hypertrophy
characteristics due to hydrostatic pressure.
b. Determine differences in phenotype regulation by different loading regimes in
order to better understand the mechanobiology of chondrogenic MSCs at

different stages of differentiation.
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c. ldentify mechanosensitive transcription factors that mediate the effects of

hydrostatic pressure.

Aim 3: Identify changes in B-catenin expression during MSC chondrogenesis.
a. Determine changes in [3-catenin transcription.
b. Identify differences in B-catenin activation.
c. Localize the subcellular distribution of f-catenin in the membrane, cytosol,

and nuclear compartments.

Aim 4: Assess the functional role of p-catenin-mediated gene transcription in the
development of hypertrophy in chondrogenic MSC pellets.
a. Suppress p-catenin signaling, and determine its effects on hypertrophy.

b. Activate 3-catenin signaling, and determine its effects on hypertrophy.

The global aim of this work is to identify regulatory elements in MSCs that can be
exploited in tissue engineering and regenerative medicine approaches. If hydrostatic
pressure and B-catenin are capable of regulating MSC chondrogenesis, these factors could
be incorporated into tissue engineering protocols or adapted to modify OA chondrocytes

and MSCs in diseased joints.
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Chapter 2 Materials and Methods

MSC lIsolation

MSCs were isolated from human trabecular bone on the basis of tissue culture plastic
adherence. Femoral heads from male and female patients between the ages of 47 and 71
years who had undergone total hip arthroplasty were collected in accordance with
Internal Review Board policies at the National Institutes of Health and the University of
Pittsburgh. Loose trabecular bone was cored out of the femoral head and placed in a
collection dish. The remaining trabecular bone was then flushed from the femoral head
with rinsing medium (RM; Dulbecco’s Modified Eagle’s Medium with 4.5 g/ D-
glucose, L-glutamine, and 110 mg/L sodium pyruvate (DMEM; Gibco) and Antibiotic-
Antimycotic (AA; Gibco)) using a 16 or 18 gauge hypodermic needle to wash any
remaining marrow into the collection dish. The loose trabecular bone was minced to
release its marrow into the RM, and the RM-marrow mixture was filtered through a 40
pm sterile mesh filter into conical tubes. The remaining trabecular bone chips were
washed with RM and filtered into conical tubes. The tubes were centrifuged for 5 minutes
at 300g to produce a cell pellet, the supernatant was aspirated, and the cells were rinsed in
RM. The cells were centrifuged and rinsed a second time, and then suspended in
expansion medium (EM; a-MEM (Gibco), 10% MSC fetal bovine serum (FBS; Gibco),
AA, and 1 ng/mL fibroblast growth factor 2 (FGF2;R&D Systems)). After setting aside
cells for colony forming assays to test their clonal capacity and differentiation assays to
test their multilineage potential, the remaining cells were divided into two 150 cm? tissue

culture-treated polystyrene flasks and cultured under the standard culture conditions
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described below. After 3-4 days, non-adherent cells were rinsed away with phosphate

buffered saline (PBS; Gibco). Adherent cells were defined as passage 1 (P1) MSCs.

MSC Culture and Passaging

MSC cultures were maintained in a humidified incubator at 37°C with 20% O, and 5%
CO,. EM or growth medium (GM; DMEM, 10% FBS, AA) was supplied to MSCs at
0.15 mL/cm? and replaced every 4-5 days. Upon reaching 80% confluence, MSCs were
washed with warm PBS and treated with 30 plL/cm? of warm 0.125% trypsin-EDTA
(Gibco) for 2 minutes at 37°C followed by mechanical agitation. The trypsin was
neutralized with an equal volume of GM, and the resulting cell suspension was
centrifuged at 200g for 5 minutes to form a pellet. The supernatant was aspirated and the
MSCs were suspended in GM. 3,000 cells/cm? MSCs were plated at the next passage (P2,
P3, or P4) in GM and returned to standard culture conditions. At this stage, MSCs could

also be put into frozen storage or made into pellets.

MSC Storage

For long-term storage, MSCs were cryogenically frozen in liquid nitrogen. 1 x 10°
MSCs/mL were suspended in Recovery Cell Culture Freezing Medium (Gibco) and
aliquoted into cryogenic vials. The vials were slowly frozen overnight at -80°C in a Mr.
Frosty freezing container (Nalgene) and transferred to a CryoPlus storage unit (Thermo
Scientific). To recover frozen cells for use, vials were warmed in a 37°C water bath until

the suspension was just thawed, about 1 minute. 3,000 cells/cm?® were plated at the next
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passage in 0.15 mL/cm? room temperature GM and returned to standard culture

conditions.

Chondrogenic Differentiation

Chondrogenic differentiation of MSCs was performed in pellet culture. To form pellets,
MSCs were first suspended in chondrogenic differentiation medium (CM; DMEM, AA,
ITS+ Premix Universal Culture Supplement (BD Biosciences), 50 pg/mL ascorbic acid
(Sigma), 40ug/mL L-proline (Sigma), 0.1 uM water soluble dexamethasone (Sigma), and
10 ng/mL recombitant human TGF-p3 (R&D Systems)) at 8.3 x 10° cells/mL. 300
pL/well of cell suspension was dispensed into a conical bottom 96 well plate, and the
plate was centrifuged at 300g for 7 minutes to produce a pellet of 2.5 x 10° cells in each
well. MSC pellets were cultured in a humidified incubator at 37°C with 20% O, and 5%
CO; in the 96 well plates. After 16-24 hours, pellets were considered stable. CM was

supplied at 300 pL/pellet and replaced every 2-3 days.

Sulfated GAG Quantification

MSC pellets were digested overnight in 100 pL/pellet of 4% papain (Sigma) in papain
digestion buffer (PB; 0.1 M sodium acetate, 0.01 M cysteine hydrochloride, 0.05 M
EDTA) at 60°C. The sulfated GAG content of the extracellular matrix was determined
using the Blyscan Sulfated Glycosaminoglycan Assay (Biocolor Life Science Assays). 1
mL Blyscan Dye Reagent was added to tubes containing up to 20 pL PB sample digest
and rocked gently for 1 hour to precipitate GAG-dye complexes. The tubes were

centrifuged at maximum speed for 30 minutes to pellet the precipitate. The supernatant
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was discarded, and 1 mL Blyscan Dye Dissociation Reagent was added to all tubes and
rocked gently for 1 hour to dissolve the dye pellet. The dye was transferred to a clear 96
well plate, and the absorbance of each sample was measured at 656 nm using a Biotek
Synergy HT Multi-Mode Microplate Reader. GAG amounts were determined using a
standard curve generated from known amounts of chondroitin-6-sulfate (Sigma) and
normalized to DNA content. Samples were assayed in duplicate and the results were

averaged.

DNA Quantification

DNA was quantified using the Quant-iT PicoGreen dsDNA Assay (Invitrogen). 10 puL
pellet digest was dispensed into an opaque white 96 well plate. PicoGreen dsDNA
reagent in Tris-EDTA (TE) was added to the wells and mixed by gentle agitation. The
plate was incubated in the dark at room temperature for 5 minutes. Fluorescence
(excitation: 480 nm, emission: 520 nm) was measured using a Biotek Synergy HT Multi-
Mode Microplate Reader. DNA amounts were determined using a standard curve
generated from serially diluted Lambda DNA (Invitrogen). Samples were assayed in

duplicate and the results were averaged.

RNA Isolation

MSC pellets (1-5 per sample) were dissolved in 1 mL TRIzol reagent (Invitrogen) with a
plastic pestle and vortexed for 1 minute. 200 uL chloroform was added, and the samples
were vortexed for 15 seconds. After 5 minutes incubation at room temperature, samples

were centrifuged at 12,000g for 15 minutes at 4°C. The aqueous phase was transferred to
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an equal volume of 70% ethanol to precipitate the RNA from solution. For MSCs in

monolayer, cells were lysed in 37 pL/cm?

Buffer RLT (Qiagen), homogenized in
QIlAshredder columns (Qiagen), and added to an equal volume of 70% ethanol. RNA was
purified from the ethanol mixture using the RNeasy Micro Kit (Qiagen). The mixture was
added to the silica membrane of an RNeasy MinElute Spin to bind the RNA. The column
was serially washed and centrifuged with 350 pL Buffer RW1 (2 times), 500 uL Buffer
RPE, and 500 pL 80% ethanol to remove small RNAs and other debris. Between Buffer
RW1 washes, the column was treated with 80 pL of DNase | (341 Kunitz units/mL) in
Buffer RDD for 15 minutes at room temperature to eliminate genomic DNA. Finally, the
RNA was dissolved in 14 pL of water and collected by centrifugation at maximum speed

for 1 minute. RNA concentration was determined using a NanoDrop Spectrophotometer

(Thermo Scientific).

Reverse Transcription (RT)

RNA totaling between 0.2 and 2 pg in 12 pLL was reverse transcribed to cDNA using the
Superscript 111 First-Strand Synthesis System (Invitrogen). The RNA was mixed with 4
puL 25 uM oligo(dT) primers in Annealing Buffer and incubated at 65°C for 5 minutes to
hybridize the primers to the RNA. Next, 24 uL First-Strand Reaction Mix containing 1
mM each dNTP and SuperScript I1I/RNaseOUT Enzyme Mix was added and incubated at
50°C for 50 minutes to reverse transcribe the RNA. The RT reaction was terminated at
85°C for 5 minutes. The cDNA was diluted to 1 ng/uL in RNase-free water with an

assumed RNA to cDNA conversion efficiency of 1:1.
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Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Previously validated primers for the genes of interest were synthesized or purchased
(Table 2-1). PCR master mix (MM) was prepared from the primers and SYBR Green
PCR Master Mix (Applied Biosystems) and aliquoted into 96 well PCR reaction plates. 5
ng of cDNA was added to wells containing MM and amplified for 40 cycles on a
Stratagene Mx3000 QPCR System or an Applied Biosystems StepOne Plus PCR System
using the amplification parameters listed in Table 2-2. Fold changes in gene expression
relative to day 1 untreated samples were calculated using the Comparative Threshold
Cycle (AACt) method [325] with glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
or hypoxanthine-guanine phosphoribosyltransferase (HPRT) serving as internal control
genes. Each cDNA-primer sample was amplified in triplicate and the ACtS were
averaged. Fold changes were computed relative to a baseline of 0 such that a fold change
of 1 corresponded to a 100% increase in gene expression relative to untreated day 1
expression, and a fold change of -1 indicated that expression was 100% greater in

untreated day 1 samples.

Paraffin Embedding

Pellets were fixed in 4% paraformaldehyde at 4°C for 2 hours. The pellets were serially
dehydrated in ethanol with a drop of alcoholic Eosin Y (SelecTech) and cleared in
xylenes (Fisher) 3 times for 20 minutes each. Pellets were incubated in a 1:1 mixture of
xylenes and Paraplast X-Tra Tissue Embedding Media (paraffin) for 20 minutes at 58°C
and then transferred to 58°C paraffin 3 times for 20 minutes each. Pellets were positioned

in a metal mold filled with hot paraffin, and the mold was cooled on a room temperature
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Table 2-1: Real-Time RT-PCR Primers

Gene Forward Primer Reverse Primer

GAPDH | TGCACCACCAACTGCTTAG GATGCAGGGATGATGTTC

HPRT GGTCAGGCAGTATAATCCAAAGA | AGGCTCATAGTGCAAATAAACAGT
Collal | TAAAGGGTCACCGTGGCT CGAACCACATTGGCATCA

Col2al | CCACACTCAAGTCCCTCAAC GCTGCTCCACCAGTTCTTC

Col1l0al | CCCAACACCAAGACACAGTT CCTCTATCACCTTTGATGCCT
Ctnnbl SA Biosciences PPH00643E

ALP TGACCTCCTCGGAAGACACTC TGGTAGTTGTTGTGAGCATAGTCC
Acan GGGTCAACAGTGCCTATCAG GGGTCAACAGTGCCTATCAG

Sox9 TGAAGAAGGAGAGCGAGGAG GTCCAGTCGTAGCCCTTGAG

Runx2 CAACCACAGAACCACAAGTGCG | TGTTTGATGCCATAGTCCCTCC

Oc AGGAGGGCAGCGAGGTAG GAAAGCCGATGTGGTCAGC

BSP TGCCTTGAGCCTGCTTCC GCAAAATTAAAGCAGTCTTCATTTTG
lhh CCTCAGTTGATGCTGCTAAATTC AACAGTCTCTGGATGTGTCTTG
PTHrP | CGACGACACACGCACTTGAAAC CGACGCTCCACTGCTGAACC
MMP13 | GGACCCTGGAGCACTCATGTTTC | TCGGAGACTGGTAATGGCATCAAG
MMP2 | CCCCCAAAACGGACAAAGAG CACGAGCAAAGGCATCATC

Table 2-2: Real-Time RT-PCR Amplification Parameters

Gene Melting Annealing Extension Time | Working _
Temperature | Temperature | at 72°C Concentration

GAPDH | 95°C 60°C 0s 200 nM
HPRT 95°C 55°C 30s 200 nM
Collal | 95°C 58°C 30s 200 nM
Col2al | 95°C 60°C 0s 150 nM
Coll0al | 95°C 60°C 0s 100 nM
Ctnnbl | 95°C 60°C 0s 500 nM
ALP 95°C 60°C 0s 150 nM
Acan 95°C 56°C 15s 50 Nm

Sox9 97°C 60°C 0s 50 nM
Runx2 95°C 56°C 0s 50 nM

Oc 95°C 60°C 0s 200 nM

BSP 95°C 60°C 0s 100 nM

Ihh 95°C 60°C 0s 150 nM
PTHrP | 95°C 60°C 0s 150 nM
MMP13 | 95°C 60°C 0s 150 nM
MMP2 | 95°C 58°C 0s 150 nM
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surface to set the positions of the pellets. An embedding cassette was placed over the
mold and frozen at -20°C for 10 minutes until the cassette was easily separated from the

mold. Paraffin blocks were sectioned to 5 uM thickness and mounted on glass slides.

Safranin O Staining

Paraffin sections were deparaffinized in Histoclear (National Diagnostics) and rehydrated
through an ethanol series to tap water. Slides were stained with Hematoxylin (SelecTech)
for 5 minutes and destained in acid-alcohol (0.25% HCI in 70% ethanol) with washes in
running tap water in between. Next, slides were counter-stained with 0.001% Fast Green
(Electron Microscopy Sciences) for 5 minutes, rinsed with 1% acetic acid for 15 seconds,
and stained with 0.1% Safranin O solution (Sigma) for 10 minutes. After staining, slides
were dehydrated in ethanol and cleared with Histoclear. Cover slips were mounted over

stained sections using Permount (Fisher) and sealed with clear nail polish.

Collagen Immunohistochemistry

Paraffin sections were deparaffinized in Histoclear and rehydrated through an ethanol
series to tap water. Antigen retrieval was achieved via treatment with 2 mg/mL
hyaluronidase (Millipore) for 15 minutes at 37°C followed by treatment with 1 mg/mL
pronase (Roche Diagnostics) for 30 minutes at 37°C. Endogenous peroxidase activity
was blocked with 3% H,0; for 5 minutes, Sections were washed 3 times in PBS, blocked
in 2% horse serum for 1 hour, and incubated with primary antibody (see Table 2-3 for
antibody specifics) for 2 hours at room temperature. Sections were then washed 3 times

with PBS and incubated with a biotinylated secondary antibody. The signal was
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amplified with the VECTASTAIN Elite ABC Kit (Vector Laboratories) and visualized
with the VIP Peroxidase Substrate Kit (Vector Laboratories). After staining, slides were
dehydrated in ethanol and cleared with Histoclear. Cover slips were mounted over stained

sections using Permount and sealed with clear nail polish.

Table 2-3: Collagen Immunohistochemistry Antibodies

Antigen Product Number Working Concentration
ﬁollagen, Type I[I)g\gglopmental Studies Hybridoma Bank I1- 2.5 pg/mL

5 pg/mL or whole hybridoma

Collagen, Type Courtesy of Jurgen Mollenhauer, NMI
X supernantant

Mouse 1gG Vector Laboratories BA-2000 7.5 pg/mL

Hydrostatic Loading

Cyclic hydrostatic pressure was applied to chondrogenic MSC pellets using a custom-
built apparatus (Figure 2-1). Pellets were transferred to 25 mL glass vials filled with CM
and capped with flexible Teflon-coated silicone septa to allow for pressure to be
transferred to the fluid inside the vial. Glass vials were placed in 2.5 mm thick polyester
pouches (Kapak) filled with distilled water, which were then heat-sealed to create an
entirely fluid phase environment. The pouch was then placed in the loading chamber,
which was also filled completely with water and sealed air-tight. Attached to the loading
chamber was a pressure input port and a pressure transducer to monitor the level of
pressure inside the chamber. A LabVIEW program was designed to regulate a computer-
controlled valve connected to a pressurized air supply, generating a sinusoidal wave of air
pressure. The air pressure was converted to hydrostatic pressure by a pneumatic-to-
hydraulic pressure booster connected to the pressure input port on the loading chamber.

Pellets were loaded for 3 or 4 hours per day at 0.8 Hz with a peak pressure of 10 MPa.
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The loading chamber was maintained at 37°C in a water bath. After loading, pellets and
CM were transferred from the vials to 100 mm suspension culture dishes to resume
chondrogenic culture. Pressure-free controls were likewise prepared in vials and
immersed in a 37°C water bath for the duration of loading.

Alcian Blue Staining

N

Air Pressure

Computer

< Pressure Booster

Pressure Sensor p(

Pressure
Chamber

N~

Figure 2-1: Schematic of Hydrostatic Loading Apparatus. Air pressure delivery was regulated by a
computer controlled proportional air valve. Air pressure was converted to hydrostatic pressure and
amplified by a pneumatic-to-hydraulic pressure booster (49:1). Hydrostatic pressure was then transferred to
the fluid-filled pressure chamber containing MSC pellets. A pressure sensor attached to the chamber
provided feedback to the computer controlling the pressure delivery valve in order to generate the desired
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Paraffom sections were deparaffinized in Histoclear and rehydrated through an ethanol
series to distilled water. Slides were immersed in 3% acetic acid for 3 minutes and then
stained with Alcian blue for 10 minutes. Slides were then destained in acid-alcohol for 3
minutes. Next, slides were dehydrated in ethanol and cleared with Histoclear. Cover slips

were mounted over stained sections with Permount (Fisher) and sealed with nail polish.

Reporter Plasmid Transfection

MSCs were transfected with luciferase reporter plasmids (Table 2-4) by electroporation
using an Amaxa Nucleofector 11 Device (Lonza). 7.5 x 10° MSCs/mL were suspended in
Human MSC Nucleofector Solution (Lonza) with 37.5 pg/mL Firefly reporter plasmid or
pcDNAS3 control and 150 ng/mL Renilla control plasmid. The nucleofection sample was
transferred to an Amaxa cuvette and electroporated using the U-23 setting on the Amaxa
Nucleofector Il. Immediately after electroporation, cells were flushed from the cuvette
bottom with warm transfection recovery medium (TRM; DMEM, 20% FBS, Anti-Anti).
Transfected MSCs were plated at 4.5 x 10° cells/cm? in TRM and cultured for 24 hours

before being switched back to GM. After another day MSCs were used for experiments.

Table 2-4: Luciferase Reporter Plasmids

Plasmid Vector Size

pAP1-Luc Cis-Reporter Stratagene 219074 | 5.7 kb
pNFAT-Luc Cis-Reporter Stratagene 219088 | 5.8 kb
NF«B-Luc Cis-Reporter Stratagene 219078 | 5.7 kb
TOPFlash TCF Reporter Millipore 21-170 5.5 kb
pRL Renilla Luciferase Control | Promega E2241 4.1 kb
pcDNA3™ Invitrogen V79020 | 5.4 kb
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Luciferase Reporter Assay

MSC pellets were manually disrupted in 100 pL/pellet of Passive Lysis Buffer (PLB;
Promega) using a plastic pestle until the extracellular matrix was no longer visible. The
cells were allowed to lyse at room temperature for 10 minutes and then frozen at -80°C.
Luciferase activity was determined using the Dual-Luciferase Reporter Assay (Promega).
PLB lysate was centrifuged at 12,000g for 10 minutes at 4°C. 20 uL supernatant was
mixed with 100 pL Luciferase Assay Reagent, and the firefly luminescence was
measured immediately on a Promega GloMax 20/20 Luminometer. Next, 100 uL Stop &
Glo Reagent was mixed into the sample, and the Renilla luminescence was measured
immediately on the luminometer. The firefly luminescence was normalized to the Renilla
luminescence. Samples were assayed in duplicate or triplicate, and the results were

averaged. The luminescence of a blank tube was subtracted from all values.

Cellular Protein Collection

MSC pellets were washed in cold PBS to remove serum proteins and lysed in 100
uL/pellet cold Lysis Buffer (LB; 0.5% Triton-X, 10 mM Tris, 150 mM NaCl, 1 mM
EDTA, 6 M urea, Protease Inhibitor Cocktail (Millipore), Halt Phosphatase Inhibitor
Cocktail (Pierce)). The pellets were manually disrupted using a plastic pestle on ice until
the extracellular matrix was no longer visible and lysed on ice for 10 minutes. Lysate was

centrifuged at 12,0009 for 15 minutes at 4°C to remove any remaining precipitate.
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Western Blotting

Protein samples were subjected to reducing SDS-PAGE. Cell lysate in LB was heated
with 30% Laemmli Sample Buffer (Bio-Rad) and 5% B-mercaptoethanol at 95°C for 5
minutes to denature the proteins and then run in an acrylamide gel in Tris/Glycine/SDS
buffer (Bio-Rad) at 200 V for 1 hour. Gels were equilibrated in 10% methanol in SDS-
free Towbin buffer (Santa Cruz Biotechnology) for 30 minutes, and transferred to a
polyvinylidene fluoride (PVVDF) membrane (Millipore) at 100 V for 1 hour. Membranes
were blocked in 3% milk (Bio-Rad) in 0.25% Tween-20 (Sigma) in Tris-Buffered Saline
(TBS-T) for 1 hour and incubated with primary antibody in 1% milk in TBS-T for 90
minutes at room temperature or overnight at 4°C (see Table 2-5 for antibody specifics).
After 3 washes with TBS-T, PVDF membranes were incubated with a horseradish
peroxidase (HRP)-conjugated secondary antibody (Pierce) in 1% milk in TBS-T for 1
hour at room temperature. After 7 washes with TBS-T, SuperSignal Working Solution

(Pierce) was added to the membrane and incubated for 5 minutes at room temperature.

Table 2-5: Western Blot Antibodies

Antigen Product Number Working Concentration | Band Size
Active p-Catenin | Millipore 05-665 2 ug/mL 92 kDa
Phospho-Erk1/2 | Cell Signaling 9101 1:1000 42, 44 kDa
Erk1/2 Millipore 05-1152 250 ng/mL 42, 44 kDa
GAPDH Millipore MAB374 1 pg/mL 38 kDa
B-Tubulin Abcam ab7792 1 pg/mL 50 kDa
Caveolin BD Biosciences 610059 | 1:5000 22 kDa
HDAC2 Abcam ab51832 1 ug/mL 60 kDa
Total B-Catenin | Abcam ab32572 1:1000 92 kDa
MMP13 Abcam ab39012 1 pg/mL 60 kDa
MMP1 Abcam ab28196 1 pg/mL 54 kDa
MMP2 Abcam ab38919 1 pg/mL 72 kDa
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Bands were visualized using the Fotodyne FOTO/Analyst Luminary/FX System.
Molecular weights of bands were estimated based on a fluorescent protein ladder (Bio-

Rad). All Western blots were repeated twice and representative images are presented.

Active p-Catenin Enzyme-Linked Immunosorbent Assay (ELISA)

The Multi-Kinase ELISA Array System (Symansis) was used to detect active [B-catenin
(dephosphorylated at serines 33 and 37, and at threonine 41). The lysate was diluted 1:5
with Sample Dilution Buffer and added to a microwell plate coated with antibody against
active-p-catenin for 2 hours at room temperature. Wells were washed 3 times with Wash
Buffer (WB), and Biotin-Conjugated Detection Antibody was added for 2 hours at room
temperature. After 3 washes with WB, HRP-conjugated streptavidin was added to each
well for 30 minutes at room temperature, and then the wells were washed 3 more times
with WB. Tetramethylbenzidine Substrate Solution was added to the wells and incubated
in the dark for 20 minutes or until the first well on the plate turned dark blue. Stop
Solution was added to each well and the plate was gently agitated until all wells turned
yellow. The absorbance at 450 nm was measured using a Biotek Synergy HT Multi-Mode

Microplate Reader. Samples were assayed in duplicate and the results were averaged.

Subcellular Fractionation

MSCs were separated into cytoplasmic, membrane, and nuclear fractions using the
Thermo Scientific Subcellular Protein Fractionation Kit. All incubation and
centrifugation steps were performed at 4°C unless otherwise specified. Pellets were

washed in ice cold PBS and ground up in 25-40 uL/pellet ice cold Cytoplasmic
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Extraction Buffer in a Duall Tissue Grinder (Kontes) on ice. The lysate was incubated for
10 minutes with gentle mixing and centrifuged at 500g for 5 minutes. The supernatant
containing the cytoplasmic fraction (CF) was transferred to a new tube. Ice cold
Membrane Extraction Buffer was added to the pellet, vortexed at maximum speed for 5
seconds, incubated for 10 minutes with gentle mixing, and centrifuged at 3000g for 5
minutes. The supernatant containing the membrane fraction (MF) was transferred to a
new tube. Ice cold Nuclear Extraction Buffer was added to the pellet, vortexed at
maximum speed for 15 seconds, incubated for 30 minutes with gentle mixing, and
centrifuged at 5000g for 5 minutes. The supernatant containing the soluble nuclear
fraction was transferred to a new tube. Room temperature Nuclear Extraction Buffer
containing 5 mM CaCl, and >3 units/ul Micrococcal Nuclease was added to the pellet,
vortexed at maximum speed for 15 seconds, incubated for 15 minutes at room
temperature, and vortexed again at maximum speed for 15 seconds. After centrifugation
at 16,000g for 5 minutes, the supernatant containing the chromatin-bound nuclear
fraction was transferred to the tube containing the soluble nuclear fraction to yield the
whole nuclear fraction (NF). The fractions were used for Western blotting as described

above.

Lentiviral Luciferase Reporter Transduction

MSCs were plated at a density of 10,000 cells/cm? in GM and allowed to adhere
overnight. Adherent cells were washed with PBS and given 0.1 mL/cm?viral transduction
medium (VM) at room temperature. VM was prepared by adding 2 x 10° transducing

units (TU)/mL of Cignal Lenti TCF/LEF Reporter (SABiosciences) or Cignal Lenti
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Negative Control Reporter (SABiosciences), 1 x 10° TU/mL Cignal Lenti Renilla Control
Reporter (SABiosciences), 1uL/mL polybrene transduction reagent (Millipore) to serum-
free GM. MSCs were incubated with VM at 32°C with 20% O, and 5% CO, for 16-18
hours. The VM was then replaced with fresh GM, and the cells were returned to 37°C.
After 2-3 days, transduced MSCs were suspended and used for experiments. Luciferase

activity was determined as described above.

p-Catenin Small Molecule Inhibitor and Enhancer Treatments

During chondrogenesis of MSC pellets, CM was supplemented with concentrations of
0.1, 1, or 10 uM XAV939 (Sigma) to inhibit -catenin signaling, or 5, 10, or 20 uM of
SB216763 (Sigma) or 500 nM CHIR99021 (StemRD) to enhance B-catenin signaling
beginning on day 1. All concentrations of XAV939, SB216763, and CHIR99021 were
prepared at 1000x in DMSO. Controls were treated with 0.1% DMSO. Other culture

conditions remained the same including CM changes of 300 uL/pellet every 2-3 days.

p-Catenin siRNA Transfection

MSCs were suspended at 5x10* cells/mL in OptiMEM (Gibco) with 10% FBS. siPORT
Lipid Transfection Agent (Ambion) was diluted 1:20 in OptiMEM and incubated for 10
minutes at room temperature. SiRNA targeting three different sections of the Ctnnbl
sequence (Ambion) were diluted to 1.5, 3.0, or 15 pM in OptiMEM. Lipid transfection
medium (LM) was made by mixing the siRNA and siPORT solutions and incubating for
10 minutes at room temperature. Control LM contained scrambled siRNA in place of

Ctnnbl siRNA. 20 pL/cm? of LM was added to the tissue culture plate, and 0.2 mL/cm?
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of cell suspension was layered over it. When reporter-infected cells were used, LM was
added to adherent cells and topped with OptiMEM with 10% FBS. Cells were cultured

under standard culture conditions for 24 hours before replacing the LM with GM.

p-Catenin Immunocytochemistry

Monolayer MSCs seeded at 10* cells/cm? on glass coverslips in 24-well tissue culture-
treated polystyrene dishes were washed in PBS and fixed with 4% paraformaldehyde for
15 minutes. After washing again with PBS, cell membranes were permeabilized with
0.1% Triton-X in PBS for 5 minutes and washed again. Cells on coverslips were blocked
in 1% BSA for 1 hour and incubated with anti-B-catenin antibody (Abcam) 1:250 in 1%
BSA for 1 hour. Next, MSCs were washed in PBS for 20 minutes and incubated with
anti-rabbit secondary antibody conjugated to Alexa Fluor 647 fluorescent dye
(Invitrogen) 1:1000 in 1% BSA for 1 hour. The cells were washed in PBS for 15 minutes
and the nuclei were labeled with DAPI (Invitrogen) 1:2000 in PBS for 2 minutes. After
another washing, the coverslips were mounted on glass slides with VECTASHIELD

(Vector Laboratories) and sealed with clear nail polish.

Conditioned Medium Collection

Pellets were cultured in phenol-free CM made from DMEM with 4.5 g/L D-glucose, L-
glutamine, and 25 mM HEPES (Gibco) buffer supplemented with the standard amounts
of AA, ITS+ Premix, ascorbic acid, L-proline, dexamethasone, and TGF-B3. After 3
days, conditioned CM was collected from each well and centrifuged at 2500g for 5

minutes at 4°C to remove debris.
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MMP Activity Assay

Conditioned medium samples were incubated with 1 mM 520 MMP FRET Substrate XI
(Anaspec; diluted 1:100 in phenol-free CM) for 1 hour in a black bottom 96 well plate.
The fluorescence (excitation: 480 nm, emission: 520 nm) was recorded every 5 minutes
on a Biotek Synergy HT Multi-Mode Microplate Reader. MMP activity was calculated
by subtracting the fluorescence of the control medium from that of the conditioned
medium samples and plotting the fluorescence of each sample over time. The slope of
each sample corresponds to MMP activity. Samples were assayed in duplicate and the

slopes were averaged.

Alkaline Phosphatase Activity Assay

Conditioned medium samples were incubated with 2 mg/mL phosphatase substrate
(Sigma) in 750 mM alkaline buffer solution (Sigma) in a clear 96 well plate. The
absorbance at 405 nm was recorded was recorded every 5 minutes for 90 minutes on a
Biotek Synergy HT Multi-Mode Microplate Reader. ALP activity levels were determined
in the linear region of the absorbance over time graph using a standard curve generated
from known concentrations of p-nitrophenol (Sigma). Samples were assayed in duplicate

and the results were averaged.

Statistics
Unless otherwise stated, each sample was analyzed over 3 experimental replicates per
patient. For each patient, significant differences between conditions were determined by

two-tailed Student’s unpaired t-test for two condition mean comparisons. Results across
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at least 5 patients were evaluated by two-tailed Student’s paired t-test for two condition
mean comparisons. P-values (p) of less than 0.05 were considered significant. In some

cases results from a single representative patient are presented.
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Chapter 3

Characterization of MSC Chondrogenesis

3.1 Introduction

MSCs are converted into cartilage-producing chondrocytes through the process of
chondrogenesis. As detailed in Chapter 1, factors known to support MSC chondrogenesis
are a 3D culture configuration [28, 29], a chemically defined medium containing a TGF-
B-family growth factor [40], and physiological levels of mechanical stimulation [41]. In
pellet culture, TGF-p family members have been shown to induce expression of genes
associated with chondrogenesis as well as stimulate the production of an extracellular
matrix containing GAG and Col2. Chondrogenesis is typically assessed after three weeks
of chondrogenic culture. However, the temporal acquisition of these characteristics is
unclear due to variability in the time points at which they are analyzed in different studies
(see Table 3-1).

In addition to markers of chondrogenic differentiation, even the first studies of
MSC chondrogenesis reported phenotypic characteristics typical of chondrocyte
hypertrophy [2, 28-30]. Reports of such traits have become more common as
chondrogenic MSCs are evaluated for regenerative cartilage therapies. Again, the
temporal development of hypertrophy is not well characterized due to variability in the
selection of experimental end points (see Table 3-2). Nonetheless, markers of
hypertrophic differentiation are invariably observed in chondrogenic MSC pellets.

Furthermore, many of these studies have noted the similarities between chondrogenic
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MSC pellets and chondrocytes progressing through the process of endochondral

ossification, which undergo hypertrophy in an organized fashion [184].

Table 3-1. Temporal development of chondrogenic markers in MSC pellets.

Cell GAG Acan Col2 Col2al Reference
Source Deposition Expression Deposition Expression
Rabbit D21 - D21 D7 [28]
Human -- -- D10 -- [2]
Human D7 D1 D7 D3 [29]
Human D14 - - D7 [30]
Bovine D7 D20 D7 D20 [31]
Human D16 - D16 - [326]
Human - D14 D14 D14 [46]
Human D28 D28 D14 [323]
Human D42 - D42 - [327]
Human D14 - D14 - [38]
Human - - D42 D21 [45]
Human - - D12 D24 [328]
Human D21 - D10 - [329]
Table 3-2. Temporal development of hypertrophic markers in MSC pellets.
Cell Col10 Col10al ALP Other Reference
Source | Deposition Expression activity
Rabbit | D21 D7 D7 - [28]
Human | -- - ? - [2]
Human | D7 D3 - - [29]
Human | -- D7 - - [30]
Human | -- D8 -- -- [326]
Human | D7 D7 -- Increased MMP13 on D14 [46]
Human | D28 D7 D28 Decreased PTHrP, RARa on D7, [323]

Decreased FGFR1, VEGF on D14,

Increased MMP13 on D21, Increased

Ihh on D28
Human | D42 - D14 - [327]
Human | -- D21 D42 Increased MMP13 on D7 [45]
Human | D21 -- D10 -- [329]

Since the primary aim of this work was to evaluate regulation of MSC
chondrogenesis by cyclic hydrostatic pressure and p-catenin modulation, we first
endeavored to identify the ideal time point at which to assess chondrogenic
differentiation. The main requirement for an appropriate time point is definitive detection

of chondrogenesis. In our characterization of MSC chondrogenesis we used GAG and
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Col2 deposition, and Sox9, Col2al, and Acan expression as indicators of chondrogenesis,
and tracked them over the course of 21 days. In addition, we profiled the expression of
hypertrophy genes during MSC chondrogenesis in order to compare the development of

hypertrophic characteristics with the sequential process of endochondral ossification.

3.2 Results

Chondrogenesis

In order to determine the temporal progression of chondrogenesis in MSCs, cell
pellets were cultured in CM, and their extracellular matrix content and gene expression
was profiled over 21 days. GAG content was quantified using the Blyscan assay.
Changes in expression of Sox9, Col2al, and Acan were measured by RT-PCR. Finally,
the composition of the extracellular matrix was qualitatively assessed by histological and
immunohistochemical staining for GAG and Col2. The differentiation profile was also
used to determine the earliest point at which chondrogenesis could be definitively
identified for use in future studies.

GAG deposition within pellets was normalized to DNA content. MSCs from 5
different donors were used: 51 year old female (51F), 52 year old male (52M), 53 year
old male (53M), 56 year old male (56M), and 60 year old male (60M). GAG content
increased significantly over the three week culture period in pellets from all five patients
tested (Figure 3-1). In general, there was a lag of about one week before GAG deposition
began to increase rapidly, between days 9 and 11. In three of the patients (52M, 53M, and

60M), GAG levels plateaued at around 15 ug GAG/ug DNA, and this occurred around
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Figure 3-1. The magnitude of GAG production during chondrogenesis distinguishes between strongly
and weakly chondrogenic MSCs. Sulfated GAG content of chondrogenic pellets from 5 donors was
measured every other day and normalized to DNA content for each patient. GAG accumulation increased
during chondrogenesis, and on day 21 could be classified as either (A) high (=12 ug/ug DNA) in strongly
chondrogenic MSCs or (B) low (<6 ng/ug DNA) in weakly chondrogenic MSCs.
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day 17 (Figure 3-1 A). In the other two patients (51F and 56M), the rate of GAG
production appeared to increase exponentially after the initial lag phase, although these
MSCs only reached about 6 ng GAG/ug DNA after 21 days, but did not appear to level
off (Figure 3-1 B). Based on their GAG content at day 21, MSCs from the former 3
patients could be described as strongly chondrogenic, while cells from the latter 2
patients were only weakly chondrogenic or at least delayed in their chondrogenesis.
Because the pellets were not assessed beyond 21 days, it remains unknown if GAG levels
from the latter 2 patients would continue to increase exponentially, plateau around 15 pg
GAG/ug DNA as in the other 3 patients, or plateau at a lower level.

Interestingly, the strongly and weakly chondrogenic MSCs exhibited two distinct
patterns of cell viability. In the strongly chondrogenic pellets, cell numbers fluctuated
slightly up or down early in culture and were increased by 10-25% at the end of 3 weeks.
In the weakly chondrogenic pellets, cell numbers decreased initially by up to 28%, and at
the end of the culture period had only recovered to 90-95% of their original value.
Therefore, not only is differentiation less robust in the weakly chondrogenic pellets, but
they experience greater cell death as well, which may alter the differentiation capacity of
the remaining cells. The quality of chondrogenesis was not correlated with age. MSCs
from 51 and 56 year old donors were weakly chondrogenic compared to strongly
chondrogenic MSCs from 52, 53, and 60 year old donors. Gender-based differences
could not be determined since only one of the donors was female. Because this study was
conceived to characterize chondrogenesis, cells from strongly chondrogenic patients were

the focus of subsequent analyses.
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Strongly chondrogenic MSCs from three donors—52M, 53M, and 60M—were
evaluated for expression of Sox9, Col2al, and Acan during chondrogenesis. At each time
point, the mRNA from five pellets was amplified. Therefore, each data point represents
the gene expression for five combined pellets. Gene expression was calculated relative to
day 1 and normalized to expression of GAPDH. At the end of the culture period, all three
genes were upregulated in cells from all donors. In fact, the genes were consistently
increased starting at day 11 through day 21 (Figure 3-2).

Until day 11, Sox9 did not have a consistent profile across patients. In MSCs from
donors 52M and 60M, Sox9 decreased during the initial culture period and then increased
from day 11 onward (Figure 3-2 A). In 53M cells, Sox9 started increasing from the very
first day, dips at day 11, and then continued to increase thereafter. From day 11 onward,
all three donors exhibited an identical profile with increasing expression of Sox9 that
peaked between days 17 and 19 and then decreased slightly to close out the culture
period. However, the magnitude of the fold changes over this time differed between
patients. Fold changes of 0.11, 0.48, and 1.38 on day 11, corresponding to 11%, 48%, and
138% increases in Sox9 levels, respectively, were further increased to 0.85, 2.27, and
1.31 on day 21.

The shape of the gene expression profile of Col2al was virtually the same for
MSCs from all strongly chondrogenic donors. Expression increased at relatively steady
rate at the beginning of chondrogenesis before taking off between days 7 and 11 (Figure
3-2 B). Col2al continued to increase until the end chondrogenic culture, and expression
appeared to flatten out at the very end. The magnitude of Col2al expression contrasted

starkly with that of Sox9, with fold changes reaching the tens of thousands by day 21. The
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Figure 3-2. Culture day 11 is a common time point in the expression profiles of cartilage-specific
genes during MSC chondrogenesis. Expression of Sox9, Col2al, and Aggrecan was measured during
MSC chondrogenesis of pellets from 3 strongly chondrogenic patients. From day 11 onward, all genes were
upregulated compared to day 1, although the magnitudes of their fold changes differed. (A) The expression
profile of Sox9 followed a consistent trajectory only after day 11. (B) Col2al and (C) Aggrecan expression
increased over time and were subject to strong upregulation by day 11. Insets show expression profiles of
donors with lower magnitude fold changes.
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fold change magnitude of Col2al expression also varied by donor. At the point when
Col2al began to increase sharply in all MSCs, around day 11, Col2al levels had already
increased by more than 5,000-fold (60M), 1,000-fold (53M), and 600-fold (52M) in
MSCs from the various donors. By day 21, Col2al those fold changes increased even
further to more than 40,000-fold, 2,500-fold, and 50,000-fold, respectively. Thus, the
magnitude of the fold change increase at day 11 does not necessarily correspond to its
magnitude at day 21.

The expression profile of Acan closely mirrored that of Col2al. Expression
started off flat, began rapidly increasing between days 7 and 11 through the end
chondrogenic culture, where it possibly leveled off (Figure 3-2 C). As with Col2al, on
day 11, the point at which all MSCs had begun to rapidly increase production of Acan,
transcript levels had already increased by at least 5-fold compared to day 1. On day 21,
Acan was upregulated more than 50-fold in all cells. The fold changes retained the same
order of magnitude across patients until day 9, but by day 11, the fold change increase in
Acan in cells from the 60M was more than five times greater than the fold change
exhibited by the other MSCs. This difference persisted for the remainder of the culture
period. On day 21, 60M MSCs exhibited a nearly 300-fold increase in Acan expression
compared to 50-fold and 30-fold increases in 52M and 53M MSCs, respectively. The
pattern of Aggrecan expression mirrored that of GAG accumulation in profile.

One of the meaningful observations that can be derived from the gene expression
profiles is that day 11 is a common point at which all cartilage associated genes are
upregulated, and after which all genes follow a common expression pattern, despite

differences in their fold change magnitudes. Therefore, this time point was chosen as an
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earlier point at which to evaluate chondrogenesis in subsequent studies instead of the
traditional three week culture period.

GAG deposition was detected in paraffin-embedded pellet sections with Safranin
O dye (Figure 3-3 A). As expected, there was no Saf O in day 1 pellets, as MSCs had not
yet had sufficient time to produce a substantial extracellular matrix. On day 21, all pellets
stained strongly for Saf O, demonstrating successful chondrogenesis. The Saf O staining
was stronger toward one side of the pellets, and there was a thick band of Fast Green
counterstain at the edge of the other side of the pellet. In addition there was a thin ring of
counterstain along the entire edge of the pellet and sporadic sites of faint counterstaining
throughout, indicative of heterogeneity within the pellet. In regions of strong Saf O
staining the nuclei were localized to lacunae surrounded by extracellular matrix, which
contrasted with the tissue morphology in weakly staining regions, but paralleled the
tissue morphology of articular cartilage (Figure 3-3 B). In day 11 sections Saf O staining
was apparent in all pellets to varying degrees. In 52M pellets Saf O staining was visible
throughout the pellet except at the outer edge and in the center. The Saf O staining
appeared to be stronger on one side of the pellet than the other. In 53M pellets light Saf O
staining was visible through most of the pellet. As with 52M, counterstaining appeared in
a ring around the outer edge of the pellet, but also extended inward on one side. 60M
pellets on the other hand had only very sparse, light Saf O staining on day 11, visible in
several irregular patches in the pellet. The lack of histologically identifiable
chondrogenesis in 60M pellets, which were previously classified as strongly
chondrogenic, indicated that the qualitative selection criterion of GAG production/cell

was insufficient to identify which MSCs were actually chondrogenic at day 11. Though
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Figure 3-3. Timing of GAG deposition varies even among strongly chondrogenic MSC pellets. (A)
Images of Safranin O staining of chondrogenic MSC pellets captured at 4x magnification revealed GAG
accumulation (red) over the course of 21 days. At day 11, GAG deposition was delayed in 60M pellets.
Scale bars: 100 um. (B) 40x magnification images revealed nuclei in individual lacunae in regions of strong
SafO staining, while no distinct lacunae were evident in regions of weak SafO staining. The density of
nuclei decreased between days 11 and 21 in all regions. Scale bars: 20 um.
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its pellets were strongly chondrogenic at day 21, 60M exhibited a delayed
chondrogenesis profile earlier in culture, suggesting that the arbitrary designations of
strongly and weakly chondrogenic do not adequately capture the full spectrum of the
different chondrogenic phenotypes observed between donors.

Col2 deposition was detected in strongly chondrogenic MSC pellets via
immunohistochemistry using an antibody against a Col2-specific epitope. No Col2
staining was apparent on day 1, but staining was visible in all pellets on day 21 (Figure 3-
4A). In general, Col2 staining was visible in the same regions as strong Saf O staining,
but absent in regions with weak or no Saf O staining, indicating functional
chondrogenesis in these regions. In 52M and 53M pellets, the donors that exhibited
extensive Saf O staining by day 11, the pellets stained very strongly for Col2. In 60M
pellets, which demonstrated delayed chondrogenesis at day 11, Col2 staining was much
patchier on day 21. These staining patterns suggest that regions demonstrating GAG
deposition at day 11 correspond with those that stain positive for Col2 at day 21 even
though little to no Col2 staining is evident on day 11. It is noteworthy that Col2al
expression on day 21 was on the order of 40-50 thousand fold in 52M and 60M versus 5
thousand fold in 53M, and these fold change differences emerged at day 21. Thus, Col2
deposition in chondrogenic MSC pellets on day 21 seemed to correspond better with Saf

O deposition on day 11 than with gene expression between days 11-21.

Hypertrophy
In order to determine the temporal acquisition of hypertrophic characteristics in

MSCs, cell pellets were cultured in CM, and their extracellular matrix content and gene
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Figure 3-4. Col2 is detected in regions of strong GAG staining, and is followed by Col10 deposition in
overlapping regions. Col deposition was detected by immunohistochemistry at 4x magnification. (A)
While little to no Col2 staining was detected at day 11, staining was very strong on day 21 sections. On day
21, Col2 staining was localized to regions that previously stained for SafO and intensity was correlated to
the intensity of SafO staining on day 11. (B) Col10 staining at day 21 was weaker than that of Col2. Scale
bars: 100 um

expression was profiled over 21 days. Col10 deposition was qualitatively assessed by
immunohistochemical staining of histological sections. Changes in expression of Runx2,
PTHrP, ALP, Col10al, MMP13, and BSP were measured by RT-PCR.

Col10 deposition was detected in strongly chondrogenic MSC pellets via

immunohistochemistry using an antibody against a Col10-specific epitope. Col10
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staining was only weakly detected in one day 11 pellet from one donor, but was more
consistently detected on day 21. On day 21, Col10 staining was much lighter than Col2 in
52M and 53M pellets, but localized to the same areas (Figure 3-4 B). In 60M, which
exhibited delayed Saf O and Col2 deposition, no Col10 staining was observed. Based on
the single time point where staining was apparent, it appeared that Col10 deposition
followed that of Col2.

As with markers of chondrogenesis, many of the genes characteristic of terminal
chondrocytes exhibited common patterns over the course of chondrogenesis. Runx2
expression decreased steadily during the 21 day culture period (Figure 3-5 A). Since
Runx2 regulates hypertrophy and osteogenesis, and its balance with Sox9 predicts the
phenotype of skeletal precursors, it is expected that its expression would be regulated
during chondrogenesis. An equilibrium with more Sox9 and less Runx2 should favor a
chondrocyte phenotype. However, even though this pro-hypertrophy transcription factor
is downregulated during chondrogenesis, many other markers of hypertrophy are
oppositely regulated. PTHrP expression also decreased steadily over 21 days (Figure 3-5
B). PTHrP is expressed by articular chondrocytes [330] and serves as an anti-hypertrophy
signal in the growth plate [190, 240-242]. Therefore, a decrease in PTHrP expression in
chondrogenic MSCs indicates either a transition to hypertrophy or that undifferentiated
MSCs express high levels of PTHrP. Unlike growth plate chondrocytes, chondrogenic
MSCs never actually experienced any significant upregulation of PTHrP, suggesting that
their functional chondrogenesis does not fully replicate the articular chondrocyte
phenotype. In addition, genes indicative of hypertrophy and terminal differentiation were

upregulated in parallel with chondrogenic genes. Pellets from all donors exhibited
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increased expression of ALP beginning at day 5 that persisted during the full culture

period (Figure 3-5 C). Expression of Col10al began with a relative lag phase of slowly

increasing Col10al expression for the first 9 days, followed by strong upregulation

beginning at day 9 and continuing through day 21 (Figure 3-5 D). MMP13 exhibited a
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Figure 3-5. Genes which are markers of chondrocyte hypertrophy and terminal differentiation are
expressed in parallel with Sox9, Col2, and Acan in chondrogenic MSCs. Expression of (A) Runx2, (B)
PTHrP, (C) ALP, (D) Col10al, (E) MMP13, and (F) BSP were mapped over the course of chondrogenesis.
Regulation of these genes began as early as day 3 of chondrogenesis. Insets show the expression profiles of
53M pellets when the fold change magnitudes were much lower than the others.



spike in expression early during chondrogenesis (days 5-9), which then declined to a
stable value, although in two donors the steady expression levels were still well above
their initial expression of MMP13 (Figure 3-5 E). Even though expression of Coll0al
and MMP13 followed similar patterns among all three donors, the fold changes observed
in 53M pellets were much lower compared to the other two donors. Finally, BSP, the
gene encoding bone sialoprotein, which is found in the hypertrophic cartilage matrix,
increased steadily beginning at day 5 in 52M and 60M pellets, while its expression in
53M pellets increased and was then stabilized at a much lower fold change magnitude
(Figure 3-5F).

Thus, chondrogenic MSCs do not proceed through a sequential maturation
process as in the growth plate, but express many of the same genes in parallel with
markers of chondrogenesis. The co-expression of these genes suggests a phenotype more
similar to that of OA chondrocytes with deregulated gene expression. The parallel
expression patterns also means that these markers of imperfect chondrogenesis can be
detected before chondrogenesis is complete, even before the day 11 time point suggested

for early detection of successful chondrogenesis.

Dedifferentiation and Transdifferentiation

In order to verify that expression of non-chondrogenic genes was not due to
dedifferentiation or transdifferentiation into osteoblastic cells, expression of Coll and Oc
were profiled. Coll is expressed by undifferentiated mesenchymal cells [94] as well as
osteoblasts [331]. In chondrogenic MSCs, Collal was slightly upregulated over time

(Figure 3-6 A). The increase in Collal expression on day 21 ranged between 2-8 fold,
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Figure 3-6. Chondrogenic MSCs do not dedifferentiate or transdifferentiate. (A) Expression of Coll
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compared to expression of Col2al on days 11 and 21, Coll was decreased over time. (C) Expression of Oc
was held steady or downregulated over time in MSCs from all strongly chondrogenic donors.

and was dwarfed by fold changes of 2,500-50,000 for Col2al on day 21, suggesting that
changes in Collal expression are not significant relative to those of Col2al. Further, the
increase in Collal relative to Col2al decreased between days 11 and 21 (Figure 3-6 B),
indicating that the cells switched from an undifferentiated state to a chondrocyte-like
phenotype. Oc encodes osteocalcin, a non-collagenous protein produced by osteoblasts

[331]. Oc expression did not change in pellets from 2 donors and decreased 6 fold on
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average in pellets from another donor (Figure 3-6 C). This indicates that chondrogenic

MSC pellets did not differentiate into osteoblastic cells.
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Chapter 4

Regulation of MSC Chondrogenesis by Cyclic Hydrostatic Pressure

4.1 Introduction

Mechanical forces including hydrostatic pressure regulate the chondrocyte
phenotype from early in development. Immobilization of chick embryos results in the
development of inferior articular cartilage and other limb deformities [332, 333]. During
development, human embryos experience up to 1.7 kPa of amniotic pressure in utero
[334]. In ovo development is also subject to a basal level of hydrostatic pressure. While
the levels of hydrostatic pressure in embryonic cartilage have not been measured,
mathematical models of skeletal development correlate hydrostatic pressure with regions
of cartilage maintenance and suppression of chondrocyte maturation and endochondral
ossification[335]. In post-natal articular joints, physiological magnitudes of hydrostatic
pressure (5-15 MPa), have been shown to enhance the anabolic phenotype of adult
chondrocytes and chondrogenic MSCs in vitro, and some examples of this phenomenon
can be found in Table 1-1.

The variety of forces experienced by chondrocytes in articular cartilage, which
were detailed earlier, include compression, tension, shear fluid flow, and hydrostatic
pressure. In this work, we chose to focus on hydrostatic pressure for several reasons.
First, high hydrostatic pressures are unique to cartilage. No other highly hydrated tissue is
subjected to the intermittent loading patterns found in cartilage that generate its
characteristic hydrostatic pressure. Joint contact pressures range between 0 and 20 MPa

[59]. Pressures are generated cyclically with a frequency of 0.1 to 10 Hz for up to 16
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hours per day with intermittent periods of rest [59]. Second, in an experimental setting,
hydrostatic pressure can be isolated from other forces. Compressive loading necessarily
gives rise to hydrostatic pressure and fluid flow in vitro as in native cartilage. Our CHP
bioreactor applied hydrostatic forces to the MSC pellets, but not compressive or shear
forces. Thus, our results represent the discrete effects of CHP.

Several studies have already demonstrated that CHP is beneficial to MSC
chondrogenesis, and are summarized in Table 4-1. The central finding is that CHP
increases markers of chondrogenesis in MSCs that can be observed between days 7 and
21. In C3H10T1/2 murine embryonic fibroblasts, pro-chondrogenic effects were seen as
early as day 3. Notably, effects of CHP-treatment are not seen over longer culture
periods, indicating that non-loaded MSCs eventually reach the same degree of
differentiation as their loaded counterparts [336]. In addition, some effects are only
observed at low levels of TGF-B, indicating that TGF-p is a more potent stimulus than
CHP [337]. In this work, we added 10 ng/mL TGF-B3 to the chondrogenic culture
medium because we were interested how the effects of CHP on MSC chondrogenesis
synergize with TGF-p.

There are still gaps in understanding how CHP regulates chondrogenesis. First,
while hypertrophic characteristics are commonly described in studies of TGF-B-driven
MSC chondrogenesis, there are comparatively few reports on the effects of CHP on MSC
hypertrophy. One study using porcine MSCs demonstrated decreased Col10al expression
with CHP after 14 days [337]. Another showed reduced ALP activity with CHP after 21
days [338]. Second, most of the studies do not consider variability between donors,

instead focusing on the effects of CHP on pooled cells or cells from a single donor. As
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Table 4-1: Effects of CHP on MSC Chondrogenesis

Cells Culture Growth | CHP Results Reference
System Factors
Human BM 2 x10° TGF-p1 | 4h;1 Increased GAG and collagen 7 and | [339]
MSCs cells/pellet Hz; 5 21 days after CHP
MPa
Human BM 2.5x10° - 4h;1 Increased Sox9, Col2al, Acan, [340]
MSCs cells/pellet Hz; 10 Increased GAG at days 7 and 14
MPa
Human BM 2.5 x10° TGF-B3 | 4h;1 Increased Sox9, Acan at 14 days [341]
MSCs cells/pellet Hz; 0.1
MPa
Human BM 2.5 x10° TGF-B3 | 4h;1 Increased Sox9, Acan, Increased [341]
MSCs cells/pellet Hz; 1 GAG at 14 days
MPa
Human BM 2.5 x10° TGF-B3 | 4h;1 Increased Sox9, Col2al, Acan, [341]
MSCs cells/pellet Hz; 10 Increased GAG at days 7 (GAG)
MPa and 14
Human BM 9 x 10° - 4h;1 Increased Sox9 at 14 days [342]
MSCs cell/mL in Hz; 7.5
4% agarose MPa
Human BM 1 x 10° cell TGF-B1 | 4h;1 Increased Sox9, Col2al, Acan, [343]
MSCs per 125mm | +B-GP Hz; 1 Coll, Increased GAG at 10 days
x5 mm MPa
collagen |
Porcine BM 15 x 10° TGFB3 | 1h;1 No differences at 42 days [336]
MSCs cells/mL in Hz; 10
2% agarose MPa
Porcine BM 15 x 10° TGF-B3 | 4h;1 No change in GAG, Decreased [338]
MSCs cells/mL in Hz; 10 ALP activity at 21 days
2% agarose MPa
Porcine BM 15 x 10° TGF-B3 | 4h;1 Increased GAG, Decreased ALP [338]
MSCs cells/mL in Hz; 10 activity at 21 days
fibrin MPa
Porcine 2.5 x10° TGF-B3 | 4h;1 Increased Sox9 with low TGF, [337]
synovial cells/pellet Hz; 10 Increased Col2al and Acan with
MSCs MPa high and low TGF, Decreased
Col10al and Ihh with high and
low TGF, No differences in GAG
or Col2 accumulation, Increased
GAG with low TGF at 14 days
Rabbit 4x10° - 1h;0.5 | Increased Sox9, Col2al, Acan, No | [344]
synovial cells/mL in Hz; 5 change in Coll, Increased GAG
MSCs 1.2% alginate MPa after 4 days
C3H/10T1/2 7.5 x 10* BMP-2 1h;10 No change in GAG or collagen at [345]
mouse embryo | cells/pellet mon/10 | 3 days
fibroblasts m off; 1
Hz; 5
MPa
C3H/10T1/2 7.5 x10* BMP-2 3h; 10 Increased GAG and collagen at 3 [345]
mouse embryo | cells/pellet mon/10 | days
fibroblasts m off; 1
Hz; 5
MPa
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demonstrated in the previous chapter, MSCs from different donors exhibit considerable
variability in their responses to TGF-f stimulation. Differential responses to mechanical
stimulation would be expected as well. Therefore, our study examined the effects of CHP
on MSCs from multiple donors. Finally, very little is known about how CHP potentiates
changes in MSCs. Because hydrostatic pressure imparts stress to the MSCs without any
accompanying strain, it likely does not initiate signaling through direct conformational
changes. It has been shown that hydrostatic pressure leads to changes in ion
concentrations [61] and activates c-Jun N-terminal kinases as part of a mitogen-activated
protein kinase (MAPK) signaling cascade [344]. Changes in intracellular signaling are
responsible for phenotypic modulation and demand further investigation.

Based on previous results we hypothesized that CHP would enhance MSC
chondrogenesis. We investigated how chondrogenic MSCs respond to CHP at 0.8 Hz
with a peak of 10 MPa for 3 or 4 hours daily (depending on equipment availability) to
mimic physiological conditions. Based on mathematical models of joint loading that
show that hydrostatic pressure corresponds with regions of non-hypertrophic cartilage
formation [335], we further hypothesized that CHP would inhibit the acquisition of a
hypertrophic phenotype in chondrogenic MSCs. The results of our studies also led us to
examine variations in the effects of CHP due to different temporal loading patterns.
Finally, we hypothesized that the signaling pathways involved in regulating
chondrogenesis and hypertrophy, particularly the Wnt/B-catenin pathway, would be
modulated by CHP. In this work, we examined the response of 4 different pathways to

mechanical loading.
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4.2 Results

Cyclic Hydrostatic Pressure Enhances Chondrogenesis on Day 11

In order to evaluate the effects of CHP on MSC chondrogenesis, MSC pellets
cultured in CM under CHP loading conditions were compared to control pellets grown
under static conditions. Beginning on day 1 of culture, CHP pellets were exposed to 0.8
Hz of hydrostatic pressure with a peak pressure of 10 MPa for 3 or 4 hours daily,
representative of physiological pressures that arise during joint loading. Control pellets
were immersed in an unpressurized water bath for the duration of the daily loading
regime. Chondrogenesis was assessed on days 11 and 21, after 10 or 20 days of loading,
respectively.

GAG content was measured in MSC pellets from 5 different donors: 46M, 53F,
58M, 71F, and 75M. Unlike subsequent studies on the role of B-catenin in
chondrogenesis, these MSCs were used without prior evaluation of their chondrogenic
capacity because these studies predated the characterization studies described in Chapter
3. On day 11, GAG content was increased in CHP versus control pellets from all donors,
though this result was not significant for every individual donor (Figure 4-1 A).
However, on day 21, no trend was observed in any particular direction.

The quantitative analysis of GAG production correlated with trends observed for
Alcian blue staining of GAGs within the pellets. Sections of pellets from 7 different
donors were evaluated: 46M, 47M, 53F, 57M, 58M, 71F, and 75M. On day 11, Alcian
blue staining was even throughout pellets from both groups, but appeared more intense in

sections of CHP pellets than in control pellets for all but donor 57M (Figure 4-1 B). On
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Figure 4-1. Cyclic hydrostatic pressure (CHP) enhances chondrogenesis of MSC pellets on day 11,
but not day 21. MSC pellets were exposed to 4 hours of CHP daily. (A) Loaded pellets contained more
GAG than control pellets on day 11. Graph depicts average GAG for pellets from 5 donors. * indicates
trend among all pellets tested (n=5). (B) Alcian blue staining of MSC pellets corroborates quantitative
GAG results. (C) Expression of chondrogenic genes in strongly chondrogenic pellets was enhanced in
those that were loaded compared to controls on day 11. No CHP effects were observed on day 21 or for
weakly chondrogenic pellets at any time point. Graph depicts average expression levels for pellets from 3
strongly chondrogenic donors. * indicates trend among strongly chondrogenic pellets (n=3).

day 21, staining was darker than on day 11. The staining distribution was relatively even
within all pellets, except for donor 57M in which the Alcian blue was more intense
around the edges of the pellet than in the center. The staining intensity appeared similar
in CHP and Control pellets from 5 donors. In the remaining 3 donors, Alcian blue was

darker in CHP pellets compared to controls.
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Post-hoc classification of strongly and weakly chondrogenic pellets revealed that
GAG synthesis was increased by CHP on day 21 in strongly chondrogenic MSCs. Of the
donors for which sGAG levels were quantified, only MSCs from 53F would be
considered strongly chondrogenic based on the GAG content of its pellets. Pellets from
two others, 58M and 75M, had intermediate levels of GAG. It was these three donors in
which the Alcian blue staining was increased in the CHP group on day 21. Thus, when
analysis was confined to the strongly chondrogenic donors, CHP did result in increased
GAG accumulation at the conclusion of 21 days.

Expression of chondrogenic genes was evaluated in strongly chondrogenic MSCs
on days 11 and 21 (Figure 4-1 C). At each time point, the average relative gene
expression for five pellets was calculated and normalized to HPRT. For all CHP
experiments gene expression was normalized to HPRT rather than GAPDH because
GAPDH expression has previously been shown to be sensitive to mechanical
perturbations by J. Taboas (unpublished data). Sox9, Col2al, and Acan expression was
increased in strongly chondrogenic MSCs subjected to CHP on day 11 compared to
controls, but not on day 21. When the weakly chondrogenic donors were included in the

analysis, no trends were observed on either day 11 or 21.

Cyclic Hydrostatic Pressure Suppresses Aspects of Hypertrophy on Day 21

Expression of hypertrophic genes was evaluated on days 11 and 21 in
chondrogenic MSCs cultured under CHP and static loading conditions (Figure 4-2). Fold
changes in the expression of Ihh, Runx2, Col10al, BSP, and Collal was measured in 6

different donors: 47M, 52M, 53F, 57M, 71F, and 75M. None of the genes were affected
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Figure 4-2. CHP suppresses expression of Collal and Runx2 on day 21. The relative expression of
hypertrophy genes on days 11 and 21 in MSCs cultured with or without CHP was normalized to HPRT.
Graph depicts average gene expression levels for pellets from 6 donors. *p<0.05 compared to control
(n=6). * indicates trend among all pellets tested (n=6).

by CHP on day 11. On day 21, expression of Ihh, Col10al, and BSP were similarly
unchanged in response to loading. Decreases in Runx2 and Collal expression due to
CHP were detected on day 21. Runx2 expression was decreased in loaded MSCs from 5
of 6 donors. In the remaining donor, 71F, Runx2 expression was increased by a negligible
3%. Collal expression was significantly decreased in loaded MSCs from all 6 donors.
Unlike chondrogenic genes which were sensitive to CHP at day 11, but not day 21, these
hypertrophy genes were responsive to mechanical stimulation at day 21, but not day 11,
suggesting a temporal component in CHP mechanobiology. Also, while expression of

Sox9, Col2al, and Acan was increased by CHP on day 11, Coll and Runx2 were
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decreased by CHP on day 21, suggesting differential regulation of the chondrocyte

phenotype by CHP by favoring an articular phenotype and inhibiting a hypertrophy one.

Effects of CHP on Chondrogenesis Occur Early in the Chondrogenic Culture Period
That the beneficial effects of CHP on chondrogenesis were observed primarily at
day 11 and not day 21 gave rise to several questions. Is CHP beneficial only for less
differentiated MSCs, such that a pro-chondrogenic effect is observed only at an earlier
point during chondrogenesis? If so, exposing control MSCs to CHP beginning on day 11
would not have a pro-chondrogenic effect because the differentiated MSCs would not be
expected to respond to mechanical stimulation. Or is the duration of CHP effects short-
lived, such that any differences are abolished beyond 11 days. If so, exposing control
MSCs to CHP beginning on day 11 might indeed have a pro-chondrogenic effect even on
the pre-differentiated MSCs. Are few effects observed at day 21 because CHP is
detrimental to the chondrocyte phenotype in differentiated MSCs? Is loading during the

first 11 days sufficient for inducing an enhanced chondrogenic phenotype, such that

D1-D10 D11-D20
O Rest-Rest No load No load
0.8 Hz; 10
E Rest-CHP No load MPa; 3-4 hiday
0.8Hz; 10
B CHP-Rest MPa; 3-4 hiday No load
CHP-CHP 0.8Hz; 10 0.8Hz; 10

MPa; 3-4 h/day | MPa; 3-4 h/day

Figure 4-3. CHP Loading Regimens. Depiction of the loading patterns applied to different groups of
pellets.
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removal of CHP beginning on day 11 will actually favor continued chondrogenesis
compared to steady loading? To answer some of these questions, MSCs were cultured for
21 days in CM and exposed to 4 regimens of CHP (Figure 4-3). One group received CHP
daily for 21 days and will be referred to as CHP-CHP. Another group, known as CHP-
Rest, was loaded daily on days 1-10 and treated like control pellets on days 11-20. The
third group, Rest-CHP, were treated like controls on days 1-10 and then exposed to daily
CHP on days 11-20. Control pellets were not loaded and will be referred to here as Rest-
Rest. The parameters of CHP remained the same at 0.8 Hz with a peak pressure of 10
MPa for 4 hours.

The GAG content was measured in MSC pellets from the 1 strongly chondrogenic
and 2 moderately chondrogenic donors—53F, 58M, and 75M—and several trends were
observed on day 21 due to different loading schemes (Figure 4-4 A). In all pellets, GAG
was decreased in the Rest-CHP group compared to the CHP-CHP group. This suggests
that loading during the early stages of differentiation is the source of the increased GAG
synthesis since pellets loaded only during the latter half of the full culture period did not
produce as much GAG as those exposed to CHP for the duration of chondrogenic culture.
In pellets from 2 out of 3 donors GAG was increased in CHP-Rest pellets compared to
Rest-Rest pellets and decreased in the Rest-CHP group compared to the Rest-Rest pellets.
While this is too small a sample size from which to draw a definitive conclusion, it again
suggests that CHP is beneficial during the first half of the culture period. Furthermore,
the lower GAG content of the Rest-CHP group compared to the Rest-Rest group suggests

a detrimental effect of CHP when applied later in chondrogenic culture. None of these
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differences were reflected in Alcian blue staining, which appeared equal in pellet sections

from all groups (Figure 4-4 B).
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Figure 4-4. Early application of CHP enhances GAG deposition, and late application of CHP inhibits
Sox9 expression. (A) CHP-Rest pellets contained more GAG than CHP-CHP pellets on day 21. Graph
depicts average GAG for pellets 3 strongly chondrogenic donors. * indicates trend among strongly
chondrogenic pellets compared to CHP-CHP (n=3). (B) Alcian blue staining of MSC pellets revealed no
differences between groups. (C) Expression of Sox9 was decreased in Rest-CHP pellets compared to Rest-
Rest pellets on day 21, but other chondrogenic genes were unchanged. Graph depicts average expression
levels for pellets from 3 strongly chondrogenic donors. * indicates trend among strongly chondrogenic
pellets compared to Rest-Rest (n=3).
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Fewer differences in the expression of chondrogenic genes by strongly
chondrogenic MSCs were seen between the loading groups. Actually, the only trend
observed was decreased Sox9 in the Rest-CHP group compared to the Rest-Rest group
(Figure 4-4 C). Together with the GAG data, this reduction might suggest an anti-

chondrogenic effect of CHP during the second half of chondrogenic culture.

Effects of CHP on Hypertrophy Occur Later in the Chodnrogenic Culture Period
Expression of hypertrophy genes was evaluated on day 21 in chondrogenic MSCs

exposed to the Rest-Rest, Rest-CHP, CHP-Rest, and CHP-CHP regimens of loading
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Figure 4-5. Late application of CHP suppresses Runx2 and BSP. The relative expression of
hypertrophy genes on day 21 in MSCs cultured with varying patterns CHP was normalized to HPRT.
Graphs depict average gene expression levels for pellets from 6-8 donors. * p<0.05 compared to Rest-Rest
(n=6). ** indicates trend for 5 of 6 (Runx2) or 6 of 8 (BSP) pellets tested compared to CHP-CHP. +
indicates trend for all strongly chondrogenic pellets compared to Rest-Rest (n=3 donors).
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described earlier (Figure 4-5). Relative expression of Ihh, Coll0al, and BSP was
measured in 8 different donors: 46M, 47M, 52M, 53F, 57M, 58M, 71F, and 75M. Runx2
and Collal were not measured in 46M and 58M for a total of 6 donors. Runx2 was
decreased in CHP-CHP pellets from 5 of 6 donors compared to the CHP-Rest group. BSP
was decreased in CHP-CHP pellets from 6 of 8 donors compared to the CHP-Rest group.
This suggests that some aspects of terminal differentiation are negatively regulated by
CHP during the latter half of the chondrogenic culture period. When only strongly
chondrogenic MSCs were considered, BSP expression was down in all Rest-CHP pellets
compared to Rest-Rest pellets, which implies negative regulation of BSP by CHP when
applied starting on day 11. Coll was decreased in MSCs from 5 of 6 donors from both
the Rest-CHP and CHP-Rest groups compared to the Rest-Rest group, indicating that

when applied at any point during chondrogenesis, CHP inhibits dedifferentiation.

Cyclic Hydrostatic Pressure Suppresses ERK1/2 and fS-catenin Signaling

In order to determine how CHP modulates the signaling pathways involved in
regulation of chondrogenesis and hypertrophy, a luciferase reporter system was
employed. MSCs were transfected with luciferase reporter plasmids containing binding
sites for the following transcription factors: AP-1, NFAT, NF-«kB, and TCF/LEF. AP-1 is
a target of mitogen-activated protein kinase (MAPK) signaling [346], NFAT is a target of
calcinuerin signaling [347], NF-xB is a target of inflammatory TNF and IL-1 receptor
signaling [348], and TCF/LEF is a target of canonical Wnt/B-catenin signaling.
Therefore, expression of luciferase would be indicative of the activity of these respective

pathways. MSCs from 4 random donors were used for these reporter experiments: 37F,
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38F, 47M, and 65F. After transfection, MSC pellets were exposed to 0.8 Hz CHP with a
peak pressure of 10MPa for 4 hours. Luciferase activity was measured in pellets 24 hours
after loading.

Of the four pathways examined, CHP decreased Wnt/pB-catenin and MAPK
signaling in all donors as shown by the decrease in the respective reporter activities of the
TCF/LEF and AP-1 plasmids (Figure 4-6 A). A trend of CHP-dependent reduction in
NFAT signaling was also observed, although replicates from individual patients tended to
vary considerably. Mean NF-«B signaling increased under CHP compared to controls,
but the direction of change was inconsistent between patients. While the magnitude of
pressure-induced changes varied across MSCs pellets derived from different patients, the
luciferase data indicate that CHP consistently decreased Wnt/B-catenin and MAPK
signaling.

In order to verify the reporter results, the activation of p-catenin and ERK1/2, a
MAPK pathway mediator, in response to CHP were assessed via Western blot. MSC
pellets from the same donors were exposed to 0.8 Hz CHP with a peak pressure of
10MPa for 10 minutes or 4 hours. Luciferase activity was measured in pellets either 5
minutes or 8 hours after loading. Western blots for active -catenin and phosphorylated
ERK1/2 (pERK1/2) indicated differences only in pellets loaded for 4 hours and harvested
after 5 minutes. Both active B-catenin and pERK1/2 were decreased in response to this
duration of CHP in pellets all donors (Figure 4-6 B-C). The decrease in active signaling
molecules confirms the luciferase reporter data and together with it suggests that CHP

inhibits Wnt/p-catenin and MAPK signaling in MSC pellets.
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Figure 4-6. CHP represses the canonical Wnt/p-catenin and MAPK signaling pathways. (A)
Normalized reporter activities of MSC pellets exposed to CHP or control conditions. Each graph depicts
data from one representative donor. *p<0.05 for donor shown (n=3). ** indicates trend among all donors
(n=3). (B) Western blots for pERK1/2 revealed reduced levels with 4 hours of CHP while ERK1/2 levels
remained steady under the same loading conditions. Blot from one representative patient. (C) Western blots
for active p-catenin also revealed reduced levels with 4 hours of CHP. Blot from one representative patient.
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These data imply that CHP regulation of chondrogenic differentiation might occur
in part through the suppression of canonical Wnt/B-catenin and ERK1/2 signaling. B-
catenin is plays a central role in regulating the chondrocyte phenotype at every stage of
differentiation, so its ability to regulate the chondrogenic MSC phenotype that
encompasses aspects of so many other chondrocytes was selected at the focus of future
studies. The rest of this work focuses on the role of p-catenin in MSC chondrogenesis

and hypertrophy.
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Chapter 5

Requlation of B-Catenin During MSC Chondrogenesis

5.1 Introduction

The dual roles of B-catenin in developmental chondrogenesis are well
characterized. In the developing limb B-catenin is highly expressed in prechondrogenic
mesenchymal cells and is decreased in a pattern opposite the expression of Col2 as they
differentiate into chondrocytes [169, 171]. At this stage, B-catenin is localized at the
membrane in association with N-cadherin, and its role is to stabilize cell-cell adhesions in
the condensation. Prolonged expression of f-catenin prevents both the loss of N-cadherin
and the progression of chondrogenesis [169, 171]. As the chondrocytes continue the
process of maturation, p-catenin is once again observed in prehypertrophic and
hypertrophic chondrocytes in the growth plate, where it serves as a transcriptional
regulator [269]. Notably, in these chondrocytes [-catenin assumes more nuclear
localization, indicating that in these cells it functions as a signaling molecule. Expression
of constitutively active B-catenin in the growth plate accelerates chondrocyte maturation
[169]. Thus, B-catenin promotes condensation and negatively regulates chondrogenesis
by stabilizing cell to cell adhesions, positively regulates endochondral ossification via
increased transcriptional activity, and is restricted in articular chondrocytes.

If MSCs behaved exactly like articular chondrocytes, 3-catenin would be reduced
with advancing chondrogenesis, and if MSCs behaved like perfect hypertrophic
chondrocytes, B-catenin signaling would become activated during chondrogenesis.

However, we have previously demonstrated that MSCs express characteristics of both
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kinds of chondrocytes. Therefore, how [-catenin changes during MSC chondrogenesis is
less predictable. Further, the artificial packing in MSC pellets may stimulate the
formation of cell-cell adhesions containing B-catenin. Several studies have suggested that
some level of B-catenin is present in chondrogenic MSCs, but only one recent study has
shown that umbilical cord-derived MSCs downregulate total 3-catenin over time during
chondrogenesis [349]. Its regulation in bone marrow-derived MSCs like the ones used in
this work is unknown.

B-Catenin can be regulated at several levels. Like all proteins, p-catenin can be
regulated at the transcriptional and translational levels. Levels of B-catenin protein are
also regulated by post-translational phosphorylation. In the cytoplasm, phosphorylated -
catenin is targeted for proteasomal degradation [163]. Dephosphorylated “active” [-
catenin can be found at the membrane or in the nucleus, where it serves adhesive and
transcription factor roles, respectively [163, 165]. Thus, the function of B-catenin depends
on its subcellular localization. Finally, activation of -catenin target genes in the nucleus
depends on other transcriptional co-activators [164]. In the following experiments we
examined changes in B-catenin in MSC chondrogenesis at multiple levels: transcription,
translation/post-translation, subcellular localization, and transcriptional transactivity. The
goal of this experiment was to understand the mechanisms of B-catenin regulation during
MSC chondrogenesis and use this information to inform our subsequent [-catenin

pathway modification studies.
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5.2 Results

Ctnnbl Expression is Increased during MSC Chondrogenesis

In order to determine if B-catenin is regulated at the level of transcription during
MSC chondrogenesis, relative expression of Ctnnbl, the gene encoding [-catenin, was
measured in 11 day old pellets via real-time RT-PCR using with GAPDH serving as an
internal reference gene. PCR analysis showed a significant 92% increase in p-catenin
MRNA expression on day 11 compared to day 1 (Figure 5-1). This result indicates that
even under the influence of chondrogenic induction factors, MSC pellets produce -
catenin transcripts at even greater levels than in undifferentiated MSCs. This contrasts
with the observation during developmental chondrogenesis that expression of B-catenin
MRNA is higher in condensing mesenchymal cells, pre-hypertrophic chondrocytes, and
hypertrophic chondrocytes, but is reduced in Col2al-expressing chondrocytes [169, 350,

351]. However, expression of p-catenin likely drives condensation of undifferentiated
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Figure 5-1. Expression of Ctnnbl increases during MSC chondrogenesis. MSC pellets were
differentiated in CM for 11 days. Pellets were harvested at days 1 (D1) and 11 (D11) and RNA samples
were analyzed by real-time RT-PCR for CTNNB1 expression (n=3, *p<0.05). Each sample consisted of
RNA from 5 pellets.
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mesenchymal cells, whereas the artificial packing of MSC pellets may drive the increased
expression of [-catenin observed here due to cellular proximity despite the induction of

chondrogenesis by TGF-f33.

S-Catenin Protein Levels and/or Post-Translational Modifications Change during MSC
Chondrogenesis

In order to determine the effects of MSC chondrogenesis on the regulation of [3-catenin
protein, the level of active B-catenin in chondrogenic MSC pellets was measured on days
1 and 11 by ELISA. The antibody used to probe B-catenin recognizes the domain
containing amino acid residues 33-41, which, when phosphorylated, renders p-catenin
inactive. Therefore, only active B-catenin is bound by the antibody and is measurable by
ELISA. The ELISA measurements were normalized to DNA content, to yield a measure
of the active B-catenin per cell. The amount of active B-catenin per cell increased by more

than 80% over the 11 days of chondrogenesis (Figure 5-2). This could reflect one of
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Figure 5-2. Activation status of B-catenin during MSC chondrogenesis. MSC pellets were differentiated
in CM for 11 days. Pellets were lysed in 100 uL. LB/pellet at days 1 (D1) and 11 (D11) and levels of active
B-catenin in the lysate were detected by ELISA and normalized to DNA content (n=3, *p<0.05). Total
lysate was 100-200 pL, or 1-2 pellets per sample.
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several scenarios. One possibility is that B-catenin is being regulated at the level of
translation; on day 11 the MSCs are producing more B-catenin compared to day 1, while
the proportion of 3-catenin being phosphorylated remains the same. Another possibility is
that the post-translational modification of p-catenin is altered during MSC
chondrogenesis such that levels of B-catenin protein remain the same, but more of it
remains in the de-phosphorylated active state. A combination of translational or post-
translational effects could also be responsible for the increase in active -catenin during
MSC chondrogenesis. Ultimately, whether B-catenin is regulated at the translational or
post-translational level during MSC chondrogenesis, the result is more active B-catenin

protein as differentiation progresses.

p-Catenin Levels Increase at the Membrane and Decrease in the Nucleus During MSC
Chodnrogenesis

Active B-catenin is found primarily in the plasma membrane and in the nucleus. In
order to better understand the increase in active B-catenin during chondrogenesis, the
distribution of B-catenin in the different subcellular fractions was assessed by Western
blot in 1 and 11 day old chondrogenic MSCs. To verify complete separation of the
cellular compartments, B-tubulin was used as a marker of the cytoplasmic fraction,
oligomerized caveolin as a marker of the membrane fraction [352], and HDAC?2 as a
marker of the nuclear fraction [353]. The Western blots demonstrate that each of these
proteins is found in the expected fraction, with virtually no cross contamination between

fractions (Figure 5-3). The decrease in the intensity of the bands between 1 day pellets
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and 11 day pellets suggests either that lysis of whole pellets is more efficient on day 1 or
that the pellets contain more living cells at the earlier time point.

Side by side comparison of the cytoplasmic, membrane, and nuclear
compartments on days 1 and 11 of chondrogenesis indicates that most of the cellular -
catenin was located in the membrane at both time points (Figure 5-4 A). While 3-catenin
was strongly detected in the nuclear fraction as well, almost none was detected in the
cytoplasmic fraction. This suggests that phosphorylated [-catenin is degraded quickly,
leaving the de-phosphorylated active B-catenin as the main type that is detected. This is
consistent with what is known about [3-catenin protein regulation [163].

Comparison of (-catenin on days 1 and 11 in each of the fractions revealed
differential localization over the course of MSC chondrogenesis. In the cytoplasmic

fraction, 3-catenin was undetectable at day 11 and appeared only weakly on day 1. Even

Day 1 Day 11
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Figure 5-3. Validation of subcellular fractionation of MSC pellets. Chondrogenic MSC pellets from
days 1 and 11 days were fractionated using the Pierce Subcellular Protein Fractionation Kit for Cultured
Cells. 20 pL of each fraction was analyzed by Western blotting using antibodies against proteins specific to
each fraction. B-tubulin was used as a marker of the cytoplasmic fraction (CF), oligomerized caveolin was
used as a marker of the membrane fraction (MF), and HDAC2 was used as a marker of the nuclear fraction
(NF).
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Figure 5-4. Subcellular localization of B-catenin during MSC chondrogenesis. The presence of [3-
catenin in the different cellular compartments was visualized by Western blot. (A) Side by side comparison
of the cytoplasmic (CF), membrane (MF), and nuclear (NF) compartments on days 1 and 11 of
chondrogenesis. (B) Comparison of the levels of B-catenin in each fraction on days 1 (D1) and 11 (D11).
(C) The relative intensity of the nuclear B-catenin band to the HDAC2 band was calculated using NIH
ImageJ software (n=3, *p<0.05).

though the B-tubulin band also decreased in intensity between days 1 and 11, it is
impossible to make a comparison, since the B-catenin band could not be measured on day
11. In the membrane fraction, the intensity of the caveolin band seemed to decrease
between days 1 and 11 by a greater degree than the B-catenin band, suggesting an
increase in B-catenin in the membrane fraction. This could indicate an increase in cellular

adhesions stabilized by B-catenin since high numbers of cell to cell contacts should form

due to the high density of pellet culture. By day 11, individual cells might not yet be
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completely isolated in lacunae and thus retain their adhesions containing B-catenin. Since
[B-catenin is not phosphorylated when part of an adhesive complex, the increase in f-
catenin in the membrane fraction likely accounts at least in part for the increase observed
in active f-catenin protein. Nuclear B-catenin, on the other hand, seemed as though it is
decreased on day 11 compared to day 1. The ratio of intensity of the nuclear B-catenin
band to the intensity of the HDAC2 band on day 11 is lower than on day 1 (Figure 5-4
C). This would suggest a decrease in B-catenin-mediated transcription of its target genes
despite the increase in Ctnnbl transcription and decrease in B-catenin phosphorylation
reported above.

Comparison of the levels of B-catenin on days 1 and 11 in each fraction is made
difficult by the lack of an appropriate marker with which to normalize the protein levels
in each compartment. Caveolin is an imperfect marker because its expression varies with
chondrocyte maturation status [354]. It is unknown how caveolae formation changes
during MSC chondrogenesis in ways that might affect comparison of proteins in the
membrane fraction. Similarly, regulation of HDAC2 in MSC chondrogenesis has not
been described, so these results must be interpreted with caution. In order to definitively

determine activation of 3-catenin signaling, a reporter assay was used.

S-Catenin Signaling is Elevated during MSC Chondrogenesis

While the levels of active B-catenin were increased during MSC chondrogenesis, its
subcellular localization seemed to suggest that B-catenin is accumulating in the
membrane while being reduced in the nucleus on day 11 compared to day 1. A decrease

in the nucleus should indicate a reduction in B-catenin signaling, although other signaling
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factors could combine to further increase or decrease its transcriptional activity. In order
to determine specifically how the transcriptional activity of B-catenin is altered during
MSC chondrogenesis, a B-catenin-driven reporter system was used. While other B-catenin
quantities were assessed on days 1 and 11, luciferase expression was not measured until
day 2 in order to allow sufficient time for expression of the transgene. Luciferase
expression was significantly higher on day 11 than on day 2, indicating that B-catenin
signaling is more active on day 11 than earlier in chondrogenesis. Therefore, either there
is actually more [-catenin in the nucleus, which could not be observed because HDAC2
is upregulated during MSC chondrogenesis, or [-catenin transcriptional co-factors
become more abundant during MSC chondrogenesis leading to increased signaling
activity. An increase in -catenin signaling activity contrasts with the decrease reported
in developmental chondrogenesis and may provide an explanation for the mixed

phenotype observed during MSC chondrogenesis. In order to evaluate the influence of -
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Figure 5-5. p-Catenin-regulated transcriptional activity increases during MSC chondrogenesis. The
level of B-catenin responsive transcriptional activity was assessed using promoter-reporter construct
containing TCF/LEF firefly luciferase, with a Renilla luciferase reporter as control. MSCs were transfected
with the lentiviral reporter genes before pellet formation, and then differentiated in CM for 11 days. Pellets
were lysed in 100 uL PLB/pellet at days 2 (D2) and 11 (D11) and luciferase activity was determined using
the Promega DualGlo Assay (n=3, *p<0.05). Total lysate was 100-200 uL, or 1-2 pellets per sample.
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catenin on the chondrogenic MSC phenotype, we modulated -catenin signaling during

MSC chondrogenesis and the results are reported in the next chapter.
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Chapter 6

B-catenin Signaling Requlates MSC Chondrogenesis

6.1 Introduction

In the previous chapter, we demonstrated that B-catenin-driven transcription is
increased during the course of MSC chondrogenesis. This contrasts with its
downregulation during developmental chondrogenesis, and suggests that canonical
Wnt/B-catenin signaling may play a role in modulating the phenotype of chondrogenic
MSC:s. In this chapter, we endeavored to discover the ways in which B-catenin signaling
regulates chondrogenesis in MSCs.

B-Catenin differentially regulates the phenotype of chondrocytes at various stages
of chondrocyte differentiation. Constitutive activation of LEF-1 in nascent chondrocytes
severely compromises chondrogenesis in transgenic mice [181]. In vitro, constitutively
active -catenin causes immature chondrocytes to dedifferentiate, which may explain the
defective chondrogenesis observed in vivo [181, 268]. Conversely, conditional
inactivation of f-catenin in condensing mesenchymal cells enhances chondrogenesis,
resulting in ectopic cartilage formation [168]. In maturing chick chondrocytes,
constitutive activation of [-catenin signaling accelerates the development of a
hypertrophic phenotype, while inhibition of B-catenin signaling increases markers of
chondrogenesis and decreases markers of hypertrophy [169, 181, 269, 355, 356]. In
articular chondrocytes, constitutive activation of B-catenin causes them to assume a
hypertrophic phenotype [296]. In vitro, when articular chondrocytes are dedifferentiated

in serial monolayer culture, 3-catenin becomes more abundant and translocates to the
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nucleus [171]. Thus, PB-catenin negatively regulates chondrogenesis in immature
chondrocytes and positively regulates hypertrophy in more mature chondrocytes.

The differentiation state of chondrogenic MSCs varies in culture, so how they will
respond to B-catenin modulation is not clear. One study on fracture healing in Col2al-
ICAT mice may provide some insight. In these mice, inhibitor of B-catenin/TCF (ICAT)
is expressed in Col2al-expressing cells, leading to reduction in callus formation and
delayed callus ossification following fracture [357]. Since MSCs are involved in callus
formation, this suggests that inhibition of B-catenin may inhibit their differentiation into
chondrocytes as well as subsequent endochondral ossification. While the latter result is
consistent with effects in maturing chondrocytes, the former is unexpected. Two recent
studies have examined the role of B-catenin in in vitro MSC chondrogenesis. Im et al.
showed that Wnt inhibitors enhance MSC chondrogenesis [358, 359]. Zheng et al.
showed that stimulation of -catenin during the first week of chondrogenesis enhanced
hypertrophy of MSC pellets after 5 weeks, but continued stimulation of B-catenin
decreased hypertrophy [360]. These studies in MSCs were used to guide the design of our
experiments investigating the role of B-catenin in MSC chondrogenesis.

There are myriad ways to modulate p-catenin signaling. We chose to use small
molecules targeting different components of the canonical Wnt/p-catenin pathway
because of the ease of their incorporation into the existing culture system requiring only
the addition of an extra component to the CM. The aforementioned studies in MSCs used
Dickkopf (Dkk)-1 and secreted Frizzled-related protein (SFRP)-1 to inhibit Wnt signaling
and LIiCl to stimulate it. Since we wanted to specifically target nuclear B-catenin

signaling, we wanted to use the most specific small molecules available. To review,
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cytoplasmic B-catenin is bound in a complex with Axin, APC, and GSK-3p. GSK-3p
phosphorylates B-catenin, leading to its proteasomal degradation. Wnt binds to and
activates the Fz and LRP5/6 receptors, activating Dsh and promoting disassembly of the
[-catenin destruction complex. Newly free B-catenin can then translocate to the nucleus,
complex with TCF/LEF, and activate transcription of its target genes.

In order to study the effects of B-catenin inhibition we wanted a molecule that
directly targeted B-catenin-mediated transcription because inhibition of other parts of the
canonical Wnt pathway might allow cross-communicating pathways to continue to
regulate [-catenin as well as inhibition non-canonical signaling. Dkk-1 and sFRP-1,
which inhibit Wnt receptor activation, and LiCl, which non-specifically inhibits GSK-3f3
were deemed inappropriate choices. We initially identified PKF115-584, a small
molecule that disrupts the association of B-catenin with TCF/LEF [361], but it was not
commercially available so we turned our attention to XAV939. XAV939 has been
identified as a small molecule inhibitor of p-catenin itself [362]. XAV939 inhibits the
catalytic activity of TNKS1/2, a pair of tankyrases that interact with the N-terminal of
Axin via their ankyrin domain. TNKS1/2 modify their substrates with ADP-ribose units
in a process known as PARSylation. XAV939 binds the catalytic domain of TNKS1/2
with high affinity (K4=0.1 pM), inhibiting PARSylation. Since PARSylation of Axin
leads to its degradation, XAV939 increases the abundance of Axin, and promotes activity
of the B-catenin destruction complex. Correspondingly, it has been shown that XAV939
inhibits B-catenin signaling, decreases P-catenin abundance, and increases [-catenin
phosphorylation. Meanwhile, XAV939 had no effects on CRE, NF-xB, or TGF-$

reporters [362], demonstrating the specificity of XAV939 in inhibiting canonical Wnt
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signaling by promoting the degradation of p-catenin. However, other byproducts of Axin
activation remain unknown.

In order to study the effects of elevated B-catenin signaling we used a GSK-3f3
inhibitor that resulted in accumulation of active B-catenin protein. Lithium salts are
known inhibitors of GSK-3p, and increase B-catenin signaling, but lithium also inhibits
other cellular enzymes and high concentrations are needed [363]. We chose the small
molecule CHIR99021, whose specificity for GSK-3B inhibition (ICs,=6.7 nM) was
shown to be up to 10* times greater than for other kinases [363]. In 3T3-L1 cells,
CHIR99021 increased the amount of B-catenin within the cells without altering its
occurrence in the membrane [364]. In H41IE cells, CHIR99021 induced dose-dependent
activation of p-catenin signaling [365]. Together these results demonstrate that
CHIR99021 stimulates canonical Wnt signaling by preventing the degradation of -
catenin through selective inhibition of GSK-3.

Based on its effects in chondrocytes, we hypothesized that B-catenin inhibition
would promote MSC chondrogenesis and inhibit hypertrophy, and that [-catenin
activation would promote MSC hypertrophy and inhibit chondrogenesis. In the next
section we describe the effects of pB-catenin modulation on MSC chondrogenesis using

the small molecules XAV939 and CHIR99021.
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6.2 Results

XAV939 Decreases p-catenin Signaling and Protein Levels

The inhibitory effect of XAV939 on B-catenin signaling was validated in MSCs
via luciferase reporter, ICC, and ELISA. First, MSCs from a single donor were
transfected with a lentiviral p-catenin-driven luciferase reporter plasmid and a
constitutively active Renilla luciferase plasmid. Pellets of infected MSCs were treated
with different concentrations of XAV939 in CM in order to determine the concentration
that produces the largest reduction in B-catenin signaling. MSC pellets exhibited a
reduction in relative luciferase activity at all concentrations of XAV939 on day 2 and day
11 (Figure 6-1 A). This inhibition was significant at XAV939 doses of 1 uM and 10 uM
on day 2, with the greatest response observed at 1 uM. While the reduction in luciferase
activity was not significant at day 11, the dose-response behavior was identical to that
observed on day 2. Based on the outcome of the initial dose-repose experiment, relative
luciferase activity was assessed in MSC pellets from three different donors treated with 1
uM XAV939. A significant reduction in luciferase activity was verified on day 2 in all
donors. The decrease in luciferase reporter activity indicates a reduction in [-catenin
signaling with XAV939 treatment.

In monolayer MSCs, treatment with 1 uM XAV939 for 24 hours resulted in
decreased B-catenin signal upon immunocytochemical tagging. While background noise
made it difficult to identify the localization of B-catenin, there is distinctly less overall
signal in the XAV939-treated MSCs versus control cells (Figure 6-1 B). This indicates a

reduction in the amount of total B-catenin in treated MSCs. In pellets, the amount of
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Figure 6-1. Validation of the effects of XAV939 on B-catenin signaling. (A) MSC pellets from one
donor were cultured in CM for 11 days with various concentrations of XAV939. Changes in transcriptional
activity between days 2 and 11 were assessed using a TCF/LEF luciferase reporter system (n=3, *p<0.05).
The greatest inhibition of reporter activity was observed at 1 pM XAV939 at both time points. (B) In
monolayer MSCs from 4 donors, B-catenin was tagged with the fluorophore AlexaFluor647, depicted here
in fuchsia. After only 24 hours of treatment with XAV939, less of the fluorescent marker was detected. (C)
As measured by ELISA, the level of active B-catenin in chondrogenic pellets was decreased in pellets from
one donor treated with 1 uM XAV939 for 11 days of chondrogenic culture (n=3, *p<0.05).

122



0.02 - *
e !
S _ 0.015 - 7
283 * T %
B85 001- T T / OControl
®EE % / @500 nM CHIR99021
3700054 / %
. » A
D2 D14

B
B-catenin Immunocytochemistry
Control 500 nM CHIR99021
C
g 00025 *
a 0.002 T
)] L
2 0.0015 T
£ 0.001 T
Q
o 0.0005
-]
< 0 4 r
Control 500 nM
CHIR99021
D11

Figure 6-2. Validation of the effects of CHIR99021 on B-catenin signaling. (A) Changes in luciferase
activity in MSC pellets from a single donor cultured in CM for with 500 nM CHIR99021 were assessed on
days 2 and 11 using a TCF/LEF luciferase reporter system (n=3, *p<0.05). Significant enhancement of
reporter activity was observed at both time points. (B) In monolayer MSCs from 4 donors, after only 24
hours of treatment with CHIR99021, more of fluorescently labeled B-catenin (fuchsia) was detected by
ICC. (C) MSC pellets from one donor supplemented with 500 nM CHIR99021 during chondrogenesis
exhibited increased levels of active B-catenin on day 11 as measure by ELISA (n=3, *p<0.05).
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active B-catenin was evaluated by ELISA and normalized to the DNA content. After 11
days of chondrogenic culture, pellets that were supplemented with 1 pM XAV939
contained less active B-catenin (Figure 6-1 C). The reporter, immunocytochemistry, and
ELISA results all support the conclusion that XAV939 inhibits B-catenin signaling in

MSCs.

CHIR99021 Increases S-catenin Signaling and Protein Levels

To validate the stimulatory effect of CHIR99021 on B-catenin signaling in MSCs,
both MSC pellets and monolayer cultures were analyzed. The manufacturer’s
recommendation of 500 nM was used for all experimental treatment groups. Pellets
supplemented with 500 nM CHIR99021 during chondrogenesis exhibited significantly
increased expression of a B-catenin-driven luciferase reporter gene on both days 2 and 14
of culture (Figure 6-2 A). Similar stimulation of relative luciferase activity was observed
in pellets from three different donors, indicating enhanced B-catenin signaling with
CHIR99021 treatment.

The increase in reporter gene expression correlated with changes observed in -
catenin expression both in monolayer MSCs and in pellets. In monolayer, treatment of
MSCs with CHIR99021 for only 24 hours led to increased immunocytochemical labeling
of B-catenin, which indicates an increase in total B-catenin within the MSCs (Figure 6-2
B). In pellets, a significant increase in active -catenin was observed after 11 days of
chondrogenesis (Figure 6-2 C). As a GSK-3 inhibitor, CHIR99021 inhibits
phosphorylation and targeted ubiquitination of f-catenin, which leads to accumulation of

the active form of the molecule as observed here. Together with the reporter and
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immunocytochemistry results, this data validates CHIR99021 as a stimulator of [3-catenin

signaling.

GAG Accumulation in Chondrogenic MSCs is Negatively Regulated by p-catenin

The effect of B-catenin inhibition and stimulation on sGAG deposition in
chondrogenic MSC pellets was assessed on day 11. MSCs from 6 different donors were
treated with XAV939 to inhibit B-catenin signaling: 52 year old male (52M), 53 year old
male (53M), 55 year old male (55M), and 59 year old male (59M), which were strongly
chondrogenic, 60 year old male (60M), which exhibited delayed chondrogenesis, and 63
year old male (63M), which was weakly chondrogenic. For stimulation of B-catenin
signaling, the same donors were used with the exception of 60M, for a total of 5 donors.

On day 11, treatment with XAV939 enhanced the amount of GAG per cell in all
pellets (Figure 6-3 A). The increased GAG deposition was significant in pellets from 3 of
4 of the strongly chondrogenic donors and in pellets from 60M, but not in weakly
chondrogenic pellets. Conversely, treatment with CHIR99021 resulted in decreased GAG
deposition on day 11 of chondrogenesis in pellets from all donors, although this result
was only significant in one donor. These quantitative data suggest that [B-catenin
negatively regulates GAG accumulation.

In order to qualitatively assess SGAG accumulation within the pellets, paraffin-
embedded sections of 11 day old pellets were stained with Saf O. Strongly chondrogenic
pellets cultured with XAV939 exhibited more intense Saf O staining than control pellets
(Figure 6-3 B). Whereas some control pellets had regions that did not stain positive,

which were typically found in the center of the pellet, there was usually an even
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distribution of Saf O throughout the XAV939-treated pellets. Pellets cultured with
CHIR99021, on the other hand, had only very weak Saf O staining, if any. Regions
without staining were more prevalent in CHIR99021-treated pellets compared to controls.

Pellets from delayed and weakly chondrogenic donors had little staining in the control
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Figure 6-3. Modulation of -catenin signaling affects GAG deposition during MSC chondrogenesis.
MSC pellets were cultured in CM for 11 days with 1 uM XAV939, 500 nM CHIR99021, or 0.1% DMSO
(Control). (A) Sulfated GAG content of digested pellets on day 11 was increased with XAV939 treatment
and decreased with CHIR99021 treatment. Data shown from one patient is representative of 5-6 patients
tested. *p<0.05 indicates significance for donor shown (n=3). ** indicates trend among strongly
chondrogenic pellets (n=4). t indicates trend among all pellets (n=5-6). (B) Safranin O/Fast Green staining
of paraffin-embedded sections revealed increased staining with XAV939 treatment and decreased staining

with CHIR99021 treatment in pellets from strongly chondrogenic donors. Images shown from one
representative donor.
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pellets, which made it impossible to compare GAG deposition with the other treatment
groups. Increased staining in the XAV939 treatment group and decreased staining in the
CHIR99021 treatment group corroborated the quantitative GAG results that p-catenin
inhibition promotes GAG synthesis, while stimulation of p-catenin signaling negatively

regulates GAG accumulation in chondrogenic MSCs.

Chondrogenic Gene Expression is Negatively Regulated by [f-catenin

Transcriptional regulation of genes associated with chondrogenesis was assessed
in chondrogenic pellets treated with XAV939 and CHIR99021 via RT-PCR. Expression
levels were normalized to GAPDH expression. On day 11, expression of Sox9, Col2al,
and Acan was increased in all strongly chondrogenic pellets cultured with XAV939
(Figure 6-4 A-C). Expression of Col2al and Acan was decreased on day 11 when pellets
were cultured with CHIR99021 in all pellets (Figure 6-4 D-F). Expression of Sox9 was
also decreased in CHIR99021-treated pellets from all but a single donor. These results
indicate that inhibition of B-catenin enhances expression of chondrogenic genes, while
stimulation of B-catenin suppresses their expression.

Variability in the magnitude of response to -catenin was observed between
donors. The increases in chondrogenic gene expression with XAV939 treatment were
statistically significant in many of the pellets tested. In pellets of strongly chondrogenic
MSCs, the increase in Sox9 was significant in 50% of the donors, but never in delayed or
weakly chondrogenic pellets. The increase in Col2al was significant in 100% of strongly
chondrogenic MSC pellets and in pellets of weakly chondrogenic donor cells. However,

in 60M pellets, which exhibited delayed chondrogenesis, Col2al was significantly
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Figure 6-4. Inhibition of B-catenin signaling increases expression of chondrogenic genes, while
stimulation of p-catenin signaling decreases expression of chondrogenic genes. MSC pellets were
cultured in CM supplemented with 1 uM XAV939, 500 nM CHIR99021, or 0.1% DMSO (Control).
Expression of chondrogenic genes on day 11 was normalized to GAPDH and are depicted as fold changes
relative to day 1 expression. Treatment with XAV939 resulted in upregulation of (A) Sox9, (B) Col2al, and
(C) Acan, while treatment with CHIR99021 led to downregulation of (D) Sox9, (E) Col2al, and (F) Acan.
Each graph depicts data from one representative donor. *p<0.05 for donor shown (n=3). ** indicates trend
among strongly chondrogenic pellets (n=4). * indicates trend among all pellets (n=5-6).
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decreased in the XAV939 treatment group compared to the control group. Acan was
significantly upregulated in all strongly chondrogenic pellets treated with XAV939, but
the increase in Acan expression was not significant in pellets from either delayed or
weakly chondrogenic pellets.

In CHIR99021-treated pellets the alterations in Sox9 were not significant, but the
decreases in Col2al and Acan were statistically significant in strongly chondrogenic
pellets. Sox9 was decreased in 75% of the strongly chondrogenic pellets supplemented
with CHIR99021 and in weakly chondrogenic pellets, but none of these decreases were
significant. In pellets from one donor, Sox9 expression was increased by 20% compared
to controls, but this was not significant. In addition to the strongly chondrogenic pellets,
Col2al expression was significantly decreased in weakly chondrogenic pellets cultured
with CHIR99021 as well. The decrease in Acan expression, however, was not significant
in CHIR99021-treated pellets from weakly chondrogenic donors. Despite differences
between donors, RT-PCR data support the conclusion that B-catenin negatively regulates

chondrogenic gene expression in MSCs.

Hypertrophic Gene Expression is Differentially Regulated by f-catenin

Transcriptional regulation by XAV939 and CHIR99021 was assessed for genes
associated with chondrocyte hypertrophy. Unlike the chondrogenic genes which
demonstrated clear patterns of regulation upon B-catenin signaling modification, the
regulation of hypetrophic gene expression was less straightforward. On day 11, XAV939
treatment tended to decrease Runx2, ALP, MMP13, and BSP, but had little discernible

effect on Col10al or PTHrP expression (Figure 6-5). Treatment with CHIR99021 tended
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Figure 6-5. Inhibition of B-catenin signaling decreases expression of some hypertrophic genes. MSC
pellets were cultured in CM supplemented with 1 uM XAV939 or 0.1% DMSO (Control). Expression of
hypertrophic genes on day 11 was normalized to GAPDH and are depicted as fold changes relative to day 1
expression. Treatment with XAV939 resulted in downregulation of (C) ALP and (E) MMP13 and
indeterminate effects on (A) PTHrP, (B) Runx2, (D) Coll10al, and (F) BSP. Each graph depicts data from
one representative donor. *p<0.05 for donor shown (n=3). ** indicates trend among all strongly
chondrogenic pellets (n=4). t indicates trend among all strongly and weakly chondrogenic pellets (n=6).
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Figure 6-6. Stimulation of p-catenin signaling decreases expression of most hypertrophic genes, but
not Runx2. MSC pellets were cultured in CM supplemented with 500 nM CHIR99021 or 0.1% DMSO
(Control). Expression of hypertrophic genes on day 11 was normalized to GAPDH and are depicted as fold
changes relative to day 1 expression. Treatment with CHIR99021 resulted in upregulation of (B) Runx2 and
downregulation of (D) Col10al. There were no consistent effects on (A) PTHrP, (C) ALP, (E) MMP13,
and (F) BSP. Each graph depicts data from one representative donor. *p<0.05 for donor shown (n=3). **
indicates trend among all strongly chondrogenic pellets (n=3). * indicates trend among all strongly and
weakly chondrogenic pellets (n=5).
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to increase Runx2 and PTHrP, and decrease ALP, Col10al, MMP13, and BSP (Figure 6-
6). Inhibition and stimulation of B-catenin signaling did not have opposing effects on
hypertrophy gene expression as they did on markers of chondrogenesis.

Inhibition of B-catenin signaling with XAV939 had a mostly suppressive effect on
genes associated with hypertrophy with the following differences observed between
donors. Runx2 was downregulated in pellets from 75% of strongly chondrogenic donors,
significantly in one, and significantly downregulated in 60M pellets that exhibited
delayed chondrogenesis. ALP was downregulated in all pellets, including those from
delayed or weakly chondrogenic donors, and this was significant in all but 2 donors.
MMP13 expression was also reduced in all strongly chondrogenic pellets, but not
significantly. MMP13 was upregulated in pellets from delayed and weakly chondrogenic
donors. BSP was downregulated in pellets from 3 of 4 strongly chondrogenic donors,
significantly in 2. It was also significantly reduced in 60M pellets. Conversely, Col10al
expression was increased in pellets from 3 of 4 strongly chondrogenic donors cultured
with XAV939, although never significantly. In pellets from delayed and weakly
chondrogenic donors, Col10al was downregulated, but not significantly. There was no
obvious effect on PTHrP expression, which was up in half of the strongly chondrogenic
pellets and down in the other half (Figure 6-5A). None of the alterations in PTHrP
expression were significant, except in pellets experiencing delayed chondrogenesis in
which PTHrP was significantly upregulated. These data indicate that inhibition of -
catenin signaling has a suppressive effect on most indicators of chondrocyte hypertrophy

while still enhancing expression of Col10al.
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Stimulation of B-catenin signaling in chondrogenic MSC pellets with CHIR99021
tended to increase expression of genes encoding signaling molecules and decrease
expression of genes encoding functional hypertrophic proteins, again with some observed
donor variability. PTHrP expression was increased in pellets from 2 of 3 strongly
chondrogenic donors, though not significantly. Runx2 was also upregulated in all strongly
chondrogenic MSCs, and significantly in 50% of them. In weakly chondrogenic pellets,
Runx2 was downregulated, but not significantly. Meanwhile, ALP was downregulated in
pellets from 75% of the strongly chondrogenic donors. In weakly chondrogenic MSCs,
ALP expression was increased, but this increase was not significant. CHIR99021
treatment downregulated MMP13 in pellets from 2 of 3 strongly chondrogenic donors,
but not significantly. MSC pellets from the other strongly chondrogenic donor had
significantly increased MMP13 expression. Col10al was significantly downregulated in
nearly all strongly and weakly chondrogenic MSCs. BSP was significantly
downregulated in pellets from 2 of 3 strongly chondrogenic donors. Changes in BSP
expression in the remaining strongly chondrogenic donor and in weakly chondrogenic
MSCs were not significant. These data indicate that stimulation of B-catenin signaling has
a suppressive effect on functional indicators of chondrocyte hypertrophy.

While DMSO had no effect on transcription of most of the genes evaluated,
DMSO significantly suppressed expression of MMP13. Therefore, it is impossible to
completely distinguish the effects of XAV939 and CHIR99021 from the effects of

DMSO.
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MMPs are Differentially Regulated by [-catenin

While gene expression is an indication of the changing phenotype of
chondrogenic MSC pellets, functional hypertrophy can be identified via Coll0
deposition, ALP activity, and MMP13 activity. However, no Col10 can be detected via
immunohistochemistry on day 11, so alterations in Col10 deposition due to modulation of
[-catenin signaling were not assessed in this case. Since ALP activity has been shown to
correlate with changes in ALP expression, an ALP activity assay would be redundant
here. Recently, MMPs have begun to be assessed in chondrogenic MSC pellets cultured
with XAV939 and CHIR99021, but so far only pellets from one donor, 59M, have been
analyzed. The results from that one donor are presented below.

MMP2 and MMP13 were secreted by chondrogenic pellets from all treatment
groups. Conditioned media were analyzed by Western blot for the presence of MMP1,
MMP2, and MMP13. While no MMP1 was detected in any conditioned medium, both
MMP2 and MMP13 were present in the media of pellets from all treatment groups
(Figure 6-7 A). The amount of secreted MMP2 appears to be increased in conditioned
medium from the XAV939-treated pellets compared to its levels in the medium from
control pellets. However, secreted MMP2 levels were unchanged in medium from
CHIR99021-treated pellets. Less MMP13 was apparent in the medium from both
treatment groups compared to control medium. The conditioned medium was also
subjected to an MMP activity assay, but no MMP activity was detected, likely due to the
presence of TIMPs, which are produced at high levels by MSCs [366]. However, at least
at the level of secretion, B-catenin inhibition inhibited MMP13 and enhanced MMP2,

while -catenin stimulation had no effect on either one.
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Figure 6-7. Inhibition of B-catenin signaling alters secretion of MMPs. Conditioned medium was
collected from 59M pellets supplemented with 1 uM XAV939, 500 nM CHIR99021, or 0.1% DMSO
(Control). (A) Western blot revealed increased MMP2 upon treatment with XAV939 and decreased
MMP13 upon treatment with XAV939 and CHIR99021. (B) Alterations in MMP2 secretion were
correlated with changes in MMP2 expression. *p<0.05 (n=3).

The changes in secreted MMP13 and MMP2 with the different B-catenin
treatments correlated with changes in their gene expression. As described previously,
MMP13 was decreased with XAV939 treatment and unchanged by CHIR99021.
Treatment with XAV939 led to increased expression of MMP2, while CHIR99021 had
no significant effect, which correlated with its functional regulation (Figure 6-7 B). This
indicates that in addition to MMP13, B-catenin signaling also regulates MMP2 during

MSC chondrogenesis.
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Chapter 7 Discussion

7.1 Summary

In Chapter 3, MSC chondrogenesis was characterized for two main purposes. The
first was to identify a time point earlier than the commonly used day 21 at which
chondrogenesis could be defined. The second aim was to map the development of
hypertrophic characteristics, which are commonly overlooked in studies of MSC
chondrogenesis, in order to better understand the hypertrophic character of chondrogenic
MSCs. Toward the first aim, MSC pellets were cultured in CM, and sGAG deposition
and relative expression of Sox9, Col2al, and Acan were measured over the course of 21
days. Day 11 was identified as an earlier point at which chondrogenesis could be
definitively established based on increased accumulation of GAG and increased
expression of chondrogenic genes. The magnitude of GAG accumulation revealed a
distinction between what were termed “strongly” and “weakly” chondrogenic MSC
sources, and only the strongly chondrogenic cells were used for subsequent analyses.
Unlike differentiating mesenchymal cells in the limb bud or in micromass culture,
expression of hypertrophy genes during MSC chondrogenesis did not occur in a
sequential pattern, but rather simultaneously with expression of articular cartilage
specific genes, suggesting that MSCs undergoing chondrogenesis in vitro do not behave
like neo-chondrocytes or hypertrophic chondrocytes, but rather like a hybrid of the two.

In Chapter 4, regulation of both the articular and hypertrophic aspects of
chondrogenically differentiated MSCs by CHP was evaluated. Chondrogenic markers

were enhanced on day 11 in MSC pellets exposed to daily CHP, while inhibitory effects
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of CHP were seen for several markers of hypertrophy on day 21. Varying the days on
which CHP was applied revealed diverse effects of loading during different phases of
chondrogenic culture. Loading during the first 10 days of MSC chondrogenesis increased
some markers of chondrogenesis, while loading during the latter half of chondrogenic
culture was detrimental to chondrogenic markers. However, CHP applied during the
second half of MSC chondrogenesis did inhibit expression of some hypertrophy marker
genes. The canonical Wnt/B-catenin and MAPK signaling pathways were identified as
mechanosensitive elements in MSCs exposed to CHP. B-Catenin signaling was selected
as the focus of future studies on the regulation of the chondrogenic MSC phenotype
because of its mechanosensitive nature and integral role in regulating developmental
chondrogenesis, endochondral ossification, and the pathogenesis of OA.

In Chapter 5, regulation of p-catenin and canonical Wnt signaling was
characterized in MSCs over the course of 11 days of chondrogenesis. 3-Catenin was
shown to be positively regulated at the level of transcription of Ctnnbl during MSC
chondrogenesis. 3-Catenin protein persisted at the membrane and in the nucleus after 11
days compared to day 1, and increased levels of dephosphorylated p-catenin correlated
with increased canonical Wnt signaling. Elevated B-catenin signaling over the course of
MSC chondrogenesis supported the previous conclusion that chondrogenic MSCs do not
adhere to the phenotypic patterns observed in developmental chondrogenesis, where -
catenin signaling is decreased in regions of chondrogenic differentiation. The presence of
B-catenin signaling in differentiating MSCs also confirmed that this pathway is a
promising target through which to modify MSC chondrogenesis in order to improve the

quality of engineered tissue.
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In Chapter 6, the phenotypic effects of f-catenin modulation were assessed in
MSCs after 11 days of chondrogenic culture. Inhibition of B-catenin enhanced GAG
production and expression of chondrogenic genes, suggesting an inhibitory effect of j3-
catenin on MSC chondrogenesis. The decreased expression of many hypertrophic genes
in response to B-catenin inhibition, suggests that B-catenin signaling is required for the
development of hypertrophic characteristics in chondrogenic MSCs. The enhancement of
chondrogenic genes and suppression of hypertrophy genes observed with [-catenin
inhibition alleviates one of the major deficiencies of MSC chondrogenesis. Stimulation of
p-catenin diminished GAG accumulation and Col2al and Acan expression, suggesting an
inhibitory effect of B-catenin on MSC chondrogenesis as before. However, while
stimulation of B-catenin enhanced expression of Runx2, other hypertrophic genes were
inhibited. These data suggest that overstimulation by B-catenin in MSCs actually prevents
hypertrophy in these cells because they do not go through chondrogenesis, although we
did not investigate whether these cells might actually be undergoing osteogenic
differentiation. Thus, inhibition of B-catenin signaling during MSC chondrogenesis
favored chondrogenesis over hypertrophy, while elevated B-catenin prevented any kind of
chondrogenic differentiation.

Two of the recurring themes across multiple studies are the issue of donor
variability and the idea of an “intermediate” MSC phenotype that falls somewhere
between that of neo-chondrocytes and hypertrophic chondrocytes. Variability in the MSC
response was observed in all studies in which MSCs from multiple donors were analyzed.
Similarities between the phenotype of chondrogenic MSCs and other kinds of

chondrocytes were discerned at many different levels. These themes will be fleshed out in
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the following sections prior to describing the significance of the CHP and [-catenin

studies.

7.2 Donor Variability

It is unsurprising that cells derived from different donors would exhibit varying
capacities for chondrogenic differentiation. Firstly, MSC populations are themselves
heterogeneous. MSCs derived from individual adherent cells vary as to their ability to
undergo trilineage differentiation [2, 12]. Therefore, the proportion of MSCs capable of
chondrogenic differentiation can vary by donor. Populations containing greater numbers
of MSCs capable of chondrogenic differentiation will have a higher bulk chondrogenic
capacity. Second, the degree to which cells from different colonies derived from a single
donor exhibit signs of chondrogenic differentiation varies. Pittenger et al. noted that
sometimes MSCs from an individual colony were only “weakly” positive for the
chondrocyte phenotype compared to MSCs from other colonies from the same donor [2].
Thus, the proportion of cells capable of differing degrees of chondrogenic differentiation
within an MSC population may give rise to differing overall levels of chondrogenic
differentiation between donors. The inherent variability in the chondrogenic potential of
MSCs from different donors must be taken into account when studying MSC
chondrogenesis. Donor variability remains a major concern in the context of using
autologous MSCs in cartilage repair therapies since not all MSCs from OA patients will
be capable of strong chondrogenic differentiation. Recent attempts have been made to

better define the osteogenic differentiation potential of clonal isolates of MSCs on the
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basis of marker genes, and this paradigm can be applied to identify MSCs with strong
chondrogenic potential [367].

In Chapter 3, a threshold was established to distinguish between strongly and
weakly chondrogenic MSCs based on GAG production. In the initial characterization
studies, MSCs from five donors were analyzed over the course of 21 days of
chondrogenesis. The cells were easily segregated into groups based on the GAG content
of their pellets on day 21: strongly chondrogenic pellets contained more than 12 pg
GAG/pg DNA, and weakly chondrogenic pellets contained less than 6 g GAG/ug DNA.
In fact, quantitation of GAG was ultimately deemed unnecessary because GAG
accumulation was easily visualized; the bigger the pellet under these conditions, the
greater the GAG content. For the B-catenin and pathway modulation studies in Chapters 5
and 6, cultured pellets were classified as strongly or weakly chondrogenic based on gross
examination. An attempt was made to use only strongly chondrogenic MSCs because the
purpose of the pathway modulation studies was to discern the role of p-catenin in MSCs
chondrogenesis, and weakly chondrogenic cells might not reflect the same signaling
milieu present in strongly chondrogenic MSCs.

The division of MSCs into strongly and weakly chondrogenic groups was
convenient for the purpose of this work, but these classifications do not completely or
accurately reflect the spectrum of phenotypes found in chondrogenic MSCs. In addition
to the absolute amount of extracellular matrix produced, MSCs from different donors
exhibited varied temporal differentiation profiles. On day 11, MSC pellets from strongly
chondrogenic donors exhibited disparate histological staining for SGAG, but staining was

equally intense in pellets from all strongly chondrogenic donors by day 21, indicating that
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some MSCs are merely delayed in their GAG synthesis program rather than deficient.
The temporal progression of chondrogenic differentiation was especially important to
consider in contextualizing the results in Chapter 6 because MSCs from different donors
were indeed at different stages in their differentiation programs on day 11. Delayed
chondrogenesis has been reported as the result of genetic mutations [368, 369], protein
misexpression [170, 182], exogenous growth factor supplementation [370], and other
chemical treatments [371] during chondrogenesis. Under these abnormal conditions, the
signaling framework within differentiating cells is altered. In the case of MSCs, inherent
disparities in the signaling programs of cells from different donors and different cells
from individual donors, perhaps reflecting their biological state (e.g., cell cycle phase,
epigenetics), may account for the variations in the temporal differentiation profiles.
Differential signaling activity between MSCs from different donors may help
explain the variability observed in their responses to CHP. Other studies have also
reported inconsistent responses to CHP by MSCs from different donors. Finger et al.
subjected human marrow-derived MSCs in agarose gels to 4 hours of 1 Hz CHP at 7.5
MPa and observed varying fold changes in Sox9 expression over 14 days [342]. Recently,
Steward et al. reported that porcine marrow-derived MSCs in fibrin gels also exhibited
donor variability in their biosynthetic response to 4 hours of 1 Hz CHP at 10 MPa after
21 days [338]. In this work, the wide range of GAG deposition and fold change values
observed across donors is reflected in large standard deviations when measurements from
multiple donors are averaged as in Chapter 4. Practically, this means that MSCs from
large numbers of donors are required to yield significant results with p values of less than

0.05, even using paired statistical analyses. Therefore, trends across multiple patients

141



were evaluated as an indication of the effects of CHP and -catenin modulation when
statistical tests did not reveal significance.

Donor variability is also important to consider when interpreting quantitative RT-
PCR results. Here, gene expression was calculated as a fold change relative to expression
on the first day of chondrogenesis. The fold change value, therefore, depends on the
initial expression levels of each gene. The magnitudes of the Sox9 fold changes were
comparatively small, ranging from 0.4 to 3.3-fold, but it is important to note that during
development skeletal precursors express Sox9 even before overt chondrogenesis [125,
126]. If the same is true of MSCs, the relative expression of Sox9 may not show
significant changes even under induced chondrogenic conditions. A larger fold change
may be indicative not of improved chondrogenesis, but of cells that had lower
chondrogenic potential to begin with. In support of this theory, 51F and 56M MSCs
deemed weakly chondrogenic by their inferior GAG production exhibited relatively high
3.2 and 4.4-fold increases in Sox9 expression by day 21. Further, expression of Sox9 is
calculated relative to day 1 expression since the pellets are too loose to harvest before 24
hours. Sox9 may be significantly upregulated during those first 24 hours of chondrogenic
culture since it is induced early in chondrogenic differentiation. Subsequent modulation
of Sox9 levels may be trivial compared to any early regulation. Thus, changes in Sox9
expression need to be interpreted with care.

Conversely, increases in Col2al and Acan should correlate with improved
chondrogenesis. It is possible that any given population of MSCs will contain some
number of chondrocyte precursors, which already express some amount of Col2al and

Acan. Again, differences in the fold change magnitudes between donors might be
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indicative of their initial chondrogenic potential, with smaller fold changes corresponding
to the MSCs that were already expressing some level of chondrocyte-specific genes.
However, variability in fold change magnitudes might also reflect the inherent
responsiveness of MSCs from a specific donor to chondrogenic induction. For example,
53M MSCs had the lowest Col2al and Acan fold changes on day 21, which could
indicate the presence of a high number of chondrocyte precursors among the primary
MSCs or lower intrinsic sensitivity to the chondrogenic induction conditions used.
Increased Col2al and Acan expression was functionally reflected in deposition of Col2
and sGAG in pellets, although larger fold change magnitudes did not always correlate
with greater extracellular matrix deposition. Thus, despite inter-donor differences in fold
change magnitudes, increases in Col2al and Acan are indicative of chondrogenic
differentiation.

Increases and decreases in the hypertrophic genes during MSC chondrogenesis
need to be similarly considered. Even though their populations are heterogeneous when it
comes to the trilineage potential of individual cells, all MSCs are capable of osteogenic
differentiation [12]. Since there is overlap between the genes expressed during
chondrocyte hypertrophy and osteogenesis (i.e., Runx2, ALP, BSP), undifferentiated
MSCs may be primed to express these genes or may already express them at low levels.
In this work it was demonstrated that increases in ALP expression correlated with
increased ALP activity (data not presented), so ALP expression data were viewed as a
virtual measure of functional changes ALP activity. This is in agreement with a previous
report of a correlation between transcription and activity of ALP in a bone marrow-

derived stromal cell line [372]. MMP activity could not be detected in MSC-conditioned
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medium, but MMP2 and MMP13 were both detected as secreted proteins. Changes in
their expression patterns reflected alterations in secretion, but only one patient was
analyzed so this correlation is inconclusive, but promising. The relationship between
PTHrP and BSP expression and their functional parallels were not examined in this work.

Ultimately, fold changes in these genes are only an indication of chondrogenesis
and hypertrophy, not a quantitation. Fold changes does not consider the possibility of
starting with either high or low levels of a particular gene. Further, gene expression is
calculated for whole pellets, so it is an average. Since pellets are formed from a
heterogeneous population of cells, different regions sometimes display varying degrees of
differentiation or different types of differentiation, and strong increasing expression in
one region might mask moderate but significant decreasing expression in another.
Therefore, gene expression and GAG data must be interpreted in parallel with functional
measures of chondrogenesis like extracellular matrix accumulation.

Despite the magnitude differences observed in the chondrogenic differentiation of
MSCs and their variable degrees of sensitivity to the mechanical and chemical treatments
utilized, the results of these experiments clearly indicated effects of treatments. In
addition, the studies provided clues to enrich our understanding of the phenotype of
chondrogenic MSCs. In the next section, the behavior of chondrogenic MSCs will be
evaluated against that of chondrogenic mesenchymal cells, hypertrophic chondrocytes,

articular chondrocytes, and osteoarthritic chondrocytes.
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7.3 The Hybrid Phenotype of Chondrogenic MSCs

The chondrogenesis studies in this work utilized a pellet culture configuration
because it mimics the dense packing of mesenchymal cells that occurs before
chondrogenesis in vivo. Recapitulation of the tight cell packing is sufficient to induce
chondrogenic differentiation of isolated embryonic limb mesenchymal cells [100]. MSCs,
however, require additional chondrogenic induction cues from TGF-B. As in articular
cartilage, the MSCs in this work elaborated a matrix containing GAGs and Col2 to yield
a tissue with cells residing in individual lacunae. MSCs also exhibited certain features of
hypertrophic chondrocyte differentiation analogous to those observed during
endochondral ossification, but how the phenotype observed during MSC chondrogenesis
diverges from those observed in various naturally occurring chondrocytes is noteworthy.

The temporal course of MSC chondrogenesis was similar to that observed in
micromass culture, which shares similarities with MSC pellets due to its high cell
density. Signs of chondrogenesis were evident in micromasses as early as day 3 and
maintained for at least 28 days [100]. The MSCs in this study began to detectably
upregulate cartilage specific genes as early as day 5 and indisputably by day 11. The
consistent upregulation of Sox9, Col2al, and Acan on day 11 was the initial impetus for
selecting day 11 as the endpoint in many of the studies in this work. GAG deposition was
apparent throughout MSC pellets on day 11 and Col2 was detected on day 21 in regions
overlapping with GAG, as in articular cartilage tissue. That GAG deposition on day 11
was indicative of regions of chondrogenic differentiation prior to detection of Col2, was
another of the reasons that day 11 was deemed a suitable point at which to assess

chondrogenesis despite the lack of Col2 staining.
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After the onset of chondrogenesis in the developing limb, the majority of the
chondrocytes continue the maturation process, and signs of chondrocyte maturation were
evident in our MSCs as well. As described earlier, sequential chondrocyte maturation is
characterized by the following changes: switch from production of Col2 to Coll0,
dramatic cell volume increase, matrix mineralization, matrix degradation, and apoptosis
[184]. In micromass cultures, Col10 and ALP are detected as early as day 7, with matrix
mineralization becoming apparent by day 14 [100]. Cell size and apoptotic cell death all
increase over time. In the MSCs in this work, expression of hypertrophic genes was
elevated as early as day 3 of culture, even before expression of chondrogenic genes.
Other than MMP13, which experienced an early spike in expression, and Runx2, which
decreased slightly, all hypertrophic genes continued to increase over time, indicating
progressive advancement of hypertrophy in parallel with successful chondrogenesis. On
day 21, Col10 accumulation in the extracellular matrix colocalized with that of GAG and
Col2, indicating that the same cells are producing both types of collagen. Other
characterizations of MSC chondrogenesis have also described hypertrophic gene
expression and ALP activity [18]. These data indicate that the phenotype of chondrogenic
MSCs actually encompasses both that of articular chondrocytes and hypertrophic ones.

One of the reasons for the observed hybrid phenotype is the defined chondrogenic
culture medium. The MSCs in these studies were continuously supplemented with TGF-
B3. Even if the natural tendency of MSC-derived chondrocytes is to undergo hypertrophy,
under the influence of TGF-B, one would expect that tendency to hypertrophy would be
suppressed and chondrogenesis would be amplified. In the growth plate, TGF-p

reinforces the resting chondrocyte phenotype and prevents chondrocyte hypertrophy as
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evidenced by the accelerated hypertrophy observed in the absence of TGF-f signaling
[260]. Its effects are mediated in part through increased secretion of PTHrP by
perichondrial cells [373]. While MSC pellets do not have a perichondrium, they do
contain PTHrP-expressing cells. We showed that expression of PTHrP decreases with
time, suggesting that MSCs might be less responsive to TGF-f as they differentiate,
which may contribute to the progression of hypertrophy, or that MSCs do not upregulate
PTHrP in response to TGF-B. Indeed, chondrogenic MSCs are inclined to hypertrophy.
Pelttari et al. reported that when chondrogenic MSCs were withdrawn from a controlled
environment and subcutaneously transplantated in SCID mice they underwent matrix
calcification, vascular invasion, and microossicle formation [46]. Mueller and Tuan
showed that under culture conditions that mirror some of those found in the growth plate,
MSCs can undergo a differentiation program analogous to hypertrophy in vitro [323]. A
combination of TGF-B withdrawal, dexamethasone reduction, and T3 and -
glycerophosphate supplementation after 14 days of traditional chondrogenic
differentiation induced matrix mineralization and ALP activity in MSC pellets. Thus,
MSCs can be induced to similar behavior to the transient chondrocytes found in the
growth plate, but not under constant TGF-f stimulation.

The development of a dual articular-hypertrophy phenotype in MSCs under TGF-
B stimulation recalls the phenotype of osteoarthritic chondrocytes. Since the role of
articular chondrocytes is to maintain tissue integrity, it follows that the extracellular
matrix molecules would be upregulated in response to tissue damage. Indeed, OA
chondrocytes exhibit elevated transcription of Col2al, Col6, Collla, and other building

blocks of normal cartilage tissue compared to normal chondrocytes [278]. However, they
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also upregulate Collal and Col3al, characteristic of dedifferentiation, and Coll0al,
Runx2, ALP, and MMP13 characteristic of hypertrophic differentiation [278, 280, 282,
292-295]. The coexpression of features from both varieties of chondrocytes is shared by
OA chondrocytes and chondrogenic MSCs. The culprit in MSCs, as in OA chondrocytes,
is signaling pathways that differ from those active in articular chondrocytes.

The arrest of chondrocyte differentiation at the articular stage is strongly tied to
the internal signaling within the cells. Soluble factors can only induce transcriptional
changes if the cells express the appropriate receptors and signaling components to
respond to them. In addition, epigenetic modifications of select genes can block
transcriptional changes even in the presence of the appropriate signals. Articular
chondrocytes do not undergo hypertrophy even when removed from their native
environment and implanted at an ectopic site [46]. Thus, the articular chondrocytes
phenotype might be protected because the cells do not express the elements required to
respond to hypertrophy-inducing signals or because hypertrophy genes are epigenetically
silenced. However, MSCs may undergo hypertrophy because they do express the
requisite signaling components or possess a different epigenetic signature. As described
in the introductory chapter, the critical pathways regulating chondrocyte differentiation
include TGF-B, Thh/PTHrP, and canonical Wnt/B-catenin. Increasing or decreasing the
activity of these pathways in MSCs is the key to controlling their phenotype. For reasons
discussed previously, the B-catenin pathway was the focus of this work.

In Chapter 5, B-catenin signaling was characterized in chondrogenic MSCs. Not
only is elevated B-catenin signaling absent in articular chondrocytes, but, along with loss

of TGF-p signaling, resumption of p-catenin signaling has been identified as one of the
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likely mechanisms in the pathogenesis of OA [296, 297, 374, 375]. Our results indicated
that even under the pro-chondrogenic influence of TGF-B, the MSCs upregulated Ctnnbl1,
the gene encoding B-catenin, contained more active dephosphorylated B-catenin protein,
and PB-catenin was more transcriptionally active versus undifferentiated MSCs. On a
transcriptional level, even though the MSCs are producing a fairly accurate cartilage
tissue, they are not altering their expression of signaling molecules to reflect this
transition. It is possible that the increase in dephosphorylated B-catenin protein was
caused by an increase in cellular adhesions between cells and was not indicative of an
increase in signaling. Even though most of the cells appear to reside in individual
lacunae, there are still regions of high cell contact. Some lacunae contain multiple cells,
and in regions of the pellets with lower levels of matrix production the cells remain in
close contact. Further, chondrogenic MSC pellets retain a ring of fibroblast-like cells
around the edge of the pellets that are stacked on top of each other. Western blot revealed
that most of the -catenin in the pellets was indeed localized at the membrane. However,
the reporter gene results conclusively demonstrate that 3-catenin signaling is more active
in MSCs after 11 days of differentiation than in undifferentiated MSCs. Thus, not only
did MSC-derived chondrocytes not adhere to the pattern of reduced p-catenin signaling
observed in native chondrocyte differentiation, but they actively opposed it. Coupled with
continuous TGF-B supplementation, this helps explain the hybrid phenotype observed as

well as their other responses to culture modifications.
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7.4 Mechanobiology of Hydrostatic Pressure Loading in Chondrogenic MSCs

The CHP studies in Chapter 4 suggested that at least until day 11, CHP has a pro-
chondrogenic effect. This is agreement with many studies showing a stimulatory effect of
physiological levels of CHP on MSC chondrogenesis at days 7 and 14 (see Table 4-1).
Although the effects of static hydrostatic pressure on chondrocytes are dependent on
culture condtions [61], increased pressure was shown to accelerate chondrogenesis in
mouse limb bud as well [376]. No changes in the regulation of hypertrophic genes were
observed in response to 11 days of CHP. This was counter to a mathematical model of
intermittent joint loading, which predicted that hydrostatic pressures would oppose
endochondral ossification [335]. Recent studies in porcine MSCs demonstrated decreased
levels of Col10al and Ihh after 14 days of CHP and decreased ALP activity after 21 days
of CHP, suggesting that there might indeed be an inhibitory effect of CHP, but which
might not be detected on day 11 [337]. On day 21, we observed a decrease in Runx2 and
Collal expression in CHP-loaded MSCs, but no changes in Ihh, Coll0al, or BSP
expression were observed. However, by day 21, effects on chondrogenesis were absent.
Consistent with this finding, no chondrosupportive effects of CHP were seen in porcine
MSCs loaded for 21 days or longer [336, 338]. It seems, therefore, that the response of
chondrogenic MSCs to CHP varies with time, likely due to their evolving differentiation
state.

Varying the times of CHP application was performed to tease out effects of
loading chondrogenic MSCs at different stages of differentiation. Loading during the first
10 days of MSC chondrogenesis was shown to favor increased expression of

chondrogenic genes, while loading during the latter half of chondrogenic culture was

150



detrimental to these chondrogenic markers. When applied in the latter half of the culture
period, CHP inhibited expression of some hypertrophic genes. This is consistent with
effects on hypertrophic markers in other studies being observed at days 14 and 21 [337,
338], and with mathematical models [322, 335]. Therefore, the pro-chondrogenic effects
of loading appear to occur only early during chondrogenic culture, while anti-
hypertrophy effects happen at a more advanced stage of MSC differentiation.

Although the mechanisms by which hydrostatic pressure produces alterations in
intracellular signaling have not been elucidated, there are several changes that develop
over time that might interfere with CHP mechanotransduction. It is possible that as
extracellular matrix is deposited, adhesions between the differentiating MSCs and their
new matrix alter their response to CHP. Another possibility is that as the cells are pushed
apart due to matrix accumulation, a reduction in cell to cell adhesions changes the
organization of potential CHP-responsive elements such as membrane-bound receptors,
cytoskeletal filaments, and other associated proteins. Or else, CHP itself may alter
signaling such that the sensitivity of MSCs to CHP is reduced the longer CHP is applied.
While these questions were not answered in this work, we did examine changes in
intracellular signaling caused by CHP. Since the results of the CHP studies indicated that
CHP was beneficial to MSC chondrogenesis at the levels of both promoting an articular
phenotype and suppressing a hypertrophic phenotype, the molecular mechanisms that
could be responsible for these effects was investigated. It was found that CHP suppressed
both extracellular regulated kinase (ERK)1/2 and B-catenin activation in chondrogenic

MSC:s after only a single 4 hour application.
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The extracellular regulated kinase (ERK)1/2 signaling pathway is one of three
major mitogen-activated protein kinase (MAPK) cascades, and it can be initiated by
integrins, receptor tyrosine kinases, G-protein coupled receptors, and ion channels [377].
Reports indicate that while ERK1/2 inhibits developmental chondrogenesis, its role in
chondrocyte hypertrophy is less clear with one study demonstrating inhibition of
hypertrophy under constitutive ERK signaling in transgenic mice and another showing
inhibition of hypertrophy with an ERK inhibitor in organ culture [377]. The role of
ERK1/2 in MSCs was similarly unclear. In one study, ERK1/2 inhibition enhanced GAG
synthesis and expression of Sox9 and Col2al in chondrogenic MSC pellets, while
expression of Runx2 and Col10al were decreased [378]. In another study, the same
inhibitor blocked TGF-B1-induced expression of Sox9, Col2al, and Acan in MSC pellets
[379]. Activation of ERK1/2 induced phosphorylation of Runx2 and transcription of
Runx2 target genes in osteogenic MSCs [380]. In yet another study, dynamic
compression of MSCs in fibrin gels enhanced chondrogenesis in an ERK1/2-dependent
manner, but hypertrophy/osteogenic characteristics were further augmented by ERK1/2
inhibition [381]. These studies indicate that the targets of ERK1/2 signaling are highly
context dependent.

The mechanosensitivity of B-catenin has been previously described elsewhere.
Cyclic stretch, compression, and fluid flow have all been shown to increase f-catenin
signaling activity in various cell types, primarily in the context of supporting
osteogenesis [382-389]. In contrast, CHP had an inhibitory effect on B-catenin in the
MSCs used in this study. Thus, this cartilage-specific force was able to modify -catenin

in @ manner antagonistic to osteogenesis, and this regulation might be responsible for the
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pro-chondrogenic effects of CHP. Based on this result, we went on to examine the role of
B-catenin in MSC chondrogenesis. The regulatory role of B-catenin in developmental
chondrogenesis was described extensively in Chapter 1. Briefly, -catenin signaling
negatively regulates chondrogenesis [181-183], positively regulates endochondral
ossification [169, 236], and has been implicated in the pathogenesis of OA [296, 297,
374, 375]. We found that these functions were duplicated in MSC chondrogenesis.
Coupled with evidence that CHP inhibits B-catenin in MSCs, this means that it is possible
that B-catenin inhibition by CHP is responsible for the pro-chondrogenic and anti-
hypertrophy effects observed in MSCs exposed to CHP. Additional studies using CHP in

combination with [3-catenin inhibitors are necessary to confirm this hypothesis.

7.5 p-Catenin Regulates MSC Chondrogenesis

We observed an increase in membrane-associated [3-catenin as well as an increase
in B-catenin-mediated transcription after 11 days of MSC chondrogenesis. The increase in
B-catenin at the membrane is troubling because enhanced cell-cell adhesions are
associated with inhibition of chondrogenesis. However, MSCs in pellet culture do
undergo extensive chondrogenesis, indicating either that TGF-p supplementation is able
to overcome the effects of increased cell adhesions, or that increased adhesions are an
artifact of cell packing and are not indicative of greater phenotypic modulation. The
increased signaling activity, however, is of particular concern because during
development it corresponds with a transition to hypertrophy. It is possible that the
increased cellular adhesions are partially responsible for the increased signaling-

competent B-catenin, in which case this pathway might not be of great concern in less
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dense culture systems, but the canonical Wnt/B-catenin pathway remains of great interest
in MSC pellet culture and of great relevance to treating OA.

The studies in Chapter 6 demonstrated that inhibition of B-catenin signaling with
the small molecule XAV939 enhanced MSC chondrogenesis. This effect mirrors the role
of B-catenin in embryonic limb development, in which conditional knockout of B-catenin
in the mesenchymal condensation results in ectopic cartilage formation and inhibition of
endochondral ossification [168, 271]. Also consistent with our findings, Im et al. reported
that the Wnt inhibitors Dickkopf (Dkk)-1 and secreted Frizzled-related protein (SFRP)-1
enhanced GAG synthesis and expression of Sox9 and Col2al in MSC pellets in the
absence of TGF-f [358, 359]. However, they also found that the effects of the Wnt
inhibitors were abolished in the presence of TGF-B, while we continued to observe
difference [359]. One explanation for this disparity is based on their choice of inhibitor.
DKkk-1 is a secreted protein that complexes with LRP5/6 and the transmembrane protein
Kremen [390]. Formation of this tertiary complex results in the endocytosis of LRP5/6
and inhibition of Wnt signaling at the membrane. Similarly, SFRPs are secreted proteins
with a cysteine rich domain that compete with Fz for Wnt binding, inhibiting Wnt
activation of Fz [390]. These molecules both inhibit Wnt signaling upstream of [3-catenin.
However, TGF-B/Smad3 signaling is able to bypass the canonical Wnt pathway and
activate [-catenin directly [324, 391]. Thus, the addition of TGF-p to the culture medium
in the studies by Im et al. could have effectively negated the B-catenin-inhibitory effects
Dkk-1 and sFRP-1 by providing an alternate stimulus to activate -catenin. In contrast,
XAV939 inhibits B-catenin signaling downstream of Wnt by stabilizing it within the

Axin complex, which is not overcome by TGF-B signaling. Therefore, the synergistic
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effects of TGF-B and pB-catenin inhibition on MSC chondrogenesis could still be
distinguished here. Future studies directly comparing XAV939 with Dkk-1 and/or sFRP-
1 would be necessary to confirm this hypothesis.

The role of B-catenin in chondrogenesis is inextricably linked with that of Sox9,
and inhibition of B-catenin resulted in increased expression of Sox9 in this work. Several
studies have demonstrated that Sox9 and B-catenin each represses transcriptional activity
and induce degradation of the other [134, 182, 236]. Akiyama et al. also showed that their
effects are virtually opposite in developmental chondrogenesis [182]. Thus, the balance
between B-catenin and Sox9 seems to be of critical importance. In the MSC pellets
described in this work, that B-catenin inhibition promotes chondrogenesis would be
expected to result at least in part by abolishing B-catenin-driven degradation of Sox9.
Coupled with increased expression of Sox9 mRNA, this suggests that the effects of B-
catenin inhibition likely occur at both transcriptional and protein levels. Shifting the
balance between Sox9 and B-catenin also has implications for hypertrophy. Although
Sox9 is required for chondrocytes to reach hypertrophy as well as for expression of
Col10al [236], the other aspects of hypertrophy are mediated by Runx2, the transcription
of which is induced by B-catenin and opposed by Sox9 [231, 236-238]. In chondrogenic
MSCs then, inhibition of B-catenin should curtail expression of Runx2 and the rest of the
hypertrophic program, consistent with our observations.

In addition to its role in modulating chondrogenesis, we found that XAV939
indeed inhibited expression of hypertrophy genes, but not Coll0al, which was
upregulated. Induction of Coll0al expression in chondrogenic MSCs may not indicate

hypertrophy as it does in the growth plate. The Col10al promoter contains a binding site
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for Sox9, which positively regulates expression of Coll0al during chondrocyte
hypertrophy [236]. However, despite the prevalence of Sox9, Col10 is not expressed in
articular chondrocytes. The finding that expression of Col10 is also controlled at an
epigenetic level helps explain this discrepancy. Zimmermann et al. showed that in
articular chondrocytes, all 9 CpG sites in the Coll0al promoter were methylated,
compared to only 60-80% methylation in MSCs [392]. Methylation was further reduced
upon chondrogenic differentiation of MSCs and correlated with increased expression of
Col10al. Since Col10 is not epigenetically silenced in MSCs as in articular chondrocytes,
Col10 accumulation in MSC chondrogenesis might be induced as a byproduct of
increased Sox9 transcriptional activity rather than as part of a larger hypertrophic
program.

If Col10 does not portend the degradation of cartilage tissue, then its expression
may not be of great significance in chondrogenic MSC pellets. One of the main concerns
in cartilage regeneration is that the mechanical properties of the regenerated tissue are
sufficient to withstand the rigorous loading environment in the joint. Many repair
strategies use biocompatible materials to aid in the development of adequate mechanical
properties. The use of materials like fibrin glue with inferior biomechanical properties
has been shown to result in fissures and insufficient integration despite the formation of
cartilage-like neotissue [393]. The mechanical properties of growth plate cartilage are
similar to those of mature articular cartilage, suggesting that the presence of Col10 in
chondrogenic MSC tissue would not necessarily compromise its mechanical integrity

[394, 395].
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The other main concern is that Col10 may be able to itself activate hypertrophy in
chondrogenic MSCs. Col10 and other fibrillar collagens are ligands of the discoidin
domain receptor (DDR) 2 found on chondrocytes [396-398]. Activation of DDR2
signaling is required for normal chondrocyte proliferation both in vivo and in vitro [396],
and has been shown to activate MMP13 in chondrocytes [398] and induce Runx2
phosphorylation and activation in ATDC5 cells [399]. These disparate activities may be
caused by the binding of different collagens as Col10 activates DDR2 through a different
binding site than Coll and Col2 [397]. For example, if Col2 binding activates DDR-
dependent proliferation and Col10 binding activates DDR-dependent hypertrophy, the
transition from Col2 to Col10 producing chondrocytes would positively regulate the
progression of hypertrophy. In chondrogenic MSCs that simultaneously express both
Col2 and Col10, competitive binding would attenuate activation of DDR-dependent
hypertrophy. However, the role of DDR2 in MSCs has not yet been described. Based on
the evidence in this work, there is no indication that Col10 is accompanied by or a trigger
for hypertrophy in chondrogenic MSCs. However, before concluding that Col10 is
benign in this context, further studies are needed.

This study examined the effects of B-catenin inhibition on MMP secretion and
found decreased levels of MMP13, but increased secretion of MMP2 in MSCs from a
single donor. A decrease in MMP13 secretion is consistent with the observed suppression
of hypertrophy, as it is the primary collagenase expressed by both hypertrophic and OA
chondrocytes. The significance of increased MMP2 secretion in these cells, however, is
less clear because it is not well characterized in chondrocytes. Unlike MMP13, which is

expressed at low levels in articular chondrocytes and at high levels in OA chondrocytes,
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MMP?2 is expressed at high levels in both [400, 401]. Although it is upregulated in OA
chondrocytes, the role of MMP2 in OA is unknown. However, since chondrocytes
already express high levels of MMP2, its effects are not necessarily destructive. In their
study on the tenogenic differentiation of MSCs, Kuo and Tuan suggest that because
MMPs are required for maintenance of tissue integrity by matrix remodeling, increases in
MMPs may indicate active extracellular matrix remodeling rather than degradation [402].
Another possibility is that MMP2 is not exerting its effects at the level of tissue
breakdown. Though it is a gelatinase, MMP2 can cleave the pro-region of TGF-j,
releasing the active molecule [403]. In fact, one of the essential functions of gelatinases is
thought to be the release of bound bioactive factors and cryptic domains via matrix
degradation [404]. In OA, increased levels of MMP2 could reflect an attempt to release
more TGF-p (i.e., an anabolic step) and restore the proper signaling balance in the tissue.
In these MSCs, an increase in MMP2 might have a similar pro-chondrogenic objective,
although this requires further investigation.

While stimulation of f-catenin signaling with the GSK-3p inhibitor CHIR99021
led to inhibition of chondrogenesis in MSCs, it did not enhance hypertrophy as expected.
Runx2, Col10al, and BSP expression were reduced, and ALP was also reduced in MSCs
from the majority of donors, while PTHrP and MMP13 were unchanged. This suggests
that stimulation of B-catenin actually inhibits both types of chondrocyte differentiation
since chondrogenesis is required in order for hypertrophy to proceed. Upon gross
examination, CHIR99021-treated pellets did not differ in size, indicating the elaboration
of an extracellular matrix, albeit one lacking the characteristic constituents of a cartilage

matrix. Similar to our observations, expression of a constitutively active B-catenin in
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Col2al-expressing chondrocyte precursors severely inhibited chondrogenesis, which in
turn compromised hypertrophy [181, 182]. Conversely, when constitutively active -
catenin is expressed in growth plate chondrocytes, hypertrophic differentiation is
accelerated [169, 236]. Thus, in response to B-catenin stimulation, MSCs behave like
undifferentiated precursors rather than chondrocytes and do not undergo chondrogenic
differentiation or maturation.

In opposition to our results, Yang et al. recently reported that activation of p-
catenin signaling with LiCl enhances chondrogenesis in concert with TGF-f [360]. In
addition to undesirable effects of LiCl in long-term cell culture, observed effects cannot
be definitively attributed to alterations in B-catenin since LiCl is a non-specific inhibitor
of GSK-3p [363]. Nonetheless, they demonstrated increased GAG and Col2 deposition
after 28 days of culture, and a less advanced hypertrophic phenotype after 35 days of
preconditioning followed by 8 weeks of subcutaneous implantation compared to TGF-$3
conditioning alone. However, most of the co-treated samples could not be retrieved,
indicating that these had not actually achieved a differentiated state even after 35 days in
the presence of LiCl and were resorbed into the surrounding tissue. In the few co-treated
samples that were examined, differentiation may have lagged behind the TGF-B group
simply because their differentiation was repressed with LiCl treatment prior to
implantation. Inhibition of chondrogenic differentiation by p-catenin stimulation is
consistent with our results.

That B-catenin stimulation inhibits MSC differentiation as in mesenchymal cells
rather than enhancing hypertrophy as in OA chondrocytes, despite the phenotypic

similarities between MSCs and OA chondrocytes, is not unprecedented. In their

159



characterization of induced hypertrophy in MSC pellet cultures, Mueller and Tuan
observed heterogeneous morphology with areas of hypertrophy and areas of
dedifferentiation, and they postulated that the MSCs needed to reach a certain degree of
chondrogenic differentiation before true hypertrophic differentiation could proceed [323].
Based on this protocol, Scotti et al. showed that week-old chondrogenic MSC neotissue
was resorbed upon subcutaneous implantation in mice, while hypertrophic tissue was
converted to bone via endochondral ossification [405]. These findings suggest that even
though chondrogenic MSCs are functionally similar to chondrocytes, there is a threshold
of differentiation before which they still require external differentiation cues in order for
differentiation to proceed. The aforementioned studies both utilized a threshold of 14
days, and it remains to be determined whether day 11 would fall above or below this
critical point. Before reaching this threshold, MSCs would be expected to respond to
alterations in signaling more like chondrocyte precursors than mature chondrocytes.
Future studies that investigate the effects of B-catenin stimulation beyond this
differentiation threshold by adding CHIR99021 to the culture medium after an initial
period of chondrogenic induction might show that [B-catenin does indeed favor

hypertrophic differentiation of chondrogenic MSCs.

7.6 Global Implications and Conclusion

In this work, we have examined the mechanisms involved in mechanical and
molecular regulation of chondrogenic MSCs. While MSCs are an abundant and
promising cell source for cartilage tissue engineering and regenerative medicine

strategies, precise control of their phenotype continues to present a challenge. Previously,
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chondrogenic MSCs have been compared to chondrocytes proceeding through the
process of terminal differentiation as in endochondral development, thus necessitating
arrest of differentiation before appearance of the undesirable features of the hypertrophic
phenotype. However, in this work we have shown that the development of hypertrophic
characteristics coincides with chondrogenesis rather than occurring in a sequential
manner. Thus, if chondrogenic MSCs resemble OA chondrocytes, then phenotypic
modulation rather than differentiation arrest is required for articular cartilage engineering.
Furthermore, because their behavior is similar to OA chondrocytes, chondrogenic MSCs
represent an ideal cell type for evaluating therapies for the treatment of OA.

We have shown that the canonical Wnt/B-catenin signaling pathway is an
attractive target for achieving the desired phenotypic adjustments in chondrogenic MSCs.
Like OA chondrocytes, chondrogenic MSCs exhibit abnormal activation of B-catenin
signaling. Here, we have shown that inhibition of this pathway not only enhances
chondrogenic differentiation, but suppresses many of the undesirable traits typically
observed during MSC chondrogenesis. There are several ways in which this result can
inform cartilage regeneration therapies. First, p-catenin inhibitors could be added to
defined chondrogenic media formulations used for in vitro tissue engineering to improve
the tissue outcome. For in vivo applications, implanted MSCs or even autologous
chondrocytes could be genetically engineered to be unresponsive to 3-catenin signaling in
order to improve their function and shield them from adverse signals in the OA joint.
This might also protect them from cancers, as constitutive activation of Wnt/p-catenin
signaling has been implicated in many types of cancer [406]. Finally, B-catenin inhibitors

might be useful for targeted drug or gene therapy approaches.
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In conclusion, by demonstrating the regulation of chondrogenic MSCs by -
catenin, we have begun to unravel the complex signaling networks responsible for their
OA-like phenotype. While further studies are needed to continue exploring the functional
consequences of B-catenin modulation both in this system and in vivo, this work

represents a foundation upon which successful cartilage repair therapies can be built.
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