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Abstract
Osteoarthritis (OA) is a disease characterized by articular cartilage degeneration. It
causes chronic, debilitating pain, and as it is associated with aging and obesity, it is a
continually expanding issue. Under OA conditions, mechanical stress and an increase in
inflammatory cytokines such as IL-1β cause a disruption in joint homeostasis. As a result,
metabolic and structural changes occur in multiple joint tissues, including the induction
of catabolic enzymes that degrade articular cartilage matrix (such as MMPs) and the
formation of ectopic bone spurs. Ultimately these changes lead to progressive and
irreversible joint degeneration. However, current therapies are mostly focused on pain
relief, rather than slowing down joint destruction. This thesis presents two independent
but inter-related projects that aim to identify and facilitate the investigation of novel
disease-modifying therapeutic targets for OA.

A major hurdle in OA research is the lack of sensitive detection and monitoring methods,
which hampers the evaluation of potential therapeutics. The aim of my first study was to
investigate if metabolic imaging of the joint using a near infrared fluorescence (NIRF)
probe activated by MMPs (MMPSense680) could visualize in vivo OA progression.
Using MMPSense680, I assessed the IL-1β induced upregulation of MMP activity in
human chondrocytes in vitro. MMP activity was then evaluated in vivo in the
destabilization of the medial meniscus (DMM) OA mouse model. The in vitro studies
confirmed that NIRF imaging could identify enhanced MMP activity in IL-1β-treated
human chondrocytes. In vivo imaging showed significantly higher fluorescence in OA
knees compared to sham (control) knees of the same mice and the emitted fluorescence
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intensity steadily increased over the entire course of OA examined. Therefore, imaging of
MMP activity in vivo provided sensitive and consistent visualization of OA progression,
beginning from early time points post OA inducing surgery.

The aim of my second study was to examine Wnt7a as a potential disease-modifying
reagent for OA development, as Wnt signaling has been implicated in OA pathogenesis,
but with unclear and controversial results. I first examined Wnt7a gene expression in
cartilage samples from healthy subjects and OA patients. The effect of lentiviral Wnt7a
ectopic expression was then investigated in vitro using human articular chondrocytes
under pro-inflammatory cytokine IL-1β treatment and in vivo using the DMM OA mouse
model. Wnt7a mRNA expression was reduced in human OA cartilage and displayed an
inverse correlation with MMP and IL-1β expression. In vitro, lentiviral Wnt7a ectopic
expression inhibited IL-1β-induced gene expression in human chondrocytes. In vivo,
lentiviral Wnt7a strongly attenuated articular cartilage damage and chondrocyte cell loss
induced by DMM surgery. In addition, joint Wnt7a ectopic expression inhibited the
progressive upregulation of NIRF MMPSense680 signals in the DMM animals. I also
found that Wnt7a induced mediators of multiple Wnt pathways in chondrocytes. An
NFAT inhibitor impaired Wnt7a’s activity in inhibiting MMPs, and blockage of Wnt
canonical signaling with NFAT inhibition further increased IL-1β-induced MMP
expression. These results indicate that Wnt7a signaling inhibits inflammatory-induced
catabolic gene expression in human chondrocytes and requires NFAT for this activity. In
experimental OA, Wnt7a is sufficient to attenuate MMP activities in the joint and
promote joint cartilage integrity.
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Chapter 1: Introduction

Section 1.1 Introduction to Articular Cartilage

Articular cartilage is a unique connective tissue that lines joint surfaces. It functions as a
shock absorber and friction minimizer to protect the underlying bone during movement.
It is made up of individual chondrocyte cells that are surrounded by a widespread
extracellular matrix (ECM). This ECM is made up of collagen II, proteoglycans, and
water [1]. Collagen II provides tensile strength to the ECM by creating a tightly knit
fibrous network within the tissue. The proteoglycans, the most plentiful of which is
aggrecan, are highly constrained within this collagen II framework. As proteoglycans are
negatively charged, forcing them in such close proximity to one another creates
electrostatic repulsion, thus conferring compressive stiffness to the cartilage tissue [2].
This ECM is so pivotal to the function of cartilage that it comprises 95% of the cartilage
volume; chondrocytes themselves only account for the remaining 5% [3]. Cartilage is
also avascular, aneural, and alymphatic, making it very vulnerable to injury [1].

Chondrocytes regulate the ECM by secreting both catabolic factors and ECM
components. However, the ECM components and the catabolic factors are secreted at
very low rates, as the turnover rate for collagen II in articular cartilage is estimated to be
117 years [4] and 3-25 years for aggrecan subfractions [5]. Any process that skews this
delicate balance towards an increase in catabolic enzymes production would lead to
cartilage ECM degradation and thus cartilage tissue loss. Due to the slow release of ECM
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proteins and cartilage’s avascular, aneural, and alymphatic nature, cartilage has very
limited intrinsic regenerative capabilities.

Section 1.2 Osteoarthritis

1.2.1 Introduction to Osteoarthritis

Osteoarthritis (OA) is the most common joint disease. OA is characterized by gradual
destruction of joint articular cartilage, which ultimately results in chronic joint pain,
stiffness, and instability. OA is a heterogeneous disorder that is associated with a variety
of risk factors that can lead to disease. The strongest risk factor for OA development is
aging. Other risk factors include female sex, obesity, joint injury, malalignment of the
joint, and family history [6].

OA is a large and expanding problem. In the United States, OA was estimated to affect
26.9 million adults in 2005 [7]. With our aging population, this number is only growing.
OA is also a global problem, as worldwide knee OA had an estimated worldwide
prevalence of 3.8% in 2010 [8]. That equates to approximately 261.5 million people. This
comes at a cost, both socially and economically. Knee OA is one of the top 5 leading
causes of impaired mobility and long-term disability in non-institutionalized adults in the
United States due to the chronic pain associated with the disease [9]. Despite OA’s
continued burden, treatment options focus primarily on pain relief and symptom
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management. Currently, there is no treatment available to actually slow disease
progression.

1.2.2 Risk Factors for Osteoarthritis Development

OA is often considered a classic disease of the elderly. That is because OA is rare in
adults under 45 years old, but is common in those over 65 years old. Calculated
prevalence varies between studies, but it is estimated that by the age of 65, up to 50% of
adults in the United States will show signs of OA [6, 7]. In addition, women are generally
at a greater risk for OA development, although this occurs in a joint-dependent manner.
Specifically, women show significantly higher rates of knee and hip OA compared to
men. Women also tend to have more severe knee OA, especially after menopause [10].

Another well documented risk factor for OA development is obesity. A variety of studies
have shown that a higher body mass index (BMI) correlates with an increased risk for
OA development [11-13]. A study examining the trend in correlation between different
BMI levels and knee OA development even demonstrated that the risk for knee OA
development increases almost exponentially as BMI increases [13]. Obesity was
traditionally believed to contribute to OA development solely through an increase in
mechanical joint loading. Recently, increasing evidence suggests that the adipokines
produced by adipose tissue may also play a role in OA pathogenesis [14].
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Traumatic joint injury is also associated with an increased risk for OA development. For
example, one report demonstrated that knee injury during adolescence increased the risk
for knee OA development later in life [15]. In this study, the reported knee injuries
included ligament tears, meniscal tears, bone fractures and other traumatic events.
Another study also demonstrated specifically that anterior cruciate ligament (ACL) tears
are associated with an increased risk for early OA development, even if the ACL is
surgically repaired [16]. It is believed that traumatic joint injuries lead to OA
development by long-term alteration of joint mechanics and articular cartilage loading.
Impact to the articular cartilage during the traumatic injury can also cause direct damage
to the tissue, leading to chondrocyte cell death and structural damage [17].

Joint malalignment caused by anatomic abnormalities can also cause alterations to joint
mechanics and increase the risk for OA damage to the joint. An example of this can be
seen with varus and valgus knee deformities, which result in improper angulation of the
knee joint and bowing of the legs. Varus knee deformities cause inward angulation of the
knee joint, leading to increased stress in the medial portion of the knee and decreased
stress in the lateral portion. Accordingly, varus knee deformities increase the risk for OA
development in the medial portion of the knee, where increased stress is being applied to
the joint, and actually decrease risk in the lateral portion. On the other hand, valgus knee
deformities cause outward angulation of the knee joint, leading to increased stress in the
lateral portion of the knee and decreased stress in the medial portion. Interestingly, it has
been shown that valgus knee deformities do not increase the risk for OA development,
but do increase the risk for progression of already present OA in the lateral compartment
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of the knee while decreasing the risk for OA progression in the medial compartment [18].
Additionally, anatomic abnormalities in other joints can also predispose patients to OA
development. For example, anatomic abnormalities of the hip that cause hip
malalignment, such as congenital hip dysplasia and Legg-Perthes disease, are associated
with an increased risk for later OA development in the hip and the knee [19, 20].

Genetic risk factors are also important in the development of OA. In fact, heritability
studies using twins and other family-based methods have estimated genetic factors to
account for approximately 40-70% of the risk for developing OA, depending on the joint
site [21]. As OA is a very complex disease, it is believed that the genetic architecture of
OA involves multiple variants of varying effect sizes. There are specific genetic
abnormalities that have been identified that result in a large increased risk for familial OA.
For example, dominant inheritance of severe, early OA in one family was mapped to an
inherited mutation in the collagen II gene [22]. However, single mutations that result in
severe, familial OA are relatively rare.

Recently, extensive efforts using candidate gene studies and large-scale genome-wide
association studies (GWASes) have been performed in hopes of identifying more
common genetic loci associated with OA development. Currently, these studies have
identified 18 OA-associated genetic variants [23-31]. Most of these loci are common
single-nucleotide polymorphisms (SNPs) whose calculated odds ratios are relatively low
(~ 1.1 to 1.3), suggesting that their singular effect on OA development is small. Currently,
the best replicated genetic variant associated with OA development is the rs143383
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polymorphism of growth/differentiation factor 5 (GDF5). GDF5 is a member of the
transforming growth factor-β (TGF-β) family that affects chondrogenesis and joint
formation during development [32]. The rs143383 SNP is in the 5’-untranslated region
(UTR) of GDF5 and results in decreased GDF5 expression in chondrogenic cells [33].
Originally, rs143383 was shown to increase the risk for hip OA development in a
Japanese population with a relatively high odds ratio (1.79) compared to that of other
established OA-associated loci [33]. This locus was then shown to also be associated with
an increased risk for knee OA development in both Asian and European populations [23].

Interestingly, many of the genetic variants identified to be associated with OA
development have varying effects depending on ethnicity, sex, and the joint involved.
This suggests that OA pathogenesis is not uniform across populations and that there may
be joint-specific risk factors for disease development. Additionally, most of the identified
loci map to genes that have not been previously linked to musculoskeletal biology [34].
Thus this information may help to identify new factors or processes involved in OA
pathogenesis. It is estimated that the currently identified OA-associated genetic variants
only account for approximately 11% of OA heritability [35], demonstrating that this area
of study is just beginning and that there are still many more OA-associated loci that have
yet to be identified.
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1.2.3 The Pathogenesis of Osteoarthritis

The pathogenesis behind OA is still being elucidated. It has been shown that wear and
tear of cartilage plays a critical role in OA development. This can be seen in OA’s
association with aging and risk factors which alter joint mechanics, such as ligament tears
[3]. Inflammation also plays a key role. Inflammatory cells are present in the joint during
OA, although in smaller numbers than in rheumatoid arthritis [1]. These inflammatory
cells do not directly damage the cartilage, but release cytokines such as interleukin-1 beta
(IL-1β) which alter the metabolism of articular cartilage chondrocytes [36].

OA involves a metabolic shift in chondrocytes towards catabolism. This metabolic shift
results in a reduction of anabolic activity and a corresponding induction in catabolic
enzymes such as matrix metalloproteinase (MMPs) that degrade the cartilage ECM.
Specifically, MMP13 is the main degrader of collagen II in articular cartilage. This shift
towards catabolism increases the rate of ECM degradation, leading to the loss of articular
cartilage tissue over time [2]. Additional studies have shown that OA can also involve an
increase in chondrocyte hypertrophy, which results in a decrease in the production of the
normal cartilage ECM component collagen II and an increase in the production of
collagen I and collagen X [36, 37]. Furthermore, chondrocyte cell death is also induced
by OA. Currently, the exact mechanisms involved in these chondrocyte changes and the
signaling pathways that govern them are not well understood.
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Ultimately, OA development results in articular cartilage destruction. This tissue damage
begins as patchy, localized areas of ECM loss and chondrocyte cell death. Sporadic areas
of cartilage damage can increase focal stress on the cartilage during movement, thus
further altering joint mechanics [38]. Several ECM breakdown products produced by
articular cartilage damage have also been shown to induce inflammatory cytokine
production on their own [39-41]. Thus, localized articular cartilage damage can induce
further articular cartilage destruction through an increase in altered joint mechanics and
inflammation, creating a self-perpetuating cycle of articular cartilage loss (Fig. 1.1).

Inflammation

Mechanical Stress

Genetic Susceptibility

Altered Joint
Mechanics

Inflammatory
Cytokines
3

Cartilage

Synovium

1

Other?

Chondrocytes
é Catabolism
é Hypertrophy
é Apoptosis
ê Anabolism

2

Bone

Figure 1.1. Schematic representation of factors leading to cartilage
destruction in OA. OA pathogenesis is a complicated, multifaceted
process. Many factors can contribute to OA development and cartilage
destruction, including mechanical stress, genetic susceptibility, and
inflammation (1). These stimuli ultimately lead to a shift in chondrocyte
metabolism towards catabolism of the ECM, as well as an increase in
chondrocyte hypertrophic differentiation and chondrocyte apoptosis (2).
As OA develops, altered joint mechanics and inflammatory cytokines
produced in the synovium and the cartilage further stimulate these
catabolic processes and accelerate joint destruction (3).
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1.2.4 Osteoarthritis as a Whole Joint Disease

While OA is characterized by the loss of articular cartilage in the joint, it has become
increasingly recognized that other joint tissues are also altered by OA and may play a role
in disease development [42]. For example, it has been well established that patients with
OA often develop bone spurs called osteophytes along the margin of their affected joint.
This is the result of ectopic bone formation at the interface between the joint cartilage and
the underlying bone. Sclerosis of the subchondral bone is also commonly seen with OA
[2]. These joint changes are also replicated in mouse models of the disease [43].
Additionally, it has been shown that manipulations of a specific joint tissue in OA can
impact the disease’s effects on other joint tissues. For instance, several studies have
demonstrated that alterations to gene expression specifically in the subchondral bone can
affect the rate of cartilage tissue degradation in mouse in vivo surgical OA models [44,
45]. Accordingly, the importance of monitoring disease progression in multiple joint
tissues has been recognized.

1.2.5 Clinical Care of Osteoarthritis

Currently, treatment options for OA center on symptom management. The mainstay of
treatment is the use of NSAIDs, which reduce inflammation and pain. Physical therapy
has also been shown to reduce pain and increase physical function in patients [46].
However, physical therapy and NSAID treatment are only efficacious up to a point; end
stage treatment for the disease is total knee placement surgery [2]. Since the pathogenesis
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of OA is still being understood, there are no pharmacologic options currently clinically
available that can slow disease progression. Preventative efforts for patients almost
certain to develop OA, such as those with ligament tears, also do not exist.

As more details of OA pathogenesis are uncovered, new potential drug targets for clinical
trials have been identified. For example, inhibition of IL-1 looked very promising as a
possible therapeutic strategy, as several pre-clinical studies demonstrated that inhibition
of IL-1 prevented experimentally induced OA cartilage degeneration in vivo [47-49]. This
was also an attractive strategy because anti-IL-1 clinical treatments were already FDA
approved for use in patients with other diseases, such as rheumatoid arthritis. However,
multiple randomized control studies in OA patients concluded that anti-IL-1 treatment
did not result in any significant clinical benefit to the patients, even after several months
of treatment [50, 51]. At this time, multiple clinical trials targeting other cytokines or
using growth factors in OA patients have also reported negative results [52]. This has
been disappointing and underscores the need for a much better understanding of the
mechanistic complexities of this disease.

1.2.6 Identifying Novel Treatment Options for Osteoarthritis

There is still much to learn about OA pathogenesis. This thesis presents two independent
but inter-related projects that aim to address important areas of knowledge that are still
lacking in our current understanding of OA. My first project focuses on using metabolic
imaging of the joint to track OA progression over time. My second project investigates
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Wnt7a as a potential disease-modifying reagent for OA development. The Wnt project
also includes experiments that use the metabolic imaging technique validated in my first
project, confirming the utility of this system. The goal of these projects is to advance our
current understanding of the control of cartilage homeostasis under pathological
conditions and to facilitate the identification of new potential therapeutic strategies for
OA treatment.

Section 1.3 Metabolic Imaging of Osteoarthritis

1.3.1 Current Options for Imaging Osteoarthritis

A major hurdle in developing treatment options for OA is the lack of optimal detection
and monitoring methods, especially for early disease time points [53, 54]. Imaging is
commonly used to diagnose and monitor OA; however, none of the imaging options
currently available are ideal for early detection or sensitive monitoring. For example,
radiographs are the most commonly used imaging modality for clinical detection of OA.
However, articular cartilage cannot be directly visualized on a radiograph. Instead, joint
space narrowing is used as a marker for articular cartilage loss and OA damage [55]. In
fact, joint space narrowing is considered reliable enough to serve as the only structural
endpoint approved by the FDA to evaluate the efficacy of OA therapeutics [56]. However,
joint space narrowing is neither sensitive nor specific for OA articular cartilage damage
because without direct visualization of the articular cartilage surface, it cannot be proven
that any observed joint space narrowing is due specifically to articular cartilage loss. In

11

fact, it has been shown that both meniscal position and meniscal degeneration account for
a large proportion of joint space narrowing observed on radiographs [57].

Arthroscopy, magnetic resonance imaging (MRI), and ultrasonography are imaging
modalities that are able to visualize articular cartilage and identify surface defects.
However, all of these modalities rely on the identification of morphological joint changes.
By the time these defects are visible, the OA disease process is already in its late stages
[58]. As early diagnosis may help to ensure earlier intervention and potentially better
clinical outcomes, there is a strong need to develop imaging modalities for early OA
detection and sensitive monitoring of disease progression. This would also highly benefit
preclinical identification and testing of possible therapeutic strategies, as tracking OA
progression in vivo currently relies almost exclusively on histological examination of the
joint. This makes it difficult to detect small changes over time and requires sacrificing the
animals. A more sensitive method to monitor OA progression in vivo from its beginning
stages that did not require animal sacrifice would help us to more efficiently assess the
efficacy of different treatment options in preclinical testing [59].

Early OA detection and sensitive monitoring of disease progression may be better
accomplished by moving away from imaging modalities that only analyze morphological
joint changes, and instead exploring modalities that can detect other changes that occur in
the joint tissues during OA. As a defined metabolic shift towards matrix catabolism
occurs early in OA [58], one promising alternative would be to develop a real-time report
of the metabolic status of the joint.
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1.3.2 Matrix Metalloproteinases (MMPs) in Osteoarthritis

One key feature of joint destruction in OA is the induction of MMPs that cleave cartilage
matrix proteins [60, 61]. However, the exact pattern of in vivo MMP induction is still
unknown. For example, while MMP2 and MMP13 proteins were detected in synovial
fluid from OA patients [62], MMP3 expression was shown to be downregulated in late
stage OA human femoral cartilage compared to controls [63]. Furthermore, a mouse
model of mild injury-induced OA caused by destabilization of the medial meniscus
(DMM) [64, 65], demonstrated increased MMP3 and MMP13 mRNA expression in OA
knees compared to sham controls, but did not exhibit a consistent change over time [43,
66]. It is also likely that MMP protein expression and activity would differ from mRNA
expression at different stages of OA development, as MMP inhibitors known as tissue
inhibitors of metalloproteinases (TIMPs) are also induced in OA [66]. As many of these
MMPs have overlapping functions, the dynamics of the net MMP activity that shapes the
landscape of matrix degradation throughout early and later OA stages is still not clear.
However, this is an important area of investigation as a change in overall MMP activity
may sensitively reflect metabolic changes in the OA joint prior to gross structural damage.

1.3.3 Near Infrared Fluorescence (NIRF) Imaging

Near infrared fluorescence (NIRF) imaging is an emerging technology that can noninvasively reflect real-time metabolic, enzymatic, and physiological tissue states. To do
so, NIRF probes are conjugated with enzyme-specific substrates so that fluorescence only
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occurs upon enzymatic activation. Therefore, the intensity of the fluorescent signal
indicates the activity level of the enzyme [67]. The enzymatic substrate link can be varied
for different targets. NIRF probes that measure the activity level of various proteases
upregulated in OA are already commercially available. For example, MMPSense680 is a
NIRF probe made by PerkinElmer that is specifically activated by tissue MMP activity.

There are several characteristics of NIRF imaging that make it advantageous for in vivo
preclinical testing and for clinical use. Near infrared photons are able to penetrate both
tissue and bone, display low autofluorescence, and present a low risk to patients or
animals as they utilize non-ionizing radiation [68]. Due to these desirable attributes,
NIRF imaging is already currently being investigated for a variety of clinical uses. For
instance, human studies are already underway to investigate the use of NIRF probes for
imaging the lymphatic system, nodal staging of breast cancer, and differentiating
malignant breast masses from benign ones [69].

NIRF imaging’s use in the detection of joint disease has also begun to be investigated.
Several studies have successfully used NIRF probes measuring protease activity to
identify rheumatoid arthritis development in mouse models [70-76]. As protease activity
has also been shown to be upregulated in the joint during OA [58], this is a promising
strategy for OA detection as well. However, it is currently unknown if NIRF imaging of
protease activity in the joint can detect incremental changes in joint metabolism as OA
progresses that could be used to monitor disease severity. This is complicated by the fact
that the trajectory of protease activity during OA progression is not well understood. It is
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also unknown if NIRF imaging could identify metabolic changes associated with OA
before morphological joint changes occur. Further study using NIRF imaging in OA
mouse models is necessary to determine the sensitivity of this technique and its utility in
the early detection and monitoring of OA.

1.3.4 Near Infrared Fluorescence (NIRF) Imaging of MMP Activities in a Mouse Model
of Osteoarthritis

As NIRF imaging of protease activity in the joint holds much promise, I aimed to
investigate if NIRF imaging specifically of MMP activity could be used for real-time
detection of OA development in a mouse wear and tear in vivo OA model (the DMM
model), with a special focus on the early stages of OA, and to correlate the NIRF results
with damage visible through histology. This line of questioning could help to determine if
NIRF imaging could potentially be used for early detection and sensitive disease
monitoring in preclinical models of OA, something that is currently lacking in the field.
This could open the door for the development of more efficient and sensitive in vitro and
in vivo screening methods for testing the efficacy of OA therapeutics. In addition,
studying the trajectory of protease activity over disease development could enhance our
knowledge of the early metabolic changes that occur in OA.

To investigate these questions, I used an MMP-activatable NIRF probe to examine the
trajectory of MMP activity in the knee joint of the DMM mouse model (a model of
injury-induced OA) from the early stages of disease development [64]. The NIRF
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imaging results were correlated with histologically observed OA joint damage. I found
that the NIRF detected MMP activity steadily increased starting from early OA
development to the end time point of my investigation, suggesting that NIRF can be used
as a sensitive and minimally invasive measure for joint degeneration in a real-time
fashion. The results of this study were published in Arthritis and Rheumatology in
February of 2015 [77].

Section 1.4 Wnt Signaling in Osteoarthritis

1.4.1 Introduction to Wnt Signaling

Wnt signaling is a group of highly conserved signaling pathways that play a crucial role
in development and disease [78, 79]. The Wnt proteins are a diverse family of secreted
glycoproteins that bind to Frizzled (FZD) receptors to activate the Wnt signaling
pathways. There are 19 specific Wnt proteins that exist in humans and mice. These
different Wnt proteins are highly conserved across species [80].

Wnt proteins are known to activate two types of signaling pathways: the canonical and
non-canonical pathways [81]. The balance of these two types of pathways may shift
during development or aging [82]. To activate the Wnt canonical pathway, Wnts bind
FDZ receptors with the low-density lipoprotein receptor-related protein (LRP) 5/6 coreceptor, which leads to accumulation of β-catenin in the cytoplasm (Fig. 1.2). This is
through inhibition of the destruction complex, made up of Axin, adenomatous polyposis
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coli (APC), glycogen synthase kinase 3 (GSK3), and casein kinase 1 (CK1), which
normally tags β-catenin for degradation. With the destruction complex inhibited, βcatenin can accumulate in the cytoplasm and translocate into the nucleus, where it
interacts with the T-cell factor/lymphoid enhancer factor (Tcf/Lef) transcription factors to
stimulate transcription of downstream target genes such as Axin2 [83].

The non-canonical Wnt pathways include activation of calcium signaling, the planar cell
polarity (PCP) pathway, and Akt signaling [84-86] (Fig. 1.3). The calcium pathway
increases intracellular calcium and activates calmodulin kinase II (CamKII) and
calcineurin, subsequently promoting the translocation of nuclear factor of activated Tcells (NFAT) into the nucleus [86]. The PCP pathway activates JNK signaling through
the small GTPases Rac and Rho. This pathway is traditionally thought to control
cytoskeletal remodeling and planar cell polarity; however it can also affect gene
transcription in the nucleus through effects on the transcription factor activator protein 1
(AP-1) [87, 88]. The canonical and non-canonical Wnt signaling pathways may also
antagonize one another. For example, Wnt activated calcium signaling can stimulate βcatenin degradation and thus inhibit Wnt canonical pathway signaling [81, 89].

Traditionally, specific Wnt proteins have been divided into two classes, canonical and
non-canonical activating Wnts. The original classifications were based upon which Wnt
proteins could induce β-catenin-dependent signaling in Xenopus embryos and mouse
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Figure 1.2. Schematic representation of canonical Wnt signaling. In the absence of
Wnt, the destruction complex (Axin, APC, GSK3, and CK1) phosphorylates βcatenin. This targets β-catenin for ubiquitination and destruction by the proteasome.
When Wnt binds to FZD and LRP, Dvl is activated, which then inhibits the
destruction complex and thus inhibits β-catenin degradation. β-catenin then can
accumulate in the cytoplasm and enter the nucleus to cause activation of target gene
transcription through association with Tcf/Lef. APC: Adenomatous polyposis coli.
CK1: Casein kinase 1. Dvl: Disheveled. FZD: Frizzled receptor. GSK3: Glycogen
synthase kinase 3. LRP: Low-density lipoprotein receptor-related protein. Tcf/Lef: Tcell factor/lymphoid enhancer factor.
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Figure 1.3. Schematic representation of non-canonical Wnt signaling. Several
non-canonical Wnt signaling pathways have been proposed. For the Wnt calcium
pathway (blue), Wnt binding to FZD activates heterotrimeric G proteins (G), which in
turn increase intracellular calcium levels. Intracellular calcium activates CamKII,
PKC, and Calcineurin. Calcineurin then activates NFAT, which translocates to the
nucleus to activate transcription of target genes. In the Wnt/JNK or planar cell polarity
(PCP) pathway (green), Wnt binding to Fzd and Dvl activates JNK signaling through
the small GTPases Rac and Rho, which ultimately can lead to cytoskeletal remodeling
and/or nuclear translocation of AP-1. Wnt binding to FZD can also activate Akt and
mTOR signaling (purple). AP-1: Activator protein 1. CamKII: Calmodulin kinase II.
Dvl: Dishevelled. FZD: Frizzled receptor. JNK: c-Jun n-terminal kinase. NFAT:
Nuclear factor of activated T cells. PI3K: Phosphatidylinositol 3-kinase. PKC: Protein
kinase C.
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mammary cells [90-92]. However, it has become clear that these classifications do not
hold true for all cell types. For example, Wnt5a is traditionally considered a noncanonical Wnt protein and is still very commonly used in experiments as an example of
non-canonical signaling. Nevertheless, it has been demonstrated that Wnt5a can induce βcatenin signaling in Xenopus embryos, mouse embryos, and human 293 cells [93-95].
Several of these studies showed that Wnt5a can both induce or repress β-catenin
signaling in the same cell type depending on which receptors are present on the receiving
cells [94, 95]. In fact, many Wnt proteins have now been shown to activate both
canonical and non-canonical signaling in a cell type dependent manner [89, 96-101].
These results demonstrate that Wnt protein activation of Wnt signaling is highly context
dependent and that canonical and non-canonical activation are not mutually exclusive.

1.4.2 Current Understanding of Wnt Signaling in Osteoarthritis

Human studies demonstrating changes in Wnt signaling in OA patients have spurred
investigation into whether Wnt signaling plays a role in OA development [102-108]. For
example, several studies of patient data have determined that a specific genetic
polymorphism in secreted frizzled-related protein 3 (sFRP3), a Wnt signaling antagonist,
is associated with an increased risk for OA development in women [102, 105, 109]. It
was later demonstrated that sFRP3 null mice develop normally, but show increased
articular cartilage damage compared to control mice after OA induction via collagenase
induced joint instability, papain induced enzymatic digestion of joint cartilage matrix,
and methylated bovine serum albumin (BSA) induced inflammatory arthritis. The sFRP3
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null mice also demonstrated increased β-catenin levels, suggesting that sFRP3 normally
downregulates Wnt canonical signaling in the joint [110]. This is supported by a separate
in vitro study showing that the sFRP3 genetic polymorphism that is associated with
increased susceptibility to OA in patients results in an sFRP3 protein that has a reduced
ability to inhibit Wnt canonical signaling compared to wild type sFRP3 [102]. This
combination of studies demonstrated a possible role for Wnt canonical signaling in OA
development.

Indeed, many additional studies have shown an increase in β-catenin levels in both
human and animal OA samples [101, 111, 112]. Nevertheless, how Wnt canonical
signaling affects joint destruction in OA is still controversial. For example, while ablation
of β-catenin in vivo resulted in degeneration of articular cartilage [113, 114],
overexpression of β-catenin in vivo also caused an OA-like phenotype [111]. On the other
hand, separate studies examining the canonical Wnt pathway inhibitor Dickkopf-related
protein 1 (DKK-1) demonstrated that both overexpression and antisense knockdown of
DKK-1 both instead inhibited OA articular cartilage damage [115, 116]. Furthermore,
two other genetic analyses performed after the original identification of the genetic
polymorphism in sFRP3 did not find a significant association between polymorphisms in
sFRP3 and the development of OA in patients [117, 118]. These studies highlight the
plethora of inconsistent results related to the role of Wnt canonical signaling in OA. It is
also unclear how non-canonical Wnt signaling is involved, as similarly inconclusive
results have been seen related to calcium signaling in OA [119-122]. Perhaps such
seemingly contradictory data indicate that an intricate balance in Wnt signaling must be
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maintained for optimal cartilage homeostasis. Such a balance is likely to be delicately
maintained by multiple Wnt molecules. However, despite the in vivo studies of
downstream Wnt signaling components, no Wnt ligands have been tested in an in vivo
experimental OA setting.

In vitro experiments showed that Wnt3a, Wnt5a, Wnt7a, and Wnt7b induced MMP
expression in rodent chondrocytes under normal, non-pathological conditions [123-127].
However, further studies using human articular chondrocytes demonstrated that Wnt3a
and Wnt7b had the opposite effect as in rodent cells; they decreased MMP expression
under both control and IL-1β treatment [128]. Thus, it is important to investigate the
effect of Wnts in both human and rodent systems, and under normal and pathological
conditions. However, at this time no Wnts have been comprehensively evaluated both in
vitro and in vivo in chondrocytes under normal or pathological conditions. Additional
studies systemically examining in vitro and in vivo OA conditions are necessary to help
clearly define the role of specific Wnts and Wnt signaling in OA.

1.4.3 The Effect of Wnt7a on IL-1β Induced Catabolic Gene Expression In Vitro and
Articular Cartilage Damage in Experimental Osteoarthritis In Vivo

Wnt7a is an intriguing molecule that acts through both the canonical and non-canonical
Wnt pathways in a cell type-dependent manner [85, 99, 100]. While Wnt7a has been
shown to be expressed in articular cartilage [83], the effect of Wnt7a in OA or on human
chondrocytes under pathological conditions has not been examined. In this study, I
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investigated the expression of Wnt7a in human OA cartilage and found an intriguing nonlinear inverse correlation between the expression of Wnt7a and several catabolic genes. I
then examined the effect of Wnt7a ectopic expression in human primary articular
chondrocytes under inflammatory conditions, as well as in the DMM mouse model of OA.
My results indicate a beneficial effect of Wnt7a on chondrocytes in vitro and in vivo, and
suggest collaboration between the canonical and non-canonical Wnt signaling pathways
that mediate the activity of Wnt7a.

23

Chapter 2: Near Infrared Fluorescence (NIRF) Imaging of MMP Activities in a
Mouse Model of Osteoarthritis

2.1 Materials and Methods

In Vitro Chondrocyte Cultures. Primary normal human knee articular chondrocytes
(nHACs, Lonza) were redifferentiated in alginate beads according to Lonza’s established
protocol. For 2D cultures, redifferentiated nHACs were cultured for 4 days in
chondrogenic differentiation media (Lonza) that contained 0, 1, or 4 ng/mL IL-1β
(Peprotech). For 3D cultures, nHACs were seeded into the silk scaffolds (graciously
provided by David Kaplan, pore size of 100-200µm generated with solvent evaporation
using HFIP) at a density of 0.5x106 cells/scaffold and cultured for 4 days with
chondrogenic differentiation media (Lonza) that contained 0, 5 or 10 ng/mL IL-1β.

Experimental Animals. All animal care and experimental procedures were approved by
the Institutional Animal Care and Use Committees at Tufts University and Massachusetts
General Hospital. Wild-type CD1 male mice were purchased from Charles River
Laboratories. All mice were caged in groups under standard conditions with a 12-hour
light/dark cycle.

Surgical Model of OA in Mice. Destabilization of the medial meniscus (DMM) surgery
was performed on 7 week old CD1 male mice according to the established protocol [64].
Briefly, under isoflurane anesthesia, the right knee joint was opened along the medial
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border of the patellar ligament and the medial meniscotibial ligament (MMTL) was
severed. Sham surgery, where the MMTL was visualized but not severed, was performed
on the left knee of the same mice as an internal control. Mice were monitored for pain
and infection post surgery and allowed unrestricted cage exercise.

NIRF in vitro imaging. For in vitro NIRF imaging on cultured chondrocytes, 0.4µM of
the NIRF probe MMPSense680 (PerkinElmer) was added to the culture medium for 4
hours for 2D cultures and 16 hours for 3D cultures. Live cultures were then examined
using a LSM 510 confocal microscopy system (Zeiss) for NIR fluorescence (633nm
excitation, 700nm emission). Hoechst dye (Invitrogen) was added to localize the cells.

NIRF in vivo imaging and data analysis. For in vivo imaging, the hair of the mouse
hind limb was removed to reduce autofluorescence. Under isoflurane anesthesia,
MMPSense680 (4 µL of 13.3 nmol) was directly injected through the patellar ligament
into the knee joint cavity using a 30G needle. Unless otherwise noted, immediately
before imaging an approximately 1.5 cm skin incision was created directly over the
patellar ligament of each knee to allow imaging without skin overlying the joint. Images
were acquired using the Multispectral Imaging System (In Vivo Pro; Carestream, CT,
USA) in the following sequence 1) white light 2) X-ray 3) near infrared scanning with
530-680 nm excitation filters and 700 nm emission filter. At least 4 mice were used for
the serial imaging and single time point imaging experiments. The number of mice used
for imaging at each time point are: n=7, 8, 7, 8, 4, 8, 4, 8, for weeks 1-8 respectively, with
a total of 54 mice used.
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Fluorescence signal intensity of the NIRF data was measured by Shadi Esfahani using the
standard analysis software from Carestream. A region of interest was drawn over each
knee joint to quantify the mean fluorescent signal intensity and the area of increased
signal within the raw image. The fluorescence signal intensity of the mouse skin was
measured as the background signal and subtracted from the raw data for each knee joint
to internally calibrate each image. Total signal intensity ratio was calculated as (DMM
knee mean fluorescence signal intensity x DMM knee area of increased signal) / (sham
knee mean fluorescence intensity x sham knee area of signal). Using the 8-bit NIRF
images in ImageJ (NIH), a straight line was placed over the regions of interest and the
"plot profile" of the arbitrary signal intensity values was generated. Using the "surface
plot" analysis, the arbitrary values of intensities over the whole raw images were shown
in a three-dimensional plot.

Histological Analysis. Knee joints were isolated and fixed in 4% paraformaldehyde for
24 hours, decalcified in 10% EDTA for 1 week, and then embedded in paraffin. 5 µm
serial sections were cut sagittally across the femorotibial joint. Sections every 40 µm
were stained with 0.1% safranin O and counterstained with hematoxylin. Fast green
counterstaining was also used when indicated. To quantify observed cartilage damage, 9
stained sections from each sample were pooled, randomized and blindly scored using the
established articular cartilage structure and the safranin O scoring systems [129]. The
femur and tibia were scored separately and added together to calculate a total joint score
for each section. The sections were blindly analyzed for two additional OA histological
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parameters, tibial chondrocyte cell loss and osteophyte maturity, with established
methods [43, 129, 130].

Light microscopy imaging. Bright field images of chondrocytes were taken using an
Olympus IX-71 microscope and an Olympus DP70 digital camera. The optical
parameters and camera exposure time were kept constant between samples.

In Vitro MMPSense680 activation by MMPs. 10 ng of pro-enzymes (MMP-1, 2, 9,
and 13; Anaspec) were added to 0.4µM MMPSense680 and 100µM APMA (Sigma) in a
96-well black bottom plate and incubated at 37ᵒC. In the enzyme combination experiment,
2.5ng/enzyme was used. For inhibiting MMP activities, 100µM of the pan MMP inhibitor
PD166793 (Anaspec) dissolved in 0.5% DMSO was used. As a positive control, 0.1ng of
trypsin was incubated with 0.4µM of MMPSense680. For negative controls, pro-enzymes,
APMA or MMPSense680 alone or pro-enzymes with MMPSense680 but without APMA
were used. Plates were read in the IVIS-200 Imaging System (PerkinElmer) at 1, 5, and
24 hours post incubation, and signal intensities were analyzed using Living Image
software (PerkinElmer). NIRF signals were calculated as the radiance from APMA
activated MMPs subtracted by the radiance from the pro-MMP without APMA (baseline
control).

RNA isolation and real-time polymerase chain reaction (qPCR). Total RNA from
cultured redifferentiated nHACs was isolated with the Qiagen RNeasy Mini Kit (Qiagen)
and cDNA was generated using M-MLV Reverse Transcriptase (Invitrogen). qPCR was
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performed using the iQ5 Real-Time PCR Detection System (Bio-Rad). All qPCR
analyses were normalized to TBP expression [131]. Primer sequences are available upon
request.

Statistical Analysis. Data are shown as mean ± SEM. The semiquantitative histological
scoring systems were evaluated using nonparametric statistical analyses. All other
experiments were evaluated with a Student’s t-test or analysis of variance (ANOVA) with
post-hoc tests for pairwise comparisons. Normality of the data was tested using the
Shapiro-Wilk normality test. Best-fit line equations and R2 values were determined using
a second order polynomial regression. Spearman correlation was used for correlation
analyses. A p value of less than 0.05 was considered significant in all cases.

2.2 Results

2.2.1 MMP sensitive NIRF probe exhibits enhanced fluorescent signals in IL-1β-treated
chondrocytes in vitro

With the help of Carrie Hui Mingalone, Roshni Rainbow, and Daisy Nakamura, we
confirmed the ability of the NIRF probe MMPSense680 to detect MMP activity in
chondrocytes in vitro. First, MMPSense680 was incubated with recombinant pro-MMPs
and APMA, a known MMP activator [132], to confirm that MMPSense680 fluorescence
was activated specifically by active MMPs. The resulting NIRF signal was measured
after 1, 5, and 24-hour incubations. We found that the detected MMPSense680 signal
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Figure 2.1. MMP sensitive near infrared fluorescence (NIRF) probe detects
enhanced MMP activities upon pro-inflammatory cytokine IL-1β treatment in 2D
and 3D cultures of human primary articular chondrocytes (nHACs). A. Activation
of MMPSense680 by active recombinant MMPs minus background fluorescence over
24 hours. B. MMPSense680 activation by recombinant MMPs plus the pan-MMP
inhibitor PD 166793, demonstrating that PD166793 inhibits recombinant MMP
activation of MMPSense680. C. MMPSense and trypsin activation of MMPSense680
after 24 hour incubation. D. qRT-PCR analysis of MMP expression in nHACs (Lonza)
treated with or without 1 ng/µL of IL-1β for 3 days, confirming MMP induction with
IL-1β treatment. E. Bright field images of IL-1β-treated nHACs in 2D cultures. F.
Confocal images after 4 hours of MMPSense680 (0.2µM, PerkinElmer) addition,
indicating IL-1β induced MMP activity in nHACs in a dosage-dependent way (arrows).
G. Confocal images of HACs grown in 3D silk porous scaffolds (100-200µm pore size)
after 16 hours of MMPSense680 (0.2µM) addition. MMP activity was induced by IL-1β
in a dosage-dependent way (arrows). Hoechst dye labeling indicates the locations of live
cells. Black * = p< 0.05 and white * indicates the presence of the silk scaffold.

increased over time, with the largest signal being detected at 24 hours (Fig. 2.1A).
MMP13 resulted in the strongest MMPSense680 activation, followed by MMP9 and
MMP2. A mixture of the recombinant MMPs (MMP-mix) demonstrated a comparable
MMPSense680 fluorescence activation (Fig. 2.1B). MMP inhibition by the pan-MMP
inhibitor PD 166793 significantly reduced MMPSense680 fluorescence signal, indicating
that the observed fluorescence was specifically a result of the active MMPs (Fig. 2.1B).
As a positive control, trypsin was used to confirm that MMPSense680 activation was
caused by proteolytic cleavage of the probe (Fig. 2.1C).

We then tested whether MMPSense680 can reflect an induction in MMP activity when
chondrocytes were treated with the pro-inflammatory cytokine IL-1β in vitro [58, 133135]. Indeed, IL-1β treatment of normal human articular chondrocytes (nHACs) led to
the induction of MMP1, MMP2, MMP9 and MMP13 expression (Fig. 2.1D).
Furthermore, chondrocytes exhibited a more elongated morphology (Fig. 2.1E) and
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enhanced MMP-activated NIRF signal by IL-1β treatment in a dosage-dependent manner
(Fig. 2.1F). Similarly, nHACs grown in 3D silk porous scaffolds also demonstrated IL-1β
dosage-dependency in the upregulation of the MMP-activated NIRF signal (Fig. 2.1G).

2.2.2 MMP sensitive NIRF probe exhibits enhanced signals in vivo in DMM OA mouse

To determine whether an MMP sensitive NIRF probe could be used in vivo to detect
cartilage destruction in the OA knee, I performed destabilization of the medial meniscus
(DMM) surgery on CD1 male mice. I chose the DMM surgery as an in vivo OA model
because it has been shown to reliably cause mild injury-induced OA in mice [64]. To
minimize potential differences in intrinsic MMP activities between individuals, I
performed DMM surgery on the right knee of each mouse and sham surgery on the left
knee of the same mouse as an internal control.

I injected the NIRF probe MMPSense680 intraarticularly to measure the current MMP
activity level in the joint. Previous studies on MMP activities in the aorta and the brain
have established that MMPSense680 is also activated specifically by MMPs in vivo, as
mice treated with an MMP13 inhibitor and MMP9-/- mice demonstrated largely reduced
MMPSense680 fluorescence [136, 137]. To determine the optimal time for fluorescence
imaging in DMM mice, Andrea Foote and Shadi Esfahani imaged mice 7 weeks post
DMM at several time points after probe injection. At all measured time points, the DMM
knee demonstrated a higher fluorescent signal than the sham knee of each mouse (Fig.
2.2A). NIRF signals were quantified to calculate the mean fluorescence intensity for each
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knee and the DMM:sham total signal intensity ratio (i.e. mean fluorescence x area of
signal) for each mouse (Fig. 2.2B, 2.2C). Results of both types of analysis indicated
significantly higher MMP activity in the OA knee compared to the sham knee and that
the most significant difference between the two knee joints was observed at 2 hours post
injection (Fig. 2.2A-C). Therefore, this time interval was used in all subsequent
experiments. To delineate the location of the NIRF signal in the mouse joint after probe
injection, NIRF images were overlaid with x-ray images. The x-ray overlay confirmed
that the obtained fluorescent signal was localized to the knee joint (Fig. 2.2D).

As a control, I imaged mice that had not undergone DMM surgery before and after probe
injection. Before probe injection, no NIRF signal was observed (Fig. 2.3A), suggesting
that no endogenous or intrinsic fluorescence from the mice contributed to any of the
detected NIRF signals. Following probe injection, mice demonstrated low NIRF signal
intensities that were very similar between the right and left knees, indicating that the
difference between DMM and sham knee NIRF signals was not due to intrinsic
differences in MMP activity between the two knees at baseline (Fig. 2.3A). I also imaged
mice 7 week post DMM before and after removal of the skin overlying the joint to
confirm that the NIRF signal came specifically from the knee joint (Fig. 2.3B, 2.3C). I
observed similar NIRF signal ratios between the DMM and sham knees with both
transcutaneous and exposed joint imaging (Fig. 2.3B, 2.3C), which is suggestive of the
potential for imaging the knees without skin excision in future translational applications.
Since shaper images were obtained when the joint was directly exposed, I kept this
practice in subsequent experiments.

32

Time post NIRF probe injection

A

5 min
Sham

2 hr

6 hr

24 hr

6000

DMM

480

C
*

7000
6000

DMM
DMM
Sha
Sham
m

5000

*

4000
3000
2000
1000
0

0

2

4

6

8

10 12 14 16 18 20 22 24

Time (hour)

Hours Post-Injection

DMM/Sham Total Signal
DMM
/ Sham Total Ratio
Intensity Ratio
Intensity

Mean Fluorescence
Intensity
Mean Fluorescence
Intensity (counts/msec)

B

*

**

100

D

50% signal

80
60

25% signal

40
20
0

0

3

6

9

12

15

18

21

24

Time (hour)

Hours Post-Injection

Figure 2.2. MMP sensitive NIRF probe exhibits enhanced signals in vivo in DMM
OA mouse. A. In vivo NIRF images overlain on X-ray images from DMM mice after 4
µL intraarticular injection of MMPSense680 in each knee. Mice were imaged at
multiple time points post probe injection, demonstrating enhanced fluorescent signal in
the DMM knee as compared to sham knee of the same mouse, with two hours post
probe injection showing the largest difference. B. Mean fluorescent intensity emitted
from each knee was quantified from collected NIRF images. C. Total signal intensity
was quantified for each knee from the collected NIRF images and the signal intensity
ratio of DMM:sham was calculated for each mouse. D. NIRF signal overlain on X-ray
from 7-week DMM mouse with plotting thresholds set so only the brightest 50% (left)
or brightest 25% (right) of NIRF signal is shown, demonstrating that the NIRF signal
comes specifically from the knee joint. * = p< 0.05 for groups at the same time point,
unless otherwise indicated by brackets.
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Figure 2.3. NIRF signals are derived from the joint instead of the overlaying skin.
A. Raw images of a control mouse prior to and after MMPSense680 intraarticular
injection and processed NIRF image overlain on X-ray image of the control mouse after
probe injection. B. Transcutaneous NIRF image overlain on X-ray image from a DMM
mouse taken 2 hours after 4 µL intraarticular MMPSense680 injection. ImageJ was used
to quantify emitted fluorescence across the width of the image and to create a surface
plot analysis to generate a three dimensional plot of the intensities of the whole raw
transcutaneous NIRF image. C. NIRF image taken with the skin pulled open to expose
the knee overlain on X-ray image from a DMM mouse taken 2 hours after 4 µL
intraarticular MMPSense680 injection. ImageJ was used to quantify emitted
fluorescence across the width of the image and to create a surface plot analysis to
generate a 3D plot of the intensities of the whole raw exposed knee NIRF image.
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2.2.3 MMP sensitive NIRF signal intensity steadily increases over OA progression in
DMM mice

The observation that DMM surgery induced a significantly higher level of MMP sensitive
NIRF signal compared to sham controls at 7 weeks post DMM (Fig. 2.2) led us to
hypothesize that NIRF signal intensity would correlate with OA development as the joint
degenerates. To test this hypothesis, I imaged individual mice serially every 2 weeks over
8 weeks post DMM. As the half-life of MMPSense680 is only 72 hours, I expected
signals from the previous imaging session to have dissipated before subsequent imaging
of the same mouse 2 weeks later. To confirm that the fluorescent signal from the previous
imaging session was gone, I pre-imaged all mice immediately before new probe injection
at each imaging session. Strikingly, the DMM knee exhibited a higher fluorescent signal
than the sham knee of the same mouse at every examined time point (Fig. 2.4A). Signal
quantification performed by Shadi Esfahani indicated that the mean fluorescent intensity
of the DMM knee increased in a linear fashion from 2 to 8 weeks post surgery, while
sham knee signals showed only a mild increase over time (Fig. 2.4B). When the
DMM:sham total signal intensity ratios were calculated (i.e. mean fluorescence intensity
x area of increase signal), they indicated a significant increase over the course of OA
development that was studied (Fig. 2.4C). This data indicates that MMP activities in the
OA joint were induced shortly after surgery and continuously rose from the very early
stages of OA to moderate OA.
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Figure 2.4. MMP-activatable NIRF signal intensity steadily increases over the
course of OA progression in repeatedly imaged DMM mice. A. In vivo NIRF images
overlain on X-ray images from DMM mice taken two hours after 4 µL intraarticular
injection of MMPSense680 in each knee. The same mice were imaged repeatedly every
2 weeks for 8 weeks total. Representative images show the combined X-ray and NIRF
image of one individual mouse at 2, 4, 6, and 8 weeks post DMM surgery. Increasing
levels of MMP activities were observed over OA development. B. Mean fluorescent
intensity emitted from each knee was quantified from collected NIRF images. * = p <
0.05 for groups at the same time point. C. Total signal intensity was quantified for each
knee from the collected NIRF images and the signal intensity ratio of DMM:sham was
calculated for each mouse. Data was fit with a best-fit line using a second order
polynomial regression, equation: y = 1.6x2 – 1.42x + 2.5, R2 value: 0.9463. # = p<0.05
compared to all groups.
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2.2.4 Correlation of NIRF signal intensity with cartilage histological analysis over OA
progression in DMM mice

I performed histological analysis of NIRF imaged mice over 8 weeks post DMM to
correlate the collected NIRF signals with histological parameters typically used to
examine progressive OA joint degeneration over time. As it is not possible to evaluate
joint histology at each time point in serially imaged mice, I performed additional
surgeries and mice were sacrificed at multiple time points immediately after NIRF
imaging (Fig. 2.5A). Again, the average NIRF signal intensities of the DMM knee rose
consistently over time, while those from the sham knee remained relatively flat (Fig.
2.5B). As a result, the ratio of DMM:sham total signal intensity increased significantly
over time (Fig. 2.5B). This confirms that the observed increase in NIRF detected MMP
activity seen in the serially imaged mice was not due to the injection performed at each
imaging session. When serial imaged animals were also included in the plot, it further
confirmed the trend of increased MMP activity in the DMM knee compared to sham
controls over the entire time-course studied and demonstrated the strong reliability and
reproducibility of this trend (Fig. 2.5C).

Safranin O staining was performed for histological analysis of OA joint damage at the
time of NIRF imaging (Fig. 2.6A-C). To quantify articular cartilage damage, histological
images were randomized and blindly scored for changes in articular cartilage structure
and safranin O staining based on published assessment methods [43, 129]. Cartilage
structural damage and loss of safranin O staining were significantly higher in the DMM
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knee as compared to the sham knee at all time points (Fig. 2.6A-E). Interestingly,
fibrillation and clefts were consistently seen in the DMM samples 1-week post surgery,
which resulted in a higher cartilage structure score (Fig. 2.6A, 2.6D). However, such
changes became less pronounced in the following weeks and only became visible again
as OA progressed to 8 weeks (Fig. 2.6A, 2.6D). Samples were also scored for loss of
GAG matrix content with safranin O scoring. However, safranin O scores did not
significantly change over time (Fig. 2.6E). This is consistent with a previous study
examining C57 mice from 2 to 8 weeks post DMM surgery [43].
In addition to articular cartilage degeneration, chondrocyte cell loss and osteophyte
development are also established indicators of OA joint damage in the DMM mouse
model that progressively increase over time [43, 138]. In my histological analysis, I
observed a significant increase in chondrocyte cell loss from 1 to 8 weeks post DMM
(Fig. 2.6F). Furthermore, all mice at all time points demonstrated osteophyte formation in
their DMM knee, while no osteophytes was observed in any of the contralateral sham
knees (Fig. 2.6C, 2.6G). As osteophyte size does not progressively increase over time in
the DMM model, osteophyte size was not assessed in these samples [43]. Rather, I
examined the mineralization of the osteophyte. As expected in the DMM model, the
observed osteophytes developed from being mostly cartilaginous at week 1 to mostly
mature bone at 4 to 8 weeks post DMM (Fig. 2.6C, 2.6G). The joint synovium was also
assessed; however no obvious synovitis was apparent at any of the time points examined.
This is expected, as synovitis is not an appreciable part of mild surgical OA models such
as DMM until very late stages of the disease [43, 64, 139]. In summary, most of the
histological parameters of progressive OA joint damage that were examined positively
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correlate with the NIRF signals obtained at the same time point (Fig. 2.6H). However, the
only histological assessment with a statistically significant correlation was chondrocyte
cell loss. This suggests that increased NIRF signals generally indicate increased joint
destruction, but that the NIRF signal cannot be used on its own to definitively indicate
histological damage at this time.

40

41

Figure 2.6. Histological analysis of OA severity over the course of OA progression
in DMM mice. A. Representative histologic appearance of safranin O/hematoxylin
stained sagittally sectioned mouse knees 1-8 weeks post DMM surgery. Scale bars =
250 µm. Arrows indicate cartilage damage. B. Representative images of tibial articular
damage in fast green/safranin O stained sagittally sectioned mouse knees 1-8 weeks
post DMM surgery. Scale bars = 25 µm. Arrows indicate cartilage damage. C.
Representative images of osteophyte formation in safranin O/hematoxylin stained
sagittally sectioned mouse knees 1-8 weeks post DMM surgery. Scale bars = 100 µm.
Arrows indicate osteophytes. D. Cartilage structure scoring of OA severity in mice 1-8
weeks post DMM. E. Safranin O scoring of OA severity in mice 1-8 weeks post
DMM. F. Tibial chondrocyte cell death scoring of OA severity in mice 1-8 weeks post
DMM. G. Scoring of osteophyte maturity in mice 1-8 weeks post DMM. H.
Correlation analyses between histological parameters and NIRF DMM:sham total
signal intensity ratio results. * = p < 0.05 for indicated groups. # = p<0.05 for
indicated sample compared to all other samples. At each time point, comparison of
DMM and sham score has p<0.05.
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Chapter 3: The Effect of Wnt7a on IL-1β Induced Catabolic Gene Expression In
Vitro and Articular Cartilage Damage in Experimental Osteoarthritis In Vivo

3.1 Materials and Methods

Normal and OA Human Cartilage Tissue Samples. All human samples were deidentified and classified as exempt by the Institutional Review Board at Tufts University.
Normal and human OA samples were isolated and characterized as previously described
[140]. Normal cartilage samples were obtained from the tibial plateaus of cadaveric joints
from patients without history or radiographic signs of OA from the National Disease
Research Interchange and Articular Engineering (age/sex: 84/M, 75/M, 65/F, and 49/F).
OA cartilage samples were obtained from tibial plateaus of patients undergoing total knee
replacement surgery for OA at Tufts Medical Center (age/sex: 53/F, 63/F, 65/F, 72/M,
73/F, 73/M). Gene expression was analyzed using qPCR and TATA binding protein
(TBP) used as a reference gene.

In Vitro Human Chondrocyte Cultures. Primary normal human articular chondrocytes
(nHACs, Lonza) were redifferentiated in alginate beads according to Lonza’s established
protocol using chondrogenic differentiation media (Lonza), as previously described
[140]. For viral infection, redifferentiated nHACs were infected with lentiviral human
Wnt7a-GFP (lenti-Wnt7a-GFP) or lentiviral GFP (lenti-GFP) (Open Biosystems) with a
titer of 5x107 IFU for two days before additional treatments were applied. For IL-1β
treatment, redifferentiated nHACs were cultured in chondrogenic differentiation media
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that contained 0 or 5 ng/mL IL-1β (Peprotech). For qPCR analysis, cells were lysed after
4 days of IL-1β treatment, unless otherwise specified. For Western blot analysis, cells
were lysed after 1 hour of IL-1β treatment. In the DKK-1 study, 250 or 500 ng/mL
recombinant human DKK-1 (R&D Systems) was also added to the media. For Akt
inhibition, 1 or 10 µM of AZD5363 (Selleckchem) was used. For NFAT inhibition, 20
µM of INCA-6 (Tocris) in 0.2% DMSO was used, with 0.2% DMSO alone serving as a
control. For all signal inhibition experiments, compounds were added to the media for 48
hours. For Tcf4 inhibition, lentiviral dominant-negative Tcf4 (lenti-dnTcf4, Addgene
plasmid #24310) was used to perform a simultaneous double transfection with the lentiWnt7a-GFP and lenti-GFP for two days before IL-1β was added. For the control
experiment using Wnt3a, Wnt3a conditioned medium was collected from L cells stably
expressing Wnt3a (ATCC CRL-2647) and control conditioned medium was collected
from the L cell parental line (ATCC CRL-2648) per the manufacturers recommend
protocol.

In Vitro Murine Chondrocyte Cultures. Primary murine articular chondrocytes were
harvested from the articular knee cartilage of 6-day old mice as described [141] and
expanded in DMEM (Gibco) with 10% heat-inactivated fetal bovine serum, 1%
penicillin/streptomycin, and 2% glutamine. For viral infection, primary murine articular
chondrocytes were infected with lenti-Wnt7a-GFP or lenti-GFP (Open Biosystems) with
a titer of 5x107 IFU for two days. Then, 0 or 5 ng/mL IL-1β (Peprotech) was added for 2
days before samples were collected for qPCR analysis.
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RNA isolation and real- time polymerase chain reaction (qPCR). Total RNA was
isolated with the Qiagen RNeasy Mini Kit (Qiagen) and cDNA was generated using MMLV Reverse Transcriptase (Invitrogen). qPCR was performed using the iQ5 Real-Time
PCR Detection System (Bio-Rad). All qPCR analyses were normalized to GAPDH
expression unless otherwise noted [131]. Primer sequences are available upon request.

Western blots. Cells were lysed with RIPA buffer. Nuclear and cytoplasmic fractions
were isolated using NE-PER Nuclear and Cytoplasmic extraction reagents (Pierce).
Protein concentrations were determined using the DCTM Protein Assay (Bio-Rad). Equal
concentrations of protein were loaded and separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE; 10% polyacrylamide). The following
primary antibodies were used at a concentration recommended by the manufacturer: βcatenin (Millipore), NFAT1 (Cell Signaling), pan-Akt (Cell Signaling), phospho-Akt
(Ser473, Cell Signaling), TATA-binding protein (TBP, Abcam), and α-tubulin
(Developmental Studies Hybridoma Bank). Horseradish peroxidase-conjugated
secondary antibodies (Millipore) were used and chemiluminescence (Pierce) visualized
the immunoreactive proteins.

Luciferase Assay. For the NF-κB luciferase assay, cultured nHACs were infected with
lenti-Wnt7a-GFP or lenti-GFP (control) as described above. Three days later, the cells
were co-transfected with a six-copy NF-κB element-driven luciferase reporter construct
(Dr. Gail Sonenshein, Tufts University) and a Renilla luciferase internal control using XtremeGENE HP (Roche). Twenty-four hours after transfection, the chondrocytes were
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treated with 0 or 5 ng/mL IL-1β (Peprotech) for 16 hours. For the NFAT luciferase assay,
293T cells were co-transfected with an NFAT luciferase reporter construct (Dr. Chi-Wing
Chow, Albert Einstein College) and a Renilla luciferase internal control using XtremeGENE HP (Roche). Twenty-four hours after transfection, the cells were treated
with 0 or 2 µM ionomycin (Sigma) (as a positive control for inducing the NFAT
luciferase reporter) and 0, 4, or 20 µM INCA-6 (Tocris) for 16 hours. For both
experiments, luciferase activity was then measured using the Dual-Glo Luciferase Assay
System (Promega) and a 1450 MicroBeta Trilux Luminescence Counter (PerkinElmer).
Firefly luciferase activity was normalized to the Renilla luciferase activity to calculate the
relative luciferase units (RLUs).

Experimental Animals. All animal care and experimental procedures were approved by
the Institutional Animal Care and Use Committees at Tufts University. Wild-type CD1
male mice were purchased from Charles River Laboratories. All mice were caged in
groups under standard conditions.

Surgical Model of OA in Mice. Destabilization of the medial meniscus (DMM) surgery
was performed on 7 week old CD1 male mice according to the established protocol [64,
77]. Briefly, under isoflurane anesthesia, the right knee joint was opened along the medial
border of the patellar ligament and the medial meniscotibial ligament (MMTL) was
severed. Sham surgery, where the MMTL was visualized but not severed, was performed
on the left knee of the same mice as an internal control. Mice were allowed unrestricted
cage exercise post surgery.
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In Vivo Lentiviral Treatment. On days 7 and 14 post DMM surgery, 5 µL of lentiWnt7a-GFP or lenti-GFP with a titer of 5x107 IFU was directly injected through the
patellar ligament into the mouse knee joint cavity using a 30G needle. Both knee joints of
each mouse were injected with the same lentivirus.

Murine Tissue Samples for RNA Analysis. Wild type mice were euthanized 8 weeks
after DMM surgery for articular cartilage qPCR mRNA analysis and mice with lentiWnt7a-GFP and lenti-GFP injected knees were euthanized 4 weeks after DMM surgery
for articular cartilage microarray mRNA analysis. Immediately after euthanasia, the knee
joints were opened and the soft tissue surrounding the joints was removed. Articular
cartilage from the tibial plateau was detached using a scalpel and immediately placed into
lysis buffer (Qiagen). Three mice per group were used.

Histological Analysis. Mice treated with lenti-Wnt7a-GFP or lenti-GFP after DMM
surgery were then euthanized at 5 or 7 weeks post DMM surgery. For histological joint
analysis, 6 mice/group were used for a total of 24 mice. Knee joints were isolated and
fixed in 4% paraformaldehyde for 24 hours, decalcified in 10% EDTA for 1 week, and
then embedded in paraffin. 5 µm serial sections were cut sagittally across the femorotibial
joint. Sections every 40 µm were stained with 0.1% safranin O and counterstained with
hematoxylin for examination of articular cartilage damage and other joint changes after
DMM surgery. Safranin O histology of sham surgery samples was also analyzed to
confirm that none of the groups had increased joint damage at baseline. To quantify
observed cartilage damage, 9 stained sections from each sample were pooled, randomized
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and blindly scored for cartilage damage using the established Articular Cartilage
Structure (ACS) scoring system [129]. The femur and tibia were scored separately and
added together to calculate a total joint score for each section. The sections were blindly
analyzed for three additional OA histological parameters, tibial chondrocyte cell loss,
tibial chondrocyte cell number, and osteophyte maturity, according to established
methods [43, 129, 130]. Additional serial sagittal sections were stained using 0.1% sirius
red diluted in saturated picric acid (i.e. picrosirius red staining) to evaluate ECM collagen
fibril thickness and orientation.

Light Microscopy. Bright field and fluorescent images were taken using an Olympus IX71 microscope and an Olympus DP70 digital camera. Polarized light images were taken
using an Axioscope 2 plus microscope (Zeiss) equipped with a polarizer and the Axio
Imager system (Zeiss). The optical parameters for each microscope and the camera
exposure time were kept constant between samples of the same experiment.

Picrosirius Red Quantification. Using the images of the picrosirius red stained joints,
the center 20% of the tibial articular cartilage surface was segmented out using ImageJ
(NIH) and placed on to a white background for analysis. A program developed by Dr.
Ming Zhang from the Department of Rheumatology at Tufts Medical Center was used to
determine the number of black, yellow, and green pixels in the segmented area, as well as
the total number of pixels. These values were used to calculate what percentage of the
segmented area contained black, yellow, and green stained collagen fibers. The
percentage of black fibers was defined as the amount of unorganized or absent collagen
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fibers in the center of the tibial articular cartilage, while the percentage of yellow and
green fibers was defined as the amount of organized collagen fibers in the center of the
tibial articular cartilage.

Immunohistochemistry. For immunohistochemistry (IHC) analysis of Wnt7a and GFP
expression, heat-induced antigen retrieval in 10mM citric acid buffer was performed. For
Collagen II IHC analysis, enzymatic antigen retrieval was performed using 0.3%
hyaluronidase and 0.15% trypsin (Invitrogen) at 37°C. Sections were incubated with the
following primary antibodies overnight at 4°C: Wnt7a (Santa Cruz), GFP (Abcam),
Collagen II (Abcam). After washing, sections were treated with the following secondary
antibodies: Wnt7a staining – donkey anti-goat IgG (H+L) secondary antibody Texas Red
conjugate (Jackson) or a biotin-conjugated secondary antibody (Vector) for chromogenic
staining; Collagen II staining - goat anti-rabbit IgG (H+L) secondary antibody, Alexa
Fluor® 594 conjugate (Invitrogen); GFP - goat anti-chicken IgY (H+L) secondary
antibody, Alexa Fluor® 488 conjugate (Invitrogen). Fluorescent sections were
counterstained with DAPI. The Vectastain Elite ABC Kit (Vector) was used for
chromogenic staining. Sections incubated without the primary antibody served as
negative controls for each round of staining.

Near Infrared Fluorescence (NIRF) In Vivo Imaging and Data Analysis. For in vivo
NIRF imaging, 7 mice/group were imaged at 5 and 7 weeks post DMM. To begin, the
hair of the mouse hind limb was removed to reduce autofluorescence. Immediately prior
to probe injection, the mice were anesthetized and imaged using the IVIS-200 Imaging
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System (PerkinElmer) with the Cy5.5 filter set (excitation: 615-665 nm, emission: 695770) for a background reading. Then, under isoflurane anesthesia, 4 µL of 13.3 nmol
MMPSense680 (PerkinElmer) was directly injected through the patellar ligament into the
knee joint cavity using a 30G needle. The mice were then allowed unrestricted cage
exercise for two hours. After two hours, mice were again anesthetized with isoflurane and
an approximately 1.5 cm skin incision was created directly over the patellar ligament of
each knee to allow imaging without skin overlying the joint. Fluorescence images were
then acquired again using the IVIS-200 Imaging System with the Cy5.5 filter set [77].

Fluorescence signal intensity of the NIRF data was measured using Living Image
software (PerkinElmer). A region of interest (ROI) was drawn over each knee joint to
quantify the average fluorescent signal intensity, measured in radiance efficiency,
collected over each knee joint in the raw image. The size and shape of the region of
interest was kept constant for all knees analyzed. The background fluorescence signal
intensity of each mouse knee was measured from the background image taken
immediately prior to probe injection and subtracted from the raw data for each knee joint
to calculate the average radiance efficiency for each knee. The measured average
radiance efficiency of the DMM knee was divided by the measured average radiance
efficiency of the sham knee to internally calibrate each image.

Micro-Computed Tomography (Micro-CT). For micro-CT analysis, 6 mice/group
were scanned using the Skyscan 1176 micro-CT scanner (Bruker) at 7 weeks post DMM.
The x-ray source was set to a voxel size of 9 µM at 50 kV and 200µA. A beam filtration
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0.5mm aluminum filter was used and data was recorded every 1° for a total of 180°.
Images slices were reconstructed using NRecon software (Bruker) and the 3D data
analysis was performed using CTAnalyzer software (Bruker).

The epiphysis of the tibia was manually chosen as the ROI for 3D analysis of the
subchondral bone. For subchondral trabeculae, the following parameters were calculated:
trabecular bone volume fraction (BV/TV), which represents the ratio of the trabecular
bone volume (BV) to the endocortical tissue volume (TV), subchondral bone tissue
volume, trabecular thickness, and trabecular separation. The osteophytes were then
manually chosen as an ROI to measure osteophyte volume. Thickness of the medial and
lateral subchondral bone plates was determined using the same algorithm used for
analyzing trabecular thickness.

Microarray Data and Analysis. RNA samples were isolated from the tibial articular
cartilage of lenti-Wnt7a-GFP and lenti-GFP infected DMM knee joints 4 weeks after
DMM surgery. RNA samples from 3 mice per group were pooled for microarray analysis.
The amount and quality of the RNA from the pooled samples was determined using the
2100 Bioanalyzer system (Agilent). The RNA integrity numbers obtained were 7.1 (lentiGFP) and 6.7 (lenti-Wnt7a-GFP). RNA-seq libraries were then prepared, sequenced, and
analyzed by the Tufts University Genomics Core Facility. Library preparation was
performed using the Ovation RNA-Seq system (NuGen) and single-end sequencing was
accomplished using a HiSeq 2500 (Illumina). An average of 150 million 50 base reads
was obtained per sample. Sequencing reports were generated with FastQC. Biological

51

network and functional analyses were performed using Ingenuity Pathway Analysis (IPA,
Qiagen).

Statistical Analysis. Data are shown as mean ± standard error of the mean (SEM). The
semiquantitative histological scoring systems were evaluated using nonparametric
statistical analyses. All other experiments were evaluated with a Student’s t-test or
analysis of variance (ANOVA) with post-hoc tests for pairwise comparisons. Spearman
correlation was used for correlation analyses. Outliers were only removed when statistical
significance was acquired using the Grubb’s test. A p value of less than 0.05 was
considered significant in all cases.

3.2 Results

3.2.1 Wnt7a is downregulated in human OA cartilage and inversely correlated with
catabolic gene expression

To establish the relevancy of Wnt7a in OA, I first tested Wnt7a gene expression in
human OA cartilage samples from joint replacement surgeries and non-OA cadaveric
controls. In a prior study using these specimens, our lab has demonstrated higher levels of
catabolic genes and lower levels of anabolic genes in the OA samples [140]. Here, when I
analyzed Wnt7a gene expression, I found that Wnt7a was significantly reduced in the
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Figure 3.1. Wnt7a mRNA expression is reduced in human OA and inversely correlated
with catabolic gene expression. A. RT-PCR analysis of Wnt7a and MMP1, MMP3 and IL1β gene expression in tibial cartilage specimens isolated from normal cadaveric and OA
patients with the following age/sex. Normal: 84/M, 75/M, 65/F, and 49/F. OA: 53/F, 63/F,
65/F, 72/M, 73/F, 73/M. B. Correlation analysis of Wnt7a mRNA expression with catabolic
gene expression in normal cadaveric and OA patient samples. Data points from the six OA
samples scatter toward the left of the graphs (yellow dots), and those from the four normal
samples are scattered to the right of the graphs (black dots), with two of the normal sample
points overlapping with one another. All correlation analyses were statistically significant.

human OA samples compared to healthy controls, thus exhibiting an opposite trend from
MMP1, MMP13, and IL-1β expression (Fig. 3.1A). When the expression of Wnt7a was
compared to that of catabolic genes in each sample, including both the normal and OA
cartilage specimens, a striking inverse correlation emerged (Fig. 3.1B). I found that the
higher the expression of Wnt7a, the lower the expression of MMP1, MMP13, and IL-1β.
Vice versa, the lower the expression of Wnt7a, the higher the expression of MMP1,
MMP13, and IL-1β. Interestingly, this correlation was not linear. Apparently, when
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Wnt7a expression surpassed a certain level, it was correlated with a dramatic decrease in
the catabolic gene expression, and these samples tended to be the normal cartilage
specimens. When Wnt7a expression fell below this level, it was correlated with a
dramatic increase in catabolic gene expression, and these samples tended to be the OA
specimens (Fig. 3.1B). More specimens, especially those representing early to moderate
OA, are needed to elucidate whether Wnt7a expression is correlated with the extent of
OA severity.

3.2.2 Wnt7a inhibits IL-1β induced catabolic gene expression in human articular
chondrocytes in vitro

Because of the inverse correlation between Wnt7a and the catabolic genes MMP1,
MMP13, and IL-1β in human cartilage, I directly tested the role of Wnt7a in an
established in vitro system where the pro-inflammatory cytokine IL-1β is used to induce
chondrocyte catabolic gene expression in vitro [128, 140, 142]. Wnt7a was introduced to
cultured normal primary human articular chondrocytes (nHACs) by viral expression. A
commercially available lentivirus encoding human Wnt7a with a separate GFP module
(lenti-Wnt7a-GFP) was used, and a lentivirus encoding GFP alone (lenti-GFP) served as
a control. I first confirmed that these viruses resulted in Wnt7a and GFP ectopic
expression in chondrocytes in vitro (Fig. 3.2A). I then analyzed gene expression upon
Wnt7a and IL-1β treatment. IL-1β induced the expression of multiple MMPs, inducible
nitric oxide synthase (iNOS), collagen X, and IL-1β itself. Significantly, Wnt7a ectopic
expression led to a dramatic inhibition of the IL-1β-induced upregulation of all these
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Figure 3.2. Wnt7a ectopic expression reduces IL-1β induced upregulation of OArelated genes and NF-κB activity in human chondrocytes in vitro. A.
Representative images of Wnt7a IF analysis of normal human articular chondrocytes
(nHACs) after infection with lenti-GFP or lenti-Wnt7a-GFP. Wnt7a
immunofluorescence images were overlaid with GFP expression. Scale bars = 100 µm.
B. RT-PCR analysis of nHACs gene expression after infection with lenti-GFP or lentiWnt7a-GFP with or without IL-1β (5 ng/mL). Lenti-Wnt7a-GFP viral infection
significantly reduced IL-1β upregulation of Collagen X, IL-1β, iNOS, and several
MMPs. C. NF-κB luciferase assay of NF-κB activity after infection with lenti-GFP or
lenti-Wnt7a-GFP and treatment with or without IL-1β (5 ng/mL). Relative luciferase
activity in reference to Renilla luciferase internal control is shown. * = p < 0.05.
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genes (Fig. 3.2B). There was no significant effect on collagen II mRNA expression by
IL-1β or Wnt7a.

To investigate how Wnt7a was inhibiting the IL-1β induction of these genes, I examined
NF-κB activation in these samples by evaluating an NF-κB luciferase reporter, as NF-κB
is a key mediator of IL-1β activity [143-145]. As expected, IL-1β activated the NF-κB
reporter (Fig. 3.2C) [128, 140]. However, treatment with the Wnt7a lentivirus inhibited
IL-1β-induced NF-κB reporter activity, indicating that Wnt7a inhibited NF-κB activity.

3.2.3 Wnt7a inhibits joint cartilage destruction in vivo

To test whether Wnt7a can inhibit joint damage in vivo, I utilized the destabilization of
the medial meniscus (DMM) model, which is a well established joint-injury OA mouse
model [64, 77]. I first evaluated Wnt7a mRNA expression in the DMM cartilage vs. the
sham joint and found that Wnt7a was decreased upon DMM surgery (Fig. 3.3A), which is
consistent with my observation using human OA cartilage specimens. Furthermore, I also
observed that treatment with lentiviral Wnt7a (i.e. lenti-Wnt7a-GFP) inhibited IL-1βinduced MMPs and iNOS in murine chondrocytes (Fig. 3.3B), which is also consistent
with my data using human articular chondrocytes.

Having observed consistent effects of Wnt7a on human and mouse chondrocytes in vitro,
I evaluated the effect of Wnt7a in vivo by intraarticularly injecting lenti-Wnt7a-GFP or
lenti-GFP at 1 and 2 weeks post DMM surgery. When their expression was evaluated at
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Figure 3.3. Wnt7a ectopic expression reduces IL-1β induced upregulation of OArelated genes in murine chondrocytes in vitro. A. RT-PCR analysis of Wnt7a gene
expression in tibial cartilage specimens isolated from mouse knees 8 weeks post
DMM or sham surgery. A reduced Wnt7a gene expression was observed in the DMM
knees compared to sham controls. B. RT-PCR analysis of MMP3, MMP9, MMP13
and iNOS gene expression in murine chondrocytes infected with lenti-GFP or lentiWnt7a-GFP and cultured with or without IL-1β (5ng/mL). * = p < 0.05.
five weeks post surgery, I found that lenti-GFP had infected chondrocytes in the
superficial and deeper zones of the articular cartilage, as well in the meniscus (Fig. 3.4A).
No evidence of viral infection of the subchondral bone was seen. Additionally, Wnt7a
IHC indicated that while endogenous Wnt7a is present in the articular cartilage and
meniscus, lenti-Wnt7a-GFP treatment resulted in significantly higher Wnt7a protein
expression in the joint cartilage (Fig. 3.4B).

Safranin O staining revealed that articular cartilage damage was evident in lenti-GFPinfected joints at both 5 and 7 weeks post surgery. Strikingly, the damage was greatly
diminished in lenti-Wnt7a-GFP infected knees (Fig. 3.4C). This was further confirmed by
blinded quantification of the observed histological damage using the articular cartilage
structure (ACS) scoring system (Fig. 3.4D). My histological analysis also revealed that
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Figure 3.4. Wnt7a ectopic expression prevents cartilage damage in the DMM OA
model in vivo. A. Representative images of GFP immunofluorescence (IF) analysis of
mouse knee joints 5 weeks post DMM surgery with or without lenti-GFP joint
infection. Rectangles denote areas shown in higher magnification. Both the superficial
and deeper zones of the articular cartilage were infected. B. Representative images of
Wnt7a IF analysis in mouse knees injected with lenti-GFP or lenti-Wnt7a-GFP at 5
weeks post DMM surgery. Rectangles denote areas shown in higher magnification.
Wnt7a IF confirmed ectopic expression of Wnt7a. Continued on next page.
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Figure 3.4 continued. C. Representative images showing safranin O/hematoxylin
stained joint sections at 5 or 7 weeks post DMM surgery in mouse knees injected with
lenti-GFP or lenti-Wnt7a-GFP. Rectangles denote areas shown in higher
magnification. Arrows denote areas of articular cartilage damage. Lenti-GFP control
knees showed significantly more cartilage damage compared to knees ectopically
expressing Wnt7a. D. Cartilage structure scoring (ACS), chondrocyte loss and
chondrocyte numbers in the tibia were quantified at 5 or 7 weeks post DMM in mouse
knees injected with lenti-GFP or lenti-Wnt7a-GFP. Scale bars = 250 µm. * = p < 0.05.

the Wnt7a knee joints had a significant reduction in chondrocyte cell loss, and
subsequently a higher chondrocyte number, compared to GFP controls [43, 129] (Fig.
3.4D). These results strongly indicate that Wnt7a treatment after the onset of OA can
preserve articular cartilage against cartilage matrix damage and cell loss.

As the basic dye safranin O does not reflect changes in the principle collagen in cartilage
(collagen II), I performed collagen II IHC on the Wnt7a and GFP DMM samples.
However, no differences were found among the treatment groups (Fig. 3.5A). In addition,
no reduction of collagen II staining was observed in the DMM vs. sham samples, which
is not unexpected as significant changes in collagen II protein expression at early time
points in the DMM model are rarely reported. It is possible that collagen II fibers had
started the degradation process, but IHC is not sensitive enough to detect subtle changes
in collagen fiber unwinding or organization that occur at early time points.

I then used picrosirius red staining to determine if subtle differences in collagen fiber
architecture were occurring, as picrosirius red staining can be used to detect collagen
fiber thickness and orientation when viewed under polarized light. In this staining method,
thick organized collagen fibers stain red and thin organized collagen fibers stain yellow
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and green, while disorganized collagen fibers of any thickness do not stain at all. I found
that picrosirius red staining did potentially indicate a difference between the lenti-GFP
and lenti-Wnt7a-GFP groups in collagen fiber organization in the center of the tibia (Fig.
3.5B), however the observable differences were small. To better quantify this potential
difference, I performed a semi-quantitative analysis of the picrosirius red stained joint
images where pixels were sorted and quantified by color. As disorganized fibers do not
show picrosirius red staining under polarized light, the black pixels were defined as
disorganized or absent collagen fibers, while the green and yellow pixels were defined as
organized collagen fibers. With this semi-quantitative analysis, I found that collagen
organization in the center of the tibia in the 5 week GFP and Wnt7a knees was
comparable; however, there was significantly more organized collagen in the lentiWnt7a-GFP group compared to GFP controls at the 7 week time point (Fig. 3.5B).

As MMP activities have been shown to be upregulated in OA and cause collagen fiber
degradation [60, 61, 146], I investigated whether treatment with Wnt7a affected the
activities of MMPs in the joint by using near infrared fluorescence (NIRF) live imaging.
For NIRF imaging, I used the fluorescent probe MMPSense680, which contains a
consensus-MMP cleavage site and is thus activated by multiple MMPs, including
MMP13, MMP9 and MMP3 [77, 147]. In the presence of active MMPs, cleavage of this
probe causes the emission of fluorescence that falls into the near infrared range [70, 148].
Thus the intensity of the collected fluorescence image is a real-time read out of overall
MMP activity. I have previously shown that the DMM/sham MMPSense680 fluorescence
emission ratio reflects the trajectory of joint destruction in the DMM OA model [77].
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Figure 3.5. Wnt7a increases tibial collagen fiber organization and reduces joint
MMP activity during OA development. A. Representative images of Collagen II IF
analysis 5 or 7 weeks post DMM surgery in mouse knees injected with lenti-GFP or
lenti-Wnt7a-GFP. No differences were detected among groups. B. Representative
images and semi-quantitative analysis of picrosirius red staining showing collagen
fiber thickness and organization 5 or 7 weeks post DMM surgery in mouse knees
injected with lenti-GFP or lenti-Wnt7a-GFP, as viewed under polarized light.
Rectangles denote areas shown in higher magnification. Arrow denotes area of
decreased collagen fiber organization. Quantification revealed an increase in
organized collagen fibers in the central portion of the tibia in lenti-Wnt7a-GFP mice
compared to lenti-GFP controls at 7 weeks post DMM. C. Representative in vivo
NIRF images taken two hours after 4 µL intraarticular injection of MMPSense680 in
each knee. The average radiance efficiency emitted from each knee was quantified
from the collected NIRF images and the DMM average radiance efficiency was
divided by the sham average radiance efficiency to internally calibrate each signal.
Quantification analysis demonstrated that mice ectopically expressing Wnt7a in the
joint have reduced NIRF signals compared to lenti-GFP controls. Scale bars = 250 µm.
* = p < 0.05.

Here, when I analyzed the images from joints injected with MMPSense680, I found that
the DMM/sham signal ratio was significantly reduced in the lenti-Wnt7a-GFP treated
joints at 5 weeks compared to the lenti-GFP controls (Fig. 3.5C). At 7 weeks, while the
DMM/sham signal ratio in the lenti-GFP control knee joints had increased, the
DMM/sham signal ratio in the lenti-Wnt7a-GFP treated joints remained low (Fig. 3.5C).
Therefore, Wnt7a ectopic expression in the joint reduced MMP activities in vivo, which
helps to explain how Wnt7a ectopic expression preserved articular cartilage integrity in
OA.

It is interesting to note that while both histology and NIRF imaging revealed that Wnt7a
reduced OA activity in the joint, only NIRF imaging was able to detect an increase in the
OA phenotype from 5 to 7 weeks post DMM. It has been established that the DMM
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model shows progressive histological joint damage over time [43, 149, 150]; however,
these studies are typically only able to detect progressive changes at 4 or 8 week
increments. This suggests that NIRF imaging of MMP activity may be more sensitive
than traditional histology, thus allowing progressive OA joint changes to be detected at
smaller time intervals.

While articular cartilage damage is a major component of OA joint degeneration, other
joint structures are also affected during OA pathogenesis. For example, osteophyte
formation (i.e. ectopic bone formation at the edges of the joint) and subchondral bone
sclerosis can occur in OA [43, 151]. As Wnt7a attenuated articular cartilage damage
during OA development in vivo, I examined if Wnt7a also inhibited OA-induced bone
changes in the DMM mouse model. Osteophyte development was observed histologically
in both the GFP and Wnt7a groups at 5 and 7 weeks post DMM surgery (Fig. 3.6A).
Histological scoring for osteophyte maturity showed no differences in the maturation
level of the osteophytes between groups (Fig. 3.6B). Micro-computed tomography
(micro-CT) imaging was then performed to collect quantitative data on subchondral bone
characteristics and osteophyte size at 7 weeks post DMM surgery (Fig. 3.6C). Multiple
aspects of the subchondral bone were analyzed, including subchondral bone tissue
volume (BV), subchondral bone fraction, subchondral trabecular characteristics, and
medial and lateral tibial subchondral bone plate thickness. However, no significant
differences were seen between the Wnt7a and GFP groups in relation to any of these
values (Fig. 3.6D – F). Moreover, osteophyte size was also evaluated by micro-CT and
demonstrated no difference between the Wnt7a and GFP groups (Fig. 3.6G). Therefore,
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Figure 3.6. Wnt7a ectopic expression has no effect on osteophyte development or
the subchondral bone. A. Representative histological images of osteophyte
development with safranin O/hematoxylin staining 5 or 7 weeks post DMM surgery in
mouse knees injected with lenti-GFP or lenti-Wnt7a-GFP. Arrows indicate
osteophytes. Scale bars = 250 µm. B. Scoring of osteophyte maturity 5 or 7 weeks post
DMM surgery in mouse knees injected with lenti-GFP or lenti-Wnt7a-GFP. Scoring
demonstrated no difference between the lenti-GFP and lenti-Wnt7a-GFP groups. C.
Representative micro-CT cross-sections of the tibia 7 weeks post DMM surgery in
mouse knees injected with lenti-GFP or lenti-Wnt7a-GFP. D–G. Micro-CT was used 7
weeks post DMM surgery in mouse knees injected with lenti-GFP or lenti-Wnt7a-GFP
to quantitatively measure D. subchondral tissue volume and bone volume fraction E.
subchondral trabecular thickness and trabecular number F. medial and lateral tibial
subchondral bone plate thickness and G. osteophyte volume. Micro-CT quantification
demonstrated no differences between the lenti-GFP and lenti-Wnt7a-GFP groups.
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bone-related analyses did not yield any significant differences between the GFP and
Wnt7a treated groups. This could be due to the fact that no Wnt7a ectopic expression was
observed in these areas.

3.2.4 Wnt7a activates both canonical and non-canonical pathways in chondrocytes

Next, I investigated the biochemical signaling pathways by which Wnt7a may be exerting
its effects. Since Wnt7a has been shown to activate multiple signaling pathways, markers
of these pathways were evaluated upon lenti-Wnt7a-GFP infection of human articular
chondrocytes (nHACs) to see which were upregulated. I first evaluated Axin2 induction
and β-catenin nuclear localization, which are key events in the Wnt canonical pathway
[78]. I found that Axin2 mRNA expression and β-catenin nuclear localization were both
induced by Wnt7a, suggesting that Wnt7a does activate the Wnt canonical pathway in
nHACs (Fig. 3.7A, 3.7B). To determine if Wnt canonical pathway signaling is necessary
for the activity of Wnt7a in nHACs, I then added DKK-1 to the nHACs ectopically
expressing Wnt7a to inhibit Wnt canonical pathway activation. DKK-1 binds to the LRP
co-receptor to inhibit Wnt protein activation of the Wnt canonical pathway specifically
[152]. After DKK-1 treatment, I first examined Axin2 mRNA expression to confirm that
DKK-1 was blocking Wnt canonical pathway induction by Wnt7a. Unexpectedly, my
result demonstrated that DKK-1 treatment at 250ng/mL did not block Wnt7a-induced
Axin2 expression (Fig. 3.7C), even though DKK-1 at the same concentration was able to
inhibit Wnt3a-induced Axin2 expression in the same cells (Fig. 3.7D) [89, 128].
Accordingly, I found that DKK-1 treatment did not have an effect on the Wnt7a
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Figure 3.7. Inhibition of canonical Wnt signaling with DKK-1 does not diminish
Wnt7a’s inhibition of IL-1β activity in human chondrocytes. A. RT-PCR analysis of
Axin2 mRNA expression in nHACs after infection with lenti-GFP or lenti-Wnt7a-GFP,
and cultured with or without IL-1β (5 ng/mL). B. Western blot analysis of nuclear βcatenin in nHACs after infection with lenti-GFP or lenti-Wnt7a-GFP in the presence or
absence of IL-1β (5 ng/mL). TATA-binding protein (TBP) served as a loading control.
C. RT-PCR analysis of Axin2, MMP1 and MMP13 after treatment with DKK-1 (250
ng/mL), on nHACs infected with lenti-GFP or lenti-Wnt7a-GFP, and cultured with or
without IL-1β (5 ng/mL). D. RT-PCR analysis of Axin2 mRNA expression in nHACs
cultured in Wnt3a or control conditioned media, in the presence of 0, 100, or 250 ng/mL
DKK-1 for 2 days. Axin2 induction by Wnt3a was inhibited by DKK-1 in a dosedependent manner. E. RT-PCR analysis of Axin2 mRNA expression in nHACs infected
with lenti-GFP or lenti-Wnt7a-GFP with or without a higher level of DKK-1 (500
ng/mL) for 2 days. Axin2 induction by Wnt7a was unaffected by DKK-1 when IL-1β
was not added, and was even increased when IL-1β (5ng/mL) was added. Continued on
next page.
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Figure 3.7 continued. F. RT-PCR analysis of Axin2 mRNA expression in nHACs
infected with lenti-GFP or lenti-Wnt7a-GFP, with or without dominant negative Tcf4
lentivirus (lenti-dnTcf4), and cultured with or without 5 ng/mL IL-1β for 2 days. LentdnTcf4 also did not significantly affect the Wnt7a induction of Axin2 mRNA
expression. * = p < 0.05. n.s. = not significant.

inhibition of IL-1β-induced MMP1 and MMP13 expression (Fig. 3.7C). On the other
hand, DKK-1 treatment did enhance overall MMP1 expression under IL-1β treatment
(Fig. 3.7C). These results suggest that canonical signaling may be inhibitory towards IL1β, but it is not essential for Wnt7a-mediated inhibition of catabolic gene expression. In
addition, I confirmed that high dose treatment with DKK-1 at 500ng/mL did not have an
effect on the Wnt7a upregulation of Axin2 (Fig. 3.7E) and a dominant-negative Tcf4 did
not block the Wnt7a upregulation of Axin2 expression either (Fig. 3.7F), suggesting that
Wnt7a may induce Axin2 using an alternative mechanism from traditional canonical
signaling.

I then tested the non-canonical pathways. Because Wnt7a has been shown to activate the
Akt pathway in muscle and rabbit chondrocytes [85, 101], I evaluated Akt
phosphorylation by performing Western blot analysis. My data indicated that lentiWnt7a-GFP treatment led to Akt phosphorylation in nHACs as well (Fig. 3.8A). To
determine whether Wnt7a inhibits IL-1β through the Akt pathway, I used a wellestablished Akt inhibitor AZD5363 to block Akt signaling in the nHACs ectopically
expressing Wnt7a [153, 154]. Similar to the case of DKK-1, administering the Akt
inhibitor significantly increased MMP1 and MMP13 expression induced by IL-1β, but it
did not block Wnt7a’s ability to inhibit IL-1β activity (Fig. 3.8B). Therefore, Akt
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signaling may be inhibitory to IL-1β, but it is not required for Wnt7a’s ability to inhibit
IL-1β induction of MMPs, despite being activated by Wnt7a.
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Figure 3.8. Inhibition of Akt signaling does not diminish Wnt7a’s inhibition of
IL-1β activity in human chondrocytes. A. Western blot analysis of Akt protein
expression after nHACs were infected with lenti-GFP or lenti-Wnt7a-GFP and
cultured with or without IL-1β (5ng/mL). Results demonstrated that phosphorylated
Akt was upregulated with Wnt7a ectopic expression compared to lenti-GFP controls.
B. RT-PCR analysis of MMP1 and MMP13 gene expression after treatment with Akt
inhibitor AZD5363 (1 or 10 µM) on nHACs infected with lenti-GFP or lenti-Wnt7aGFP and cultured in the presence of absence of IL-1β (5 ng/mL). * = p < 0.05.

NFAT signaling is another noted component of Wnt non-canonical signaling, as it one of
the mediators of the calcium pathway [86]. I found that Wnt7a induced NFAT1 mRNA
expression and NFAT nuclear localization in nHACs (Fig. 3.9A, 3.9B). To determine if
NFAT signaling was necessary for Wnt7a action, I applied a well-established NFAT
inhibitor INCA-6, which I confirmed to have the ability to inhibit an NFAT luciferase
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reporter (Fig. 3.9C), to nHACs ectopically expressing Wnt7a. Significantly, I found that
while lenti-Wnt7a-GFP inhibited IL-1β-induced MMP1 expression, it was not able to do
so when INCA-6 was added (Fig. 3.9D). In terms of MMP13 expression, in the presence
of INCA-6, IL-1β-induced MMP13 expression was much reduced, but Wnt7a did not
further inhibit IL-1β-induced MMP13 expression (Fig. 3.9D). Therefore, administration
of INCA-6 abolished the differences in MMP1 and MMP13 expression between the lentiWnt7a-GFP and lenti-GFP groups under IL-1β treatment (Fig. 3.9D). This data suggests
that Wnt7a’s inhibition of IL-1β in chondrocytes requires NFAT signaling. It is worth
noting that INCA-6 by itself increased basal levels of MMP1 expression in the absence of
IL-1β, but inhibited MMP expression in the presence of IL-1β (Fig. 3.9). It is unclear
why this is the case, but perhaps a moderate level of NFAT signaling is optimal for
chondrocytes.

3.2.5 NFAT and Wnt canonical signaling act synergistically in chondrocytes treated with
IL-1β

Since the canonical and non-canonical Wnt signaling pathways are known to crosstalk
with one another, and Wnt7a induced both types of pathways, I applied both the NFAT
inhibitor INCA-6 and the canonical Wnt pathway inhibitor DKK-1 to the nHACs
ectopically expressing Wnt7a. As expected, INCA-6 prevented Wnt7a’s ability to inhibit
IL-1β-induced MMP1 expression (Fig. 3.9E). Significantly, combinatorial treatment of
INCA-6 and DKK-1 resulted in an additional increase in MMP1 expression compared
with INCA-6 treatment alone (Fig. 3.9E). Therefore while DKK-1 alone is not sufficient
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Figure 3.9. Inhibition of NFAT signaling attenuates the effect of Wnt7a on MMP
inhibition in human chondrocytes. A. RT-PCR analysis of NFAT1 gene expression
in nHACs after infection with lenti-GFP or lenti-Wnt7a-GFP, and cultured with or
without IL-1β (5 ng/mL). NFAT1 expression was upregulated with Wnt7a ectopic
expression in the IL-1β group only. B. Western blot analysis of nuclear NFAT1
protein expression after nHACs were infected with lenti-GFP or lenti-Wnt7a-GFP and
cultured with or without IL-1β (5ng/mL). TBP served as a loading control. C. NFAT
luciferase reporter assay in 293T cells at 16 hours after treatment with or without 2
µM of ionomycin and 0, 4, or 20 µM of INCA-6. INCA-6 significantly reduced
ionomycin activation of NFAT luciferase activity in a dose dependent manner. D. RTPCR analysis of MMP1 and MMP13 after treatment with 20 µM of INCA-6, on
nHACs infected with lenti-GFP or lenti-Wnt7a-GFP and treated with or without 5
ng/mL IL-1β for 2 days. INCA-6 treatment completely eliminated the difference in
MMP expression between the Wnt7a and GFP groups after IL-1β treatment. E. RTPCR analysis of MMP1 and MMP13 gene expression after treatment with 20 µM of
INCA-6 and/or 250 ng/mL DKK-1 on nHACs infected with lenti-GFP or lenti-Wnt7aGFP and cultured in the presence of absence of IL-1β (5 ng/mL). * = p < 0.05. n.s. =
not significant.
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to block Wnt7a’s inhibition of IL-1β-induced MMP1 expression, it augmented the effect
of INCA-6. Similarly, co-treatment of DKK-1 and INCA-6 increased MMP13 expression
in the lenti-Wnt7a-infected chondrocytes, as compared to the same lenti-Wnt7a-infected
chondrocytes treated with INCA-6 alone. These results suggest that NFAT signaling and
Wnt canonical signaling may act cooperatively to mediate MMP expression in
chondrocytes under inflammatory conditions.

3.2.6 Wnt7a may signal through similar pathways in chondrocytes in vitro and in vivo

To begin investigating if Wnt7a signals through similar pathways in vivo, I performed a
preliminary microarray analysis on in vivo tibial cartilage samples from lenti-Wnt7a-GFP
and lenti-GFP treated mice 4 weeks after DMM surgery. Samples from three mice per
group were pooled together for this preliminary analysis and alterations in gene
expression with Wnt7a treatment were examined with the microarray. As the n was very
small, only a small number of genes were significantly differentially expressed between
the two groups. There were 531 genes with a p value of < 0.05; however, only 21 genes
reached significance with both a p and a q value of less than 0.05 (Table 3.1). These 21
significantly differentially expressed genes included several genes involved in
inflammation and arthritis including Gadd45a and the chemokines Ccl2 (monocyte
chemotactic protein 1, MCP1) and Cxcl9 (monokine induced by gamma interferon, MIG)
[155-158]. In addition, Gadd45a and another differentially expressed gene, Klhl31, have
been shown to downregulate Wnt canonical signaling in keratinocytes and embryonic
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myogenesis respectively [159, 160]. Interestingly, Wnt7a treatment of the joint
upregulated expression of both Gadd54a and Klhl31.

For a more in depth analysis of the preliminary microarray data, I performed biological
network and functional pathway analyses with Ingenuity Pathway Analysis (IPA) using
the 531 differentially expressed genes with a p value < 0.05. IPA canonical pathway
analysis consistently predicted an effect of Wnt7a on inflammation based on the
microarray data, as three of the top four canonical pathways predicted to be affected by
Wnt7a were related to inflammation. Specifically, these pathways were “agranulocyte
adhesion and diapedesis”, “granulocyte adhesion and diapedesis”, and “role of
osteoblasts, osteoclasts, and chondrocytes in rheumatoid arthritis” (Table 3.2). IPA
canonical pathway analysis also predicted that Wnt7a treatment increased calcium
signaling with a z score of 1.89 and inhibited MMPs (Table 2). Therefore, as both the
predicted effect on inflammation and the predicted increase in calcium signaling are in
line with my previous in vitro results, this in vivo data suggests that Wnt7a may act
similarly on chondrocytes in vitro and in vivo. However, it is impossible to definitely
assess how Wnt7a is altering signaling in the articular cartilage during OA development
in vivo when using such a small number of significantly differentially expressed genes.
While this preliminary microarray data is promising, a larger n is greatly needed in an
effort to expand the number of significantly differentially expressed genes and more
precisely evaluate how Wnt7a affects signaling in chondrocytes in vivo in OA.
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Gene

GFP Sample
Expression

Wnt7a Sample
Expression

1700016C15Rik

6.13456

0

A530046M15

1.98386

0

Cap2

13.0247

47.1086

Ccl2

3.7024

0

Ckm

50.8387

185.292

Clec2e

0

1.83243

Cxcl9

59.0437

4.93606

-3.58035

Fbxo32

2.83438

12.9625

2.19324

Gadd45a

18.9819

154.931

3.02893

Gdf6

13.9364

78.5735

2.49519

H2-Ea-ps

8.66138

0

H2-K1

43.9497

9.35112

-2.23264

Klhl31

32.5127

140.712

2.11367

Mafb

12.5943

51.1826

2.02289

Mylpf

54.3569

205.981

1.92198

Nox4

10.0903

38.7136

1.93987

Npy2r

1.92759

0

Olfr798

4.75744

0

Ptprd

8.03126

27.5132

Fold Change

Increased or
Decreased

1.85474
1.8658

1.77643

Pydc4
1.72376
0
Table 3.1. Significantly differentially expressed genes in tibial chondrocytes from
lenti-Wnt7a-GFP and lenti-GFP treated mice 4 weeks after DMM surgery. This
table lists all of the genes identified through preliminary microarray analysis as being
significantly differentially expressed after in vivo Wnt7a treatment during OA
development. These 21 genes all had p values and q values of < 0.05. An additional 510
genes had p values of < 0.05, but had q values > 0.05. A red box represents that the gene
was upregulated by Wnt7a treatment and a blue box represents that the gene was
downregulated by Wnt7a treatment.
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Ingenuity Canonical Pathways

p Value

Agranulocyte Adhesion and Diapedesis 1.51356E-06
Hepatic Fibrosis / Hepatic Stellate Cell
Activation

% Overlap

z-score

8.99%

1.20226E-05

8.08%

Granulocyte Adhesion and Diapedesis 1.28825E-05

8.47%

Role of Osteoblasts, Osteoclasts and
4.16869E-05
Chondrocytes in Rheumatoid Arthritis

7.31%

Axonal Guidance Signaling

5.62341E-05

5.54%

Atherosclerosis Signaling

0.000120226

8.87%

Adipogenesis pathway

0.000147911

8.66%

Chondroitin Sulfate Biosynthesis

0.000204174

1.30%

Dermatan Sulfate Biosynthesis

0.000288403

1.23%

LXR/RXR Activation

0.000436516

8.26%

Airway Pathology in Chronic Obstructive
0.000588844
Pulmonary Disease

37.50%

1.667

Leukocyte Extravasation Signaling

0.00060256

6.57%

2.530

Calcium Signaling

0.000776247

6.74%

1.890

Bladder Cancer Signaling

0.000794328

9.20%

Glycogen Degradation II

0.001230269

30%

Protein Kinase A Signaling

0.001318257

4.94%

Actin Cytoskeleton Signaling

0.001412538

5.99%

Inhibition of Matrix
Metalloproteinases

0.001778279

12.80%

VDR/RXR Activation

0.001949845

8.97%

Glycogen Degradation III

0.002187762

25%

Table 3.2. The top 20 predicted canonical pathways affected by Wnt7a treatment in
chondrocytes in vivo. Canonical pathway analysis by Ingenuity Pathway Analysis (IPA)
predicted that 71 canonical pathways were significantly affected by Wnt7a treatment
based on the provided preliminary microarray data set containing 531 differentially
expressed genes with p values < 0.05 after Wnt7a treatment during OA development in
vivo. The top 20 affected canonical pathways predicted by IPA are listed here. The %
overlap denotes the number of genes differentially affected by Wnt7a treatment that are
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part of the listed canonical pathway divided by the total number of genes in that pathway.
The z-score represents the IPA predicted degree of upregulation or downregulation in
pathway activity with Wnt7a treatment. The p value, % overlap, and z-score were all
generated by IPA. Pathways associated with inflammation or Wnt signaling have been
bolded.
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Chapter 4: Discussion

4.1 Near Infrared Fluorescence (NIRF) Imaging of MMP Activities in a Mouse
Model of Osteoarthritis

Real-time imaging of the metabolic status of tissues has been increasingly explored as a
method for monitoring a diverse array of diseases including cancer, cardiovascular
disease, and inflammatory conditions such as colitis [69, 161]. However, it has not been
successfully used to monitor different stages of OA progression, which typically occur
over a long time period and have been challenging to visualize due to the relative
magnitude of changes that occur at any given time. This study demonstrates that an MMP
sensitive NIRF probe, whose fluorescence intensity indicates tissue MMP activity, can be
used for in vitro detection of MMP activity in chondrocytes treated with IL-1β. This
suggests that this method could potentially be used for high throughput in vitro screening
for compounds that can decrease MMP activity in chondrocytes under inflammatory
conditions. In vivo, I also establish that the fluorescence signal intensity of this same
MMP sensitive NIRF probe steadily increases as joint damage progresses from 2 to 8
weeks post DMM surgery. These results suggest that MMP activity may mark the stage
of joint degeneration and that NIRF imaging may be used for in vivo tracking of OA joint
destruction in DMM mice. Given the current lack of detection and monitoring methods
for early OA, the fact that this increase in MMP activity starts as early as 2 weeks post
DMM is particularly promising. This study differs from mRNA and protein analysis of
MMPs in some prior reports which do not show a change in MMP levels over OA
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progression [43, 66], and indicates that the net MMP activity may serve as a more
sensitive measure of the cartilage destruction during OA progression in DMM mice.

NIRF probes have been used previously to detect increased MMP activity in OA joints.
For example, MMPSense680 has been used to compare different regions of cartilage in
late stage human OA specimens [147]. However, for moderate human OA, while one
report suggested a correlation of NIRF signal with OA severity, another indicated a
complete lack of correlation [62, 162]. In terms of in vivo preclinical animal models of
OA, an MMP activatable NIRF probe was used following total joint destruction in the rat
to successfully detect increased MMP activity in the OA knee compared to controls [163,
164]. In mice, MMPSense680 was also able to distinguish between DMM knees and
sham controls based on increased MMP activity at a moderate stage of OA joint damage
[165]. However, my work differed from these studies in that I continuously imaged mice
starting from the very beginning of OA to the later stages to analyze the trajectory of
MMP activity in OA over time. The non-toxic nature and short half-lives of the NIRF
probes allow current MMP activity to be measured at multiple time points and eliminates
the need to sacrifice the animals to assess MMP activities [166]. To address concerns
related to the effect of repeated skin incisions and intraarticular injections, DMM results
were always compared to sham controls, which received the same incisions and
injections. In addition, the same trajectory for MMP activity was seen from mice imaged
at multiple and single time points, arguing against the possibility that the increase in
fluorescence signal was alone due to the repeated incisions and/or injections.
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While my manuscript for this study was in the process of being published, another study
was published by Lim et al. that used an MMP13-specific NIRF probe to follow MMP13
activity after DMM surgery [167]. NIRF imaging was performed at 4, 6 and 8 weeks post
DMM. Interestingly, they found that their MMP13 NIRF imaging was only able to
distinguish between MMP13 activity in the DMM and sham knees at 8 weeks post DMM.
Additionally, they found their fluorescent signal peaked at 6 weeks post DMM, as
opposed to at their latest time point of 8 weeks. This is in contrast with my data, which
showed that NIRF imaging of MMP activity with MMPSense680 was able to distinguish
between the DMM and sham knees as early as 4 weeks post DMM and that the detected
MMP activity increased steadily from 2 to 8 weeks post DMM. However, MMPSense680
measures MMP activity from multiple MMPs, as demonstrated in Figure 2.1, as opposed
to just measuring the activity of MMP13. As several MMPs have been shown to be
upregulated in OA, it makes sense that measuring activity from multiple MMPs would be
more sensitive and therefore able to detect a difference between the DMM and sham
knees at an earlier time point. This data also suggests that the trajectory of MMP
activation during OA development may differ between specific MMP proteins. Therefore,
while the total MMP activity detected with MMPSense680 may increase up to 8 weeks
post DMM, the respective contribution of MMP13 may start decreasing before that time,
as seen in the Lim et al. study. Additional studies would be needed to investigate what
proportion specific MMPs contribute to the NIRF signal generated by MMPSense680 in
vivo and how the trajectory of specific MMPs differs over time during OA development.
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Additionally, in the same month that my manuscript was accepted for publication,
Satkunananthan et al. published a study examining changes in MMPSense680 signal over
time following a more severe joint injury OA mouse model [168]. This model is a posttraumatic injury model of OA that uses a one-time tibial compression injury to cause an
avulsion fracture and ACL rupture. The Satkunananthan et al. study showed that in this
OA mouse model, MMP activity detected by MMPSense680 was elevated for 14 days
post-injury, but then decreased at later time points. As the histology presented at 8 weeks
post injury in this study showed very advanced articular cartilage damage, compared to
my 8 week DMM histology showing much more moderate OA development, it appears
that the time course of disease development in these two models is very different. This
makes it difficult to accurately compare the MMPSense680 trajectories observed by
Satkunananthan et al. and myself. It would be interesting to compare collected NIRF
signals at time points which show similar histological joint damage between the DMM
and tibial compression models. It would also be interesting to determine if other in vivo
injury induced OA models, or other categories of in vivo OA models such as spontaneous
or obesity related models, demonstrate similar MMPSense680 trajectories over OA
development. Furthermore, the authors of the Satkunananthan et al. study remarked on
several issues they had related to variability with their NIRF imaging. It is possible that
further optimization of their imaging technique would have revealed differences between
time points that they were not able to discern in their current data.

NIRF probes targeting other markers of OA joint damage have also been explored in
regards to OA imaging. For example, a cathepsin sensitive NIRF probe was able to detect
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increased activity in the OA knee compared to normal controls in the collagenase and
partial medial meniscectomy (PMM) OA mouse models [169, 170]. In another study,
which used a cathepsin sensitive NIRF probe to track protease activity over time after
PMM, cathepsin activity appeared to peak 2 days post PMM and then taper off at later
time points [134]. However, their NIRF imaging of cathepsin activity was only
performed at 2, 7, and 63 days post PMM in this study; thus, the trajectory of cathepsin
activity during the bulk of disease development is still unclear. In addition, a study
published after my manuscript used a NIRF probe called ApoPep-1, which targets histone
H1, to image cell death over time after DMM surgery [171]. Che et al. measured
ApoPep-1 fluorescence at 1, 2, 4, and 8 weeks post DMM and found that the ApoPep-1
in vivo signal increased from 1 to 4 weeks post DMM, but then dropped from 4 to 8
weeks. This suggests that cell death may have a different time course than MMP activity
in the joint during OA development. This would need to be confirmed by imaging with
both ApoPep-1 and MMPSense680 in the same set of mice, as my study was performed
in CD1 mice and the Che et al. study was performed in C57BL/6 mice. It would be
interesting to determine if imaging with multiple NIRF probes showing slightly different
trajectories over disease progression could help to more accurately pinpoint the stage of
disease development.

Currently, monitoring OA progression in animals relies largely on histological analysis of
structural changes to the joint, for which several comprehensive histopathological scoring
systems have been developed [64, 138, 139]. My results demonstrated significantly more
structural damage to the articular cartilage in the DMM joint compared to sham controls.
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The severity of this structural damage increased over time, following the same trend as
chondrocyte cell loss and osteophyte maturation. These data demonstrate the validity of
this OA model in my hands and are consistent with published studies [43, 129, 138]. I
also found that the safranin O score did not increase over time, which corresponds to a
previous study that also did not show a change in safranin O score over time after DMM
surgery [43]. This suggests that singular analysis of GAG content with safranin O
staining is not a reliable method to use for analysis of DMM damage over time, even
though it does reliably indicate the presence or absence of OA cartilage damage.
Unexpectedly, I consistently observed increased articular cartilage surface damage in the
first week post DMM in all mice examined, which had decreased by two weeks post
DMM. Articular cartilage damage then again significantly increased from 2 weeks until
the 8 week time point. This phenomenon has not been reported and it is unclear how it
took place. It is possible that the sudden change in mechanical loading of the joint could
lead to articular surface damage, which was to some extent repaired in the subsequent
weeks. Over the long term however, the cartilage may be unable to compensate for the
altered loading caused by the DMM surgery, leading to increased structural damage. It
would be interesting to determine if similar structural changes occur at such early time
points in other injury-induced OA models. Despite the fact that histology is the current
gold standard for confirming OA joint changes in in vivo OA models, the differences I
observed in articular cartilage damage were small and not significantly different from
week to week [43, 115, 149]. On the other hand, I demonstrated that NIRF imaging of
MMP activity is able to detect larger differences between weekly time points than
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histology, at least at early time points, suggesting that this could be a more sensitive
approach for monitoring disease progression in OA.

Further investigations would be required to assess whether similar trends in MMP
activity exist in other types of animal models or in human OA, which can be associated
with aging, injury or obesity. It would also be interesting to determine if the increase in
MMP activity continues until very late stage OA in the DMM model, or if MMP activity
eventually begins to drop. It will be important to correlate NIRF imaging with
biochemical biomarkers, such as the cartilage degradation products CTX-II, C2C, C1, 2C,
CPII, and Comp [59, 172], as well as other imaging modalities such as MRI and microCT, which would provide higher resolution images than NIRF images. Advanced
imaging techniques (such as T1Rho weighted MRI imaging) can even inform us of
structural changes at a microscopic level, including GAG content or collagen
integrity[173-175]. Thus, NIRF imaging can provide complementary information to
structural imaging modalities already currently available.

4.2 The Effect of Wnt7a on IL-1β Induced Catabolic Gene Expression In Vitro and
Articular Cartilage Damage in Experimental Osteoarthritis In Vivo

Human Wnt7a deficiency results in severe birth defects with limb patterning
abnormalities [176]. However, whether Wnt7a affects joints health or articular cartilage
maintenance in OA conditions in humans is not known. I have shown a striking nonlinear inverse correlation of Wnt7a mRNA expression and the catabolic genes MMP1,
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MMP13, and IL-1β in human OA samples, which propelled me to investigate the effect
of Wnt7a treatment on chondrocytes under pathological conditions. My study constitutes
the first study to investigate the effect of Wnt7a on chondrocytes under pathological
conditions in vivo and in vitro and demonstrates that Wnt7a ectopic expression during
OA development in vivo strikingly reduces OA articular cartilage damage. Importantly,
ectopic expression of Wnt7a in vivo began at one week post surgery; therefore, Wnt7a
protected articular cartilage against OA-related damage even when OA development had
already begun, suggesting my result is promising from a therapeutic standpoint.

Prior to my work, an in vitro analysis indicated that Wnt7a could delay chondrogenic
differentiation in chick limb bud micromass cultures and led to the expression of AP-1
[177, 178]. I did not observe a significant change in collagen II expression upon Wnt7a
expression in human articular chondrocyte cultures, but did find that Wnt7a inhibited
chondrocyte maturation marker collagen X, which suggests that Wnt7a may inhibit
hypertrophic differentiation in vitro. In addition to the chicken system, Wnt7a has also
been tested using rabbit articular chondrocytes under control, non-pathological conditions
[101]. In this report by Hwang et al., Wnt7a promoted chondrogenic dedifferentiation
through the Wnt canonical pathway, but enhanced chondrocyte survival through
phosphatidylinositol 3-kinase (PI3K) and Akt [101]. While Wnt7a did induce Wnt
canonical signaling and Akt phosphorylation in my experiments, inhibiting either the
canonical pathway or Akt signaling did not attenuate the activity of Wnt7a on Axin2
induction or MMP inhibition. These differences could be due to the fact that human
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articular chondrocytes were used in my study and rabbit articular chondrocytes were used
in the prior study.

While Wnt7a has not been investigated under inflammatory conditions in chondrocytes,
several other Wnt molecules have been tested on chondrocytes treated with the proinflammatory cytokine IL-1β. A report by Ma et al. showed that Wnt3a and Wnt7b
inhibited IL-1β-induced MMPs in human articular chondrocytes specifically through the
canonical Wnt pathway [128]. An additional study demonstrated that Wnt3a in
chondrocytes could activate both the canonical and non-canonical signaling pathways,
which regulated cell proliferation and cell differentiation respectively; but it was
performed exclusively under control conditions, without IL-1β treatment [89].
Interestingly however, Wnt3a has been shown to exhibit an opposite effect on mouse
chondrocytes as in human chondrocytes [128]. Therefore, the activity of Wnts apparently
depends on whether a normal or pathological condition was used, as well as the species
from which chondrocytes are isolated. This highlights the importance of comprehensively
investigating individual Wnt ligands, as studies focusing only on the downstream
signaling components may not capture this level of complexity.

Wnts that utilize non-canonical Wnt pathways have not been investigated in human
articular chondrocytes under IL-1β treatment. However, using rabbit fibrocartilage cells
from the temporal mandibular joint (TMJ), Ge et al. showed that Wnt5a promoted IL-1βinduced MMP expression through activating c-Jun N-terminal kinase (JNK) signaling
[125]. My work constitutes the first report on the effect of non-canonical Wnt signaling
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under IL-1β treatment using human chondrocytes. What is intriguing from my
observations is that Wnt7a can activate both canonical and non-canonical pathways in
chondrocytes, which is consistent with prior reports using other cell types [85, 99, 100].
However, since I found that the addition of DKK-1 or dominant-negative Tcf4 did not
block Wnt7a’s ability to inhibit MMPs, it suggests that Wnt7a does not require the
canonical pathway to exert this activity. Therefore, Wnt7a acts in a different manner than
the canonical pathway activators Wnt3a and Wnt7b to antagonize IL-1β in human
articular chondrocytes. Since Wnt7a inhibited rather than promoted MMP expression, it
apparently may also act differently than the non-canonical pathway inducer Wnt5a;
however, it is possible that a study on Wnt5a under IL-1β treatment might yield a
different result in human articular chondrocytes [128].

My data using an established NFAT inhibitor suggests that Wnt7a requires the NFAT
pathway to exert this activity, although additional manipulation of the NFAT pathway is
required to further investigate the specific mechanisms. Interestingly, since DKK-1
further augmented IL-1β-induced MMP expression when combined with the NFAT
inhibitor in Wnt7a-treated cells, it suggests that even though the canonical Wnt pathway
alone is not required for Wnt7a to function, it cooperates with the non-canonical Wnt
pathway to mediate MMP expression in chondrocytes. As the canonical and noncanonical Wnt pathways have been mostly viewed to be antagonistic of each other in
chondrocytes [179], my study suggests that these pathways may also work together in
chondrocytes in certain circumstances. Future studies will involve the evaluation of an
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additional non-canonical Wnt pathway, the planar polarity pathway, and the investigation
of whether the Akt pathway also crosstalks with these other pathways.

My results suggest that Wnt7a ectopic expression led to the inhibition of IL-1β-induced
NF-κB activity, which is similar to what was observed for Wnt3a [128]. It has been
previously demonstrated that during chondrogenic differentiation in the mouse limb bud,
Wnt5a activated NFAT signaling, which in turn reduced NF-κB activity [180]. Since
Wnt7a induced NFAT1 phosphorylation and its activity in nHACs is blocked by an
NFAT inhibitor, future studies will involve the determination of whether Wnt7a requires
NFAT to prevent NF-κB activation. Apparently Ma et al. showed that Wnt3a relied on an
inhibitory interaction between β-catenin and the NF-κB p65 subunit to downregulate NFκB activity [128]. Since Wnt7a also induced β-catenin nuclear localization, and the
addition of DKK-1 together with NFAT inhibitor INCA-6 did further enhance MMP
expression, it is possible that the physical interaction of β-catenin and p65 contributed to
Wnt7a’s activity as well. This possibility will be tested in further experiments.
Nevertheless, by inhibiting NF-κB activity, Wnt7a has made the chondrocytes less
competent to respond to IL-1β, which had led to a reduction in MMP levels.

It is also interesting to note that while Wnt7a treatment of nHACs completely inhibited
the IL-1β induction of NF-κB activity, Wnt7a only partially blocked the IL-1β induction
of catabolic genes, including several MMPs and iNOS. It has been shown that in
chondrocytes, the effects of IL-1β are mediated by NF-κB, JNK, and p38 mitogenactivated protein kinase (MAPK) signaling [142, 143, 181, 182], suggesting that Wnt7a
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may have a differential effect on these signaling pathways. Further studies are necessary
to explore the effect of Wnt7a treatment on JNK and p38 MAPK signaling in
chondrocytes and how this relates to IL-1β signaling. The relationship between JNK
signaling and Wnt7a is further complicated by the fact that JNK signaling can also be
activated by Wnt non-canonical signaling and has been shown to be specifically activated
by Wnt7a in human mesenchymal stem cells (hMSCs) and endometrial cancer cells [99,
183]. However, Wnt7a signaling has been shown to be very cell-type specific, thus
additional experiments would be needed to determine if this is also the case in
chondrocytes.

Interestingly, a study by Mengshol et al. demonstrated that the downstream mediators of
the IL-1β induction of specific MMPs in chondrocytes may be more complex than
originally thought [142]. This report demonstrated that in a chondrosarcoma cell line the
IL-1β induction of MMP13 relied on NF-κB, JNK, and p38 MAPK signaling as
expected; however, the IL-1β induction of MMP1 instead required p38 and MAPK
kinase of the extracellular signal-related kinase (MEK) signaling. Surprisingly,
knockdown of NF-κB and JNK signaling had no effect on MMP1 induction in this cell
line. This is in contrast to a previous study showing that NF-κB signaling was necessary
for the IL-1β induction of MMP1 expression in synovial tissue from patients with
rheumatoid arthritis [184]. This suggests that the regulation of MMP1 may be cell type
specific, which is further supported by additional experiments performed by Mengshol et
al. showing that MEK signaling was instead not necessary for MMP1 induction in rabbit
articular chondrocytes, in contrast to their earlier results using a chondrosarcoma cell line.
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These results demonstrate that IL-1β induction of MMP1 and MMP13 may involve
different signaling pathways and may be regulated in a cell type specific manner. This
may help to explain why in my study MMP1 and MMP13 showed differential responses
to IL-1β with INCA-6 treatment.

Despite my in vitro studies using the pro-inflammatory cytokine IL-1β and the
knowledge that inflammation is an important component in OA pathogenesis [144, 185],
it is critical to evaluate the effect of Wnt treatment on OA progression in vivo, which is
much more complex. Prior to my study, Wnt7a has been only been manipulated in vivo
during embryogenesis, where it was shown to be critical for limb bud patterning [176].
None of the above-discussed Wnt molecules have been reported to be directly evaluated
in vivo under OA conditions. The only experiments involving introducing Wnts into the
joint were performed under normal conditions. In the report by Van Den Bosch et al.,
adenoviral injection of Wnt8a and Wnt16 into the normal joint resulted in OA-like
damage to the articular cartilage. As this activity could be blocked by DKK-1, these Wnts
acted through the canonical Wnt pathway [186]. However, because both DKK-1
overexpression and anti-sense knockdown reduced joint damage in experimental OA
[115, 116], whether the canonical Wnt pathway has a similar effect in control as in OA
conditions is still unclear. In addition, Van Den Bosch et al. also showed that adenoviral
injection of Wnt5a had no effect on normal joint cartilage and did not activate β-catenin.
Based on this data, they concluded that only Wnts activating canonical signaling had a
detrimental effect on the joint. This is a somewhat surprising result, as Wnt5a has been
shown to upregulate inflammation in several other disease processes including
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atherosclerosis, cancer, and sepsis [187-190], and is thought to play a pro-inflammatory
role in rheumatoid arthritis [191]. Perhaps Wnt5a may act differently in the joint during
disease processes, including potentially OA development. It is not possible to compare
the results of this study with my own, as these specific Wnts were only tested in vivo
under normal conditions, and not during OA development. In addition, ectopic expression
of Wnt5a, Wnt8a, and Wnt16 was performed using an adenovirus that only caused
ectopic expression in the synovium, as opposed to my lentiviral system that caused
ectopic expression in the joint cartilage. It would be interesting to determine what effect
Wnt5a has during OA pathogenesis in vivo and if this is similar to my results or those of
other Wnts.

While I observed striking differences in relation to the effect of Wnt7a on articular
cartilage and joint MMP activity during OA development in vivo, I observed no bone
related differences with Wnt7a treatment. I have demonstrated in my NIRF imaging
study that in CD1 mice, osteophyte formation had clearly begun at 1 week post DMM
surgery [77] and in this study, I did not start administering the lentiviruses until 1 week
post DMM. It is possible that this timeline was too late to see an effect on osteophyte
formation. Additionally, none of my data showed any evidence that the lentiviruses were
able to cause ectopic expression in the subchondral bone or osteophytes. Therefore, it is
still unclear as to if I would have seen an effect on OA-related bone changes if the virus
had been administered earlier or if Wnt7a ectopic expression had occurred specifically in
the boney structures. Several papers have shown that ectopic expression of certain
proteins specifically in the articular cartilage can have an independent effect on the bone;
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however, these studies are typically based on histological analyses [115, 140, 192]. It is
possible that micro-CT analysis, which analyzes the bone from a 3D perspective, may
reveal different results than what is typically seen with the somewhat limited 2D analysis
of histology.

It is still not clear how Wnt7a inhibits matrix loss and chondrocyte survival in OA
animals. Based on my in vitro study and my preliminary in vivo microarray data, future
experiments would involve the investigation of whether the Wnt canonical and/or noncanonical pathways, especially NFAT signaling, mediate Wnt7a’s activity in vivo. While
NFAT itself has not been directly studied under OA conditions, it was shown to be
beneficial to the joint under control conditions. Loss of NFAT1 resulted in the
spontaneous development of OA-like joint damage in mice [119]. An NFAT1 and
NFAT2 double knockout also caused spontaneous articular cartilage damage [120]. In
addition, overexpression of NFAT1 increased collagen gene expression and decreased
IL-1β and TNFα gene expression in chondrocytes from aged mice [193]. In contrast,
inhibition of calcineurin signaling by cyclosporine A, which would inhibit NFAT
signaling, reduced cartilage damage in the collagenase mouse model of OA, suggesting
that NFAT signaling may instead exacerbate damage in OA [121]. However,
cyclosporine A treatment does not only affect NFAT signaling. Calcineurin has been
shown to activate NF-κB activity independent of NFAT signaling [194], suggesting that
cyclosporine A may also inhibit the calcineurin activation of NF-κB and that these
differing phenotypes may be due to calcineurin’s effects on other pathways outside of
NFAT signaling. In addition, cyclosporine A treatment was given systemically while the
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NFAT knockout studies used a cartilage specific ablation. As NFAT and calcium
signaling have been shown to activate cytokine production in certain inflammatory cells,
which would possibly be present in the synovium of the joint during OA development, it
is possible that cyclosporine A had an effect on multiple cell types in the joint with
differing cell type specific effects. This picture is further complicated by the fact that
NFAT has been shown to have differing effects on the same cell type depending on the
cellular context. For example, NFAT signaling can have pro-inflammatory or antiinflammatory effects on T cells depending on what other signaling molecules it interacts
with [195]. Therefore, it is still unclear if NFAT ectopic expression would be protective
against OA joint damage. It is also worth noting that inflammation is only one aspect of
OA development in vivo. Other factors such as mechanical stress also cause cell death
and matrix damage and contribute to OA, especially in the DMM joint destabilization
model [196-198]. Thus, it is also possible that Wnt7a inhibits OA by modulating other
aspects of OA joint damage as well.

4.3 Conclusion

My NIRF imaging study demonstrates that molecular imaging of catabolic activity using
MMPSense680, a NIRF probe which specifically measures MMP activity, allows us to
directly examine the metabolic state of the joint and the microenvironment of the cells
within the joint during the course of OA development in vivo in real time. As a minimally
invasive and sensitive approach, it represents an important step towards incorporating
metabolic imaging into various aspects of OA research, such as to facilitate high
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throughput in vitro screening and serial in vivo OA assessment aimed at understanding
OA pathogenesis or drug development in a time and cost-effective way. The feasibility of
this approach is further supported by data in my Wnt7a project demonstrating that
MMPSense680 NIRF imaging is sensitive enough to detect changes in joint MMP
activity with Wnt7a treatment in a preclinical in vivo OA model. Additionally, there is the
long-term potential for the use of NIRF imaging in clinical OA detection and monitoring.
NIRF probes have been shown to be safe for patient use and are already being used in
several clinical trials for detecting other diseases, such as cancer [69]. Overall, the use of
NIRF probes for OA detection and monitoring has the potential for broad scientific and
clinical implications.

My Wnt7a study demonstrates that Wnt7a is a molecule whose expression is reduced in
OA cartilage and inversely correlated with catabolic gene expression. Wnt7a inhibits proinflammatory cytokine IL-1β-induced gene expression in human chondrocytes in vitro
and preserves articular cartilage integrity in experimental OA in vivo. Furthermore, while
Wnt7a activates multiple Wnt signaling pathways in articular chondrocytes, my results
indicate that the NFAT pathway is required for the activity of Wnt7a and may also
collaborate with the canonical Wnt pathway. Thus, this study helps identify new potential
therapeutic targets for OA treatment and offers a new perspective on how Wnt signaling
affects OA development in vivo. Given the current controversial reports on the effect of
downstream Wnt components on cartilage regulation, further studies on the mechanism
by which Wnt7a is preserving articular cartilage will help to clarify the role of Wnt
signaling in OA progression.
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In summary, these independent but inter-related projects address important aspects that
are still lacking in our knowledge of OA pathogenesis. This combination of studies was
able to identify and validate the use of NIRF imaging for evaluating the course of OA
joint degeneration and therapeutic treatment in an in vivo OA model. In addition, a better
understanding of MMP trajectory and Wnt signaling during OA development helps to
provide further insight into the control of cartilage homeostasis under pathological
conditions and identify new disease-modifying therapeutic targets for OA.
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