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ABSTRACT
Michael Zhe Miao: Temporospatial precision of integrin response to fibronectin matrikine:

unveiling an osteoarthritis-perpetuating pathway
(Under the direction of Richard F. Loeser)

Integrin endocytosis plays a pivotal role in intracellular signaling, yet its involvement in
the remodeling of damaged extracellular matrix remains poorly understood. Matrikines, which
are bioactive protein fragments resulting from the degradation of the extracellular matrix, are

key contributors to various degenerative diseases, including osteoarthritis.

In the context of osteoarthritis, fibronectin, an extracellular matrix protein, assumes a
significant role as it is upregulated in osteoarthritis tissue and subsequently targeted for
degradation by several proteases. This proteolytic activity leads to the generation of fibronectin
fragments of various sizes. Notably, these fibronectin fragments, including those containing the
Arg-Gly-Asp (RGD) attachment site, activate catabolic signaling pathways, resulting in the
release of proteases, as well as cytokines and chemokines associated with the innate immune
system. Given the limited repair capacity of cartilage, the presence of matrix degradation
products such as fibronectin matrikines can fuel a destructive cycle of progressive matrix
degradation and joint tissue inflammation, culminating in structural changes accompanied by

symptoms of pain and loss of function.

Our research has provided insights into the internalization of a specific fibronectin matrix

protein fragment (FN7-10) along with a5B31 integrin by articular chondrocytes, which triggers the

formation of signaling redoxosomes. Through a precisely orchestrated temporal and spatial



mechanism, redoxosome formation and the generation of hydrogen peroxide by NADPH
oxidase 2 (Nox2) regulate the activation of MAP kinases, subsequently triggering the production
of matrix metalloproteinase-13. The redox-regulated tyrosine kinase Src colocalizes with a5
integrin at the Nox2-containing redoxosomes. Furthermore, in vivo studies using human
osteoarthritic cartilage have demonstrated the formation of redoxosomes during osteoarthritis
pathogenesis, capable of transmitting and sustaining redox signaling that promotes further
matrix damage. Consequently, a5B1 integrin signaling, initiated by a fibronectin matrikine, is

facilitated by redoxosome formation, perpetuating a self-amplifying cycle of matrix degradation.

By unraveling the intricacies of integrin response and redoxosome formation in a precise
temporal and spatial manner, this research provides support for the development of novel
therapies for osteoarthritis that specifically target signaling pathways with subcellular precision.
Such targeted interventions hold promise for addressing the destructive matrix degradation

observed in OA and potentially other related degenerative conditions.



“To teach is to learn twice.”
- Joseph Joubert
“The only time you must not fail is the last time you try.”

- Phil Knight
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1. CHAPTER 1: INTRODUCTION

1.1. The Growing Burden of Osteoarthritis

Osteoarthritis (OA) stands as the leading joint disorder in the United States, affecting a
significant portion of the population, particularly individuals aged 60 and older, with a prevalence
of approximately 10% in men and 13% in women.(7) The combination of an aging population
and the obesity epidemic is anticipated to contribute to a further increase in the number of
individuals experiencing symptomatic OA. The high prevalence of OA, notably in major joints
like the knee and hip, results in substantial difficulties in performing everyday activities such as
walking and climbing stairs, rendering it the primary cause of disability. As the prevalence
continues to rise, OA is projected to have an increasingly significant impact on both healthcare
and public health systems. By the year 2030, it is estimated that the population of individuals
aged 65 and older in the United States will reach a staggering 74 million, accounting for almost
21% of the total population. This demographic shift raises concerns regarding the potential
consequences of disability within the US population.(2, 3) Unfortunately, despite its considerable
impact, OA often remains overlooked in global health plans, and there is a lack of effective
treatments and appropriate care.(4) The management of OA can vary greatly, and patients often
feel that their needs and concerns are not adequately addressed. Addressing these challenges
requires a fresh approach that emphasizes prevention, reduces inappropriate care, improves

access to effective interventions, and explores affordable and safe options for pain relief.

1.1.1. Clinical Signs
Pathologic changes in OA joints are marked by gradual degeneration and depletion of

the articular cartilage, thickening of the underlying subchondral bone, the emergence of



osteophytes, varying degrees of synovial inflammation, deterioration of ligaments and menisci in
the knee, and enlargement of the joint capsule.(5) Clinical signs often include joint instability,
persistent pain, stiffness, and narrowing of the joint space observed in radiographic images.
Long-term ramifications of knee OA encompass decreased physical activity, loss of fitness,
disrupted sleep, fatigue, depression, decline in function, and disability.(3) Interestingly, structural
alterations consistent with OA can be found in asymptomatic individuals, and the factors
influencing the association between disease severity and reported levels of pain and disability
remain unclear.(6)

Pain within the joints is a typical presentation of OA. In a one-year study, it was found
that 25% of individuals aged over 55 in the United Kingdom and the Netherlands experienced
persistent knee pain, with 15% of them seeking medical consultation.(7) Only 50% of those
individuals had radiographic evidence of knee OA. Plain radiographs, such as X-rays, are more
useful in ruling out other diagnoses rather than confirming OA, as they typically confirm severe
cases.(8) Advanced imaging techniques like magnetic resonance imaging (MRI) are more
effective in detecting degenerative changes at an earlier stage. The precise factors that
distinguish symptomatic OA from asymptomatic radiographic manifestations are still largely
unclear. Around 12% of individuals aged 55 and above experience symptomatic knee OA,
characterized by frequent pain and radiographic evidence of OA.(7)

Symptomatic joint pain in OA is typically aggravated by activity and relieved by rest.
Advanced stages of OA can cause pain even at rest and during the night, leading to sleep
disturbances that further exacerbate pain. The pain is often deep, aching, and diffuse, indicating
an insidious onset. Other symptoms include reduced joint function, brief stiffness after periods of
inactivity (referred to as "gelling"), and joint instability, such as buckling or giving way. Patients
may also report joint deformity, swelling without systemic features like fever, crepitus, age-

related discomfort, and persistent pain-related psychological distress.(6, 9)



1.1.2. Osteoarthritis Burden and Current Therapy

Current healthcare approaches for OA frequently differ in their approaches, ranging from
addressing underlying deficiencies like physical activity, shedding weight, and education, to
employing expensive and unverified therapies during the later phases of the ailment.
Regrettably, patients often lack awareness regarding the available treatment alternatives.(4)
These divergent therapeutic choices are frequently provided in a disjointed manner, failing to
tackle the multifaceted nature of OA and its accompanying conditions. Consequently,
unintended repercussions can emerge, such as the inappropriate use of opioid analgesics. In
contrast to rheumatoid arthritis (RA), where disease-modifying antirheumatic drugs (DMARDs)
have transformed treatment, the therapeutic landscape for OA predominantly concentrates on
pain management, as there is presently no authorized agent for preventing or treating disease
progression.(70) In an ideal scenario, the management of OA should aim to modify the
trajectory of disease advancement and avert long-term disability, but current endeavors
primarily focus on patients in advanced stages of the condition.(77) At present, besides pain
management and surgical intervention in severe instances, effective therapeutic remedies for

OA are lacking.(5)

1.1.3. Evidence for Development of Disease Modifying Therapies for Osteoarthritis

The available treatment options for knee OA become limited when patients are unable to
tolerate nonsteroidal anti-inflammatory drugs (NSAIDs), and uncertainty arises regarding
suitable medications. Furthermore, there are currently no approved drugs specifically
designated as disease-modifying agents for OA.(3) Promising data from randomized, phase 2
trials have indicated potential improvements in joint cartilage thickness over a two-year period
with the use of a recombinant human fibroblast growth factor 18 or a cathepsin K inhibitor.
However, the clinical significance of these changes remains unclear, necessitating further data

and research.(72, 13) While early-stage knee OA may present a valuable "window of



opportunity” to intervene and restore joint homeostasis, in-depth studies on the cellular and
molecular processes that initiate early disease are required. Moreover, these processes need to
be linked to specific triggering events based on the individual patient's profile to gain a

comprehensive understanding.(77)

1.1.4. Cartilage Loss and Initiation of Osteoarthritis

Chondrocytes, comprising only 1-2% of total cartilage volume, are the sole cell type in
cartilage. While cartilage degradation is a central aspect of OA, it is now widely recognized that
other joint structures are also affected, including meniscal fibrocartilage, hyaline articular
cartilage, subchondral bone, and synovium. The byproducts of cartilage breakdown are
detected in synovial fluid, and microfissures emerge prior to detectable degeneration in MRI
imaging or arthroscopy.(74) The degradation of articular cartilage is driven by well-understood
mechanisms involving cartilage matrix catabolic effects, such as metalloproteinases (MMPs)
and aggrecanases, as well as anti-anabolic effects mediated by chondrocytes, including
increased production of reactive oxygen species or free radicals.(715)

OA is a complex condition characterized by abnormal changes in joint tissues, triggered
by various inflammatory mediators within the affected joint. While regular wear and tear can
contribute, it is important to note that OA is not solely caused by this factor. Several risk factors
increase the likelihood of developing OA. Despite the intricate nature of OA, there are common
pathological changes observed in osteoarthritic joints. These changes have a significant impact
on joint structure, resulting in pain, deformity, and limitations in function.

In OA, the extracellular matrix of the cartilage undergoes pathological alterations. This
includes the degradation of crucial components like type Il collagen and proteoglycans, loss of
tissue hydration, and the production of abnormal fibrous matrix. These changes occur alongside
abnormal chondrocyte proliferation, senescence, inflammation, and hypertrophy. Similarly, the

remodeling processes in the subchondral bone are dysregulated, leading to alterations in



cortical plate thickness and local trabecular bone mass and architecture. The severity of these
changes depends on the progression of OA and can be accompanied by the development of
osteophytes (bony outgrowths) at the joint margins. However, the exact temporal relationship
between bone and cartilage tissue phenomena remains unclear from a pathophysiological
perspective.(16)

The exact initiation site of the osteoarthritic process, whether in articular cartilage,
calcified cartilage, or subchondral bone, is still uncertain.(77) Studies have shown a significant
association between the loss of cartilage thickness and a slight worsening of pain over a 24-
month period. This association between cartilage thickness loss and pain is mediated by
changes in synovitis rather than bone marrow lesions. Radiographic evidence of joint damage
may indicate the potential for joint pain, but it is evident that the extent of joint damage observed
in radiographs does not necessarily correlate with the severity of pain experienced.(6)

Extensive population-based studies have provided compelling evidence suggesting that
radiographic abnormalities often appear without accompanying pain.(78) However, it is
important to acknowledge that pain-sensitive aspects within the joint may not be detectable
through X-ray imaging. Furthermore, incidental findings of early osteochondral defects and
meniscal tears have been identified in middle-aged and elderly individuals through MRI scans,
despite the absence of knee pain or related symptoms. These findings emphasize the concept
that initial osteoarthritic changes can go unnoticed, with pain, stiffness, and discomfort emerging
at a later stage when the pathological progression of OA has significantly advanced.(79)

Data obtained from cutting-edge imaging methodologies and firsthand arthroscopic
scrutiny substantiate the existence of minor inflammatory activity within OA joints prior to the
manifestation of noticeable radiographic alterations.(70) This suggests that OA constitutes an
infammatory ailment, even during its initial phases, preceding observable indications of
cartilage deterioration. A research investigation employing consecutive arthroscopies on knees

afflicted by symptomatic yet pre-radiographic OA unveiled a definitive association between the



occurrence of synovitis and subsequent medial cartilage decline.(20) These discoveries
underscore the significance of inflammation in the advancement of OA and its influence on joint

well-being.

1.2. Extracellular Matrix Remodeling in Osteoarthritis

The constant remodeling of the extracellular matrix (ECM) in cartilage is a key feature
that drives the OA development. Imbalances in ECM production not only worsen OA but also
establish a self-perpetuating cycle of cartilage degeneration.(27) To target potential OA
treatments, it is essential to understand the key players in the ECM and their interactions with
chondrocytes.

In healthy cartilage, the ECM mainly consists of collagen type Il, providing tensile
support, and aggrecan, a proteoglycan that attracts water and imparts compressive
strength.(22) Aggrecans fill the spaces within collagen fibrils, forming a network with hyaluronan
and link proteins. Aggrecan monomers consist of a core protein attached to chondroitin sulfate
and keratan sulfate glycosaminoglycans.(23)

However, in OA, an intriguing transformation occurs within the matrix components,
characterized by the degradation of collagen type Il and aggrecan. This change sets the stage
for mechanical issues in cartilage and puts stress on chondrocytes,(24, 25) leading to the
formation of chondrocyte clusters.(22) Additionally, during OA onset, collagen production shifts
from type Il to type |, typically found in subchondral bone. Collagen type | has fewer crucial
residues for collagen type Il and aggrecan interaction, contributing to cartilage fibrillation and
lesion development.(26) Other ECM components, like Tenascin-C, increase in OA and induce
inflammatory mediators, collectively contributing to stiffness in articular cartilage.(27) The loss of
aggrecan and changes in collagen composition lead to thinner and stiffer cartilage, transmitting
increased loads to subchondral bones, contributing to the development of periarticular

osteophytes and subchondral bone cysts.(28, 29)



OA is characterized by pathological remodeling of cartilage, involving an imbalance
between destructive and constructive processes. Chondrocytes in OA attempt to synthesize
matrix components while expressing higher levels of proteases, resulting in greater matrix
degradation than deposition.(30, 37) This leads to decreased proteoglycan content and collagen
cleavage. As a result, the degraded cartilage ECM releases fragmented ECM proteins, referred
to as "bioactive peptides" or "matrikines," into the synovial fluid (SF).(32, 33) These processed
ECM components and matrikines can bind to receptors present on various cell types in the joint
tissues, including cartilage, the synovial membrane, and the intrapatellar fat pad.(34)

The pericellular matrix (PCM) plays a critical role in supporting the metabolic activity of
chondrocytes by acting as a mediator or filter for biochemical and biomechanical signals. It
consists primarily of type VI collagen, fibronectin, perlecan, and biglycan. In OA, changes occur
in the distribution of collagen and proteoglycans within the PCM even before chondrocyte
proliferation and cluster formation take place. The cartilage affected by OA shows signs of PCM
swelling, loosely organized PCM structures, and elongated cytoplasmic processes of
chondrocytes extending into the territorial matrix. Recent research has shed light on the early
degradation of the PCM surrounding chondrocytes in OA, highlighting its significance in the
development of the disease.(35)

Fibronectin is a critical component of the PCM, necessary for its assembly and
regulation of cellular functions. In OA, proteases cleave fibronectin, exposing previously
concealed sites within matrix proteins called matricryptins.(32, 33) These fibronectin matrikines
have been detected in the synovial fluid and cartilage of OA patients.(36) Experimental
introduction of matrix fragments into joints has been demonstrated to induce cartilage
damage.(37) Furthermore, treating isolated femoral chondrocytes with fibronectin fragments
replicates several characteristics of the OA phenotype.(38) Several downstream signaling
molecules associated with a5p1 integrin, such as MAP kinases, ROS, Rac1, PKCd, and Src,

have been identified. Treating chondrocytes with fibronectin matrikines has been shown to



increase S-sulfenylation levels, including that of Src, and enhance Src activity.(39) Activation of
PKC5? can trigger the activation of NF-kB and MAPK pathways.(40) MAP kinase activation
inhibits anabolic signaling, suppresses the production of proteoglycans (PGs), and upregulates
the expression of catabolic proteases like MMP-3 and MMP-13. Notably, MMP-13 generates
additional matrikines,(47) thus perpetuating the destructive cycle of cartilage.

The precise mechanisms that initiate OA remain unclear, and it is likely that multiple
factors contribute to its pathogenesis. However, it has been observed that matrikines trigger a
pro-catabolic response in arthritic joints, and this process is mediated by integrins. Exploring the
role of fibronectin matrikines in OA pathogenesis provides valuable insights into potential
therapeutic targets. By targeting the degradation and pro-inflammatory responses caused by
these fragments, it is possible to mitigate cartilage degradation and alleviate the symptoms of

this debilitating condition.(42)

1.3. Osteoarthritis Pathogenesis at the Cellular Level: Focus on Integrin Receptors
Integrins, essential for cell-cell and cell-matrix interactions, are the subject of intensive
investigation regarding their role in OA pathogenesis.(43) These transmembrane receptors
mediate cell adhesion, signaling, and tissue remodeling. Dysregulated expression, activation,
and signaling of integrins have been observed in various joint tissues affected by OA, including
articular cartilage, subchondral bone, synovium, and ligaments.(44) Alterations in integrin
function can influence cell behavior, such as chondrocyte metabolism, cartilage homeostasis,
and matrix synthesis. Signaling pathways mediated by integrins play a critical role in initiating
the catabolic reactions that contribute to joint destruction in OA. Abnormal expression of
integrins in OA disrupts the balance of destructive cytokines, while inadequate inhibition of
MMP-13, the primary enzymes involved in ECM breakdown, further exacerbates the

disease.(45)



Integrins exhibit a unique structural composition consisting of two subunits, namely
alpha and beta. Within this protein family, there are eighteen alpha subunits and eight beta
subunits, which can combine in various configurations to generate twenty-four distinct integrin
receptors.(46) These integrin receptors can be broadly classified into two groups: Arg-Gly-Asp
(RGD)-binding receptors and non-RGD-binding receptors. The non-RGD-binding receptors
encompass collagen-binding receptors, laminin-binding receptors, and leukocyte-binding
receptors.(47, 48) Functioning as transmembrane proteins, integrins play a critical role in
facilitating a wide range of physiological processes within cells. One of their primary functions is
mediating adhesion at the interface between the cytoskeleton and the ECM. Through
interactions with intracellular proteins such as a-actinin, vinculin, and paxillin, integrins establish
connections between the internal cytoskeleton and the ECM, enabling cellular adhesion and
signaling.(49)

Chondrocytes exhibit a diverse repertoire of integrin protein families, such as a5p1,
a1B1, a2B1, a10B, a6p1, aVBR3, and numerous others, allowing them to establish connections
with a wide range of cartilage ECM proteins.(50) The intricate interactions between integrins
and their extracellular ligands underscore the pivotal role of integrins in facilitating chondrocyte
adhesion. Adhesion takes place when integrins bind to non-collagenous fibrils, forming
elaborate adhesion structures.(57)

Mechanical stress experienced by joints plays a pivotal role in influencing and regulating
the activity of chondrocytes in vivo.(52) Chondrocytes possess mechanisms to respond to
mechanical stresses in two ways: "directly" by detecting deformation of the pericellular matrix
(PCM) through adhesions with the ECM and sensory structures within the cell, and "indirectly"
by responding to growth factors released in response to mechanical stimulation, which interact
with cell receptors.(76) Integrins, serving as important mechanoreceptors, also possess the
capability to influence the physiological functions of chondrocytes through the initiation of the

mechanosignal pathway, known as mechanotransduction.(53, 54) It has been demonstrated



that mechanical loading induces a5p1-mediated membrane hyperpolarization, which is
activated by protein kinase C and the release of IL-4. Additionally, integrin-mediated FAK and
Src signaling have been implicated in cell death caused by impact loading.(55)

Periodic biomechanical loading has been found to effectively stimulate the connection
between fibronectin and integrin a531.(56) The interaction between fibronectin matrix fragments
and a5B1 integrin triggers the expression of inflammatory cytokines and MMPs.(57, 568) As a
result, the balance between the anabolic and catabolic activities of chondrocytes is disrupted.
Fibronectin matrikines are formed when MMPs degrade fibronectin, and these matrikines
possess catabolic properties. Notably, matrikines containing the RGD maotif exhibit the highest
affinity for binding to a5p1 integrin.(37) Exposure to fibronectin matrikines, RGD-containing
peptides, or a5B31 antibodies can induce a catabolic response, while intact fibronectin does not
elicit such a response.(59-62)

a5 integrin is recognized for its potential to provide protective effects by inhibiting
hypertrophy, the progression of OA, and chondrocyte dysfunction. Extensive research
conducted thus far, including in vivo preclinical studies and recent clinical trials, has
demonstrated promising outcomes in targeting a5 integrin as a druggable and targetable
approach. Studies conducted on an OA rat model induced by surgery have demonstrated
diminished expression of integrin a5 in chondrocytes compared to a normal group. This
suggests that alterations in the ECM have the potential to disrupt cartilage homeostasis, impede
chondrocyte repair capability, and exacerbate OA-related pathological changes.(63, 64)
Antibodies blocking integrins have been employed to study integrin-ECM interactions. Studies
using these antibodies to block individual subunits or specifically a5B1 in chondrocytes from
chicks and mice have demonstrated reduced survival and differentiation. Dedifferentiation has
also been observed in adult chondrocytes when o531 antibodies are used.(43) Germline

knockout studies in mice targeting the a10, a5, or 1 subunits have provided valuable insights
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into their role, uncovering a variety of abnormalities such as disorganized growth plates and
early embryonic lethality.(65)

However, recent research employing conditional knockout of a5 integrin specifically in
mouse synovial joints has shed new light on its function. Surprisingly, this study revealed normal
development in the absence of a5 integrin, and upon surgical induction of OA in mutant mice, a
remarkable reduction in cartilage matrix loss was observed, indicating a potential therapeutic
avenue.(66) In a recent groundbreaking study, a first-in-human phase 1 trial was conducted to
evaluate the efficacy of LNA043—a derivative of angiopoietin-like 3 (ANGPTL3)—as a potential
disease-modifying drug candidate for OA. LNA043 has demonstrated the ability to regenerate
hyaline articular cartilage, a key characteristic of healthy cartilage, in vivo.(67) This regenerative
effect is believed to be mediated through the binding of LNA043 to the a5B1 integrin. These
findings hold significant promise for the development of novel disease-modifying treatment for
OA targeting integrin a5.

It is worth mentioning that research has revealed an elevated expression of av33
integrin has been noted in an in vitro OA model resulting from excessive mechanical stress,
which leads to phosphorylation of downstream signaling molecules, including FAK and ERK.
Inhibiting avB3 integrin has shown reduction in catabolic processes, both in vitro and in vivo.(68,
69) Interestingly, studies have indicated that stimulating av33 integrin in the presence of a5p1
antibodies can effectively suppress the production of inflammatory markers such as IL-1p, nitric
oxide (NO), and PGE2.(70)

Considering the detrimental consequences of targeting specific integrins or integrin
subunits, which not only affect cartilage but also overall survival, therapeutic strategies in this
area are challenging and require further exploration.(77) Therefore, it becomes essential to
advance our understanding of the signaling pathways that occur downstream of integrins. This
pursuit aims to uncover new targets that have the potential to disrupt the self-perpetuating cycle

of cartilage degradation and introduce innovative approaches for the treatment of OA.(72)
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1.4. Intricacies of Redox Signaling

Posttranslational modifications (PTMs) play a vital role in regulating a wide range of
cellular processes, increasing the diversity of the proteome, and influencing protein structure
and function. One important aspect of PTMs is their involvement in bidirectional signaling across
integrins, which is essential for effective cellular communication. Protein phosphorylation is a
common PTM that modulates integrin-mediated signaling. However, recent studies have shown
that integrin activation can also trigger the production of reactive oxygen species (ROS),’
resulting in redox-dependent modifications that significantly impact cell signaling responses.(73,
74)

ROS encompass a variety of molecules, including reactive radicals like superoxide and
nonradical species such as hydrogen peroxide (H20.). While ROS are often associated with
cellular damage, emerging evidence highlights their central role in determining cell fate and
modifying signaling molecules. Among ROS, H20: is particularly interesting due to its nonradical
nature, lower reactivity, and stability. Its small size enables it to travel extended distances within
cells and between cells, making it an effective messenger molecule in cellular signaling.(75)

The primary mechanism by which H>O; functions as a messenger molecule involves the
reversible oxidation of specific cysteine (Cys) residues. Cysteine residues contain highly
reactive thiol groups (Cys-SH) that are susceptible to oxidation. This oxidation process plays a
crucial role in modulating signaling pathways, particularly at low concentrations of H>O..(76)

One important target of HO.-mediated oxidation is the redox-sensitive cysteine residues
present in protein tyrosine phosphatases (PTPs). These cysteine residues are located within the
catalytic sites of all PTPs and their oxidation results in the inhibition of phosphatase activity.(77)

This inhibition leads to prolonged and intensified signaling, particularly in tyrosine kinase

' The term 'ROS' (Reactive Oxygen Species), although widely used, lacks specificity in identifying the
actual chemical species involved in biological processes. In this thesis, our objective is to provide precise
descriptions of known measurable or specific chemical species associated with biological processes to
the fullest extent possible.
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signaling cascades, enabling precise modulation of cellular responses. Redox-sensitive cysteine
residues can also be found in signaling molecules like transcription factors, including NF-kB and
AP-1, within the context of OA pathogenesis.(78) The oxidation of these cysteine residues
profoundly impacts protein function, activity, or localization, further influencing cellular signaling
processes.(73, 79, 80)

Despite these important findings, a fundamental and persistent question arises regarding
the competition between peroxiredoxins (PRXs) and PTPs in redox biology. PRXs exhibit
significantly faster reaction rates with H.O2 compared to PTPs.(87) This raises the intriguing
mystery of how H2O; effectively acts upon less reactive targets within PTPs, even in the
presence of other competitive agents. The underlying mechanisms of this phenomenon remain
to be elucidated in the field of redox biology.(87-83)

Maintaining a dynamic equilibrium of cellular ROS levels is crucial under normal
physiological conditions. Processes that generate and eliminate ROS tightly regulate this
equilibrium. ROS can be generated as byproducts or waste products of essential reactions in
biological processes such as mitochondrial oxidative metabolism. They can also be intentionally
generated in response to xenobiotics, cytokines, and bacterial invasion as part of signal
transduction pathways or cell defense mechanisms.(84, 85)

Differentiating between pathological oxidative signaling and normal physiological
signaling mediated by H.O, can be challenging due to their involvement in a wide range of
cellular processes. However, recent studies have directed their focus towards localized
imbalances in cellular redox state and their potential implications for pathological signaling. This
challenges the conventional notion of oxidative stress as a phenomenon that uniformly affects
entire cells or tissues.(86) Consequently, it has become imperative to identify specific molecular
targets that govern redox circuits within cells and gain insights into the compartmentalization of
enzymes responsible for ROS generation and degradation. Understanding these regulatory

mechanisms is fundamental for comprehending the broader consequences that arise from
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inhibiting ROS sources, particularly when considering targeted therapies aimed at modulating
ROS levels.(87)

Furthermore, it is important to acknowledge that the activation of integrins by various
stimuli triggers ROS generation, but the underlying mechanism, including the temporal and
spatial patterns, is heavily influenced by the specific tissue context. For instance, in
chondrocytes during the development of OA, although we now know that the activation of
integrin in chondrocytes leads to ROS generation, the precise mechanisms governing ROS
generation and regulation in response to integrin activation remain elusive. Unraveling these
intricacies and enhancing our understanding of the complex interplay involved is a pressing
need, especially within the realm of OA pathogenesis.(78, 82)

Moreover, spatial localization plays a pivotal role in enabling the oxidation of less
reactive substrates while more potent scavengers are present.(88) This occurs by selectively
depleting highly reactive antioxidant targets within specific cellular zones, allowing the oxidants
to interact with less reactive targets, such as PTPs, within those localized regions.(84) The
spatial restriction of ROS within subcellular microdomains is of utmost significance as it
determines which proteins and specific cysteine residues undergo oxidation. Understanding this
spatial regulation is vital for comprehending the complex interplay between oxidative stress and
signaling pathways, shedding light on how ROS influence cellular responses.(89, 90)

Therefore, it is essential to further investigate and elucidate these mechanisms, taking
into account the specific contexts of cellular redox state, tissue environment, and intracellular
localization. Advancing our understanding of the intricate relationship between ROS, particularly
H202, and the regulation of cellular redox signaling holds great promise. Not only will it enhance
our knowledge of pathological conditions, but it will also provide valuable insights for the
development of targeted therapeutic strategies focused on modulating ROS levels and restoring

redox balance.(97-93)
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1.5. Objective

OA poses a significant burden on the quality of life for a growing portion of the
population, and its current lack of a cure necessitates innovative approaches to identify viable
treatment targets. ECM degradation stands as a prominent feature of OA pathology, and a5(31
integrin plays a important role in mediating the signaling cascade for metalloproteinase MMP-13
expression. Notably, MMP-13 is responsible for breaking down the extracellular matrix
component fibronectin into fragments, which act as ligands for a531 integrin. However, the
intracellular mechanism by which integrin transmits signals to induce MMP-13 generation
remains unclear, as well as how this process leads to ROS, particularly H202, generation.
Building upon the expanding knowledge of integrin biology, the primary objective of this thesis
project is to develop a mechanistic understanding of the regulation of integrin signaling that is
responsible for ECM remodeling in OA. By investigating and elucidating this pathway, we aim to
uncover novel insights into the process of integrin-mediated MMP-13 generation, ultimately
leading to the identification of promising therapeutic targets for OA. To achieve this objective, we
propose the following specific aims:

Aim 1: Determine the precise mechanism by which a531 integrin transmits an outside-in
signal, resulting in the generation of MMP-13 by chondrocytes in response to FN7-10.

Aim 2: Elucidate the underlying mechanism responsible for the selective ROS
generation specifically in response to FN7-10, but not intact fibronectin.

Aim 3: Assess whether the signaling mechanism responsible for FN7-10-induced MMP-
13 generation is active in OA cartilage.

By addressing these specific aims, we will advance our understanding of the intricate
interplay between integrin signaling, ECM remodeling, and ROS generation in OA. This
knowledge will contribute to the development of targeted therapeutic strategies aimed at

modulating ROS levels and restoring redox balance, thus offering potential avenues for effective
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treatment approaches in OA and improving the lives of individuals affected by this debilitating

condition.
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2. CHAPTER 2: REDOXOSOMES MEDIATE ALPHAS5 BETE1 INTEGRIN SIGNALING AND
REGULATE CHONDROCTE MATRIX METALLOPROTEINASE PRODUCTION IN
OSTEOARTHRITIS
2.1. Introduction

Many degenerative diseases, including OA, involve extracellular matrix degradation, in
which proteolysis results in the production of bioactive matrix fragments (32, 94-99). These
disease-related ECM protein fragments interact with integrin transmembrane receptors to alter
cell signaling processes relevant to cell migration, tissue development, and matrix remodeling,
which contributes to disease progression (700-104). Recent studies on integrin signaling have
provided evidence that integrin function is not restricted to the plasma membrane and that
activated integrins can be present in endosomes to further relay extracellular-initiated signals
(105—-107). However, it is unclear how cells utilize integrin endocytic signaling to sense and
respond to changes in the ECM, in particular matrix damage (708-110).

OA represents an ideal model system to study how cells function in response to ECM
fragments generated by excessive protease activity (76, 111, 112). Chondrocytes are the sole
cell type present in articular cartilage and are responsible for both the synthesis and
degradation of cartilage matrix proteins, including fibronectin, proteoglycans, and collagens
(7113). Fragments of fibronectin have been found at micromolar levels in cartilage and synovial
fluid obtained from individuals with arthritis, including osteoarthritis and rheumatoid arthritis (99,
114—116). Matrix fragments appear to accelerate cartilage destruction, creating a vicious cycle
by activating catabolic signaling that results in progressive cartilage loss. In advanced OA,
cartilage loss and joint destruction are so severe that the only option is joint replacement (7117,

118).
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Ligation of integrins with bioactive matrix fragments results in the production of ROS in
cells, including chondrocytes (779, 120). ROS serve as second messengers to sustain the
signals associated with the activation of various growth factor and cytokine receptors as well as
integrins (1271-123). A prominent mechanism for redox regulation of signaling is through
oxidation by hydrogen peroxide of susceptible cysteine thiols in cell signaling proteins, including
various kinases and phosphatases (123-125). Because of the very short half-life of ROS in the
intracellular environment, localized production in close proximity to redox-regulated signaling
proteins is necessary for ROS to serve as signaling intermediaries (88). The mechanism by
which ROS are produced in a temporospatial fashion to control integrin signaling, not only in OA
chondrocytes but also more broadly, is unknown.

To develop a mechanistic understanding of the regulation of integrin signaling
responsible for ECM remodeling, we used articular chondrocytes to investigate how ROS are
generated subcellularly after a5B1 integrin binds to a fibronectin fragment (FN7-10). This
fragment contains the Arg-Gly-Asp (RGD) attachment site found in domain 10 of the FN type Il
module as well as a synergy site DRVPHSRN in domain 9 that together promote opening of
a5B1 to the active conformation (726, 127). While activation of a5B1 integrin by FN7-10 can
upregulate multiple MMPs and proinflammatory mediators involved in OA, we focused on MMP-
13 production as a general measure given its prominent role in OA (10, 111, 128). MMP-13 has
been shown to be a potent MMP for degrading fibronectin, resulting in the generation of
bioactive matrix fragments (729). By tracking the sub-cellular location of both FN7-10 and a5
integrin, we identified the internalization of the ligand-integrin complex, which induced hydrogen
peroxide generation in a temporospatial manner, beginning at the cell membrane and later
continuing in NADPH oxidase 2 (Nox2)-containing early endosomes or “redoxosomes”. The
spatial and temporal localization of hydrogen peroxide to sites of signaling activity was
associated with the early endosomal translocation of Src. We additionally discovered evidence

for signaling redoxosomes in human osteoarthritic cartilage at sites where matrix damage
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occurs, further implicating their role in mediating localized MMP production, which contributes to
matrix protein degradation. Together, our findings determined that redoxosomes can transmit
and sustain chondrocyte integrin signaling in OA. As redoxosomes have been proven to be
pharmaceutically targetable in other disease models (730), this study provides support for the

development of novel therapies for OA that target signaling in endosomes(77).

2.2. Results
2.2.1. Integrin endocytosis mediates the nonphagocytic route of FN7-10 uptake

Recent research has reported that integrin endosomal translocation can transmit signaling
beyond the plasma membrane (705, 106). Because of this, we sought to determine whether
integrin endocytosis can occur in chondrocytes to transmit signaling in OA. We utilized
nucleofection of plasmids to express EGFP-fused a5 integrin (a5 integrin~-EGFP) and
constitutively active Rab5 GTPase (mCherry—Rab5CA(Q79L)) to mark early endosomes in
primary human articular chondrocytes, and generated a three-dimensional rendering of laser
scanning microscopy images (705, 106). We observed an increase in the percentage of a5
integrin~EGFP associated with early endosomes compared to the cell membrane within the first
2 hours after FN7-10 treatment (8.6 + 1.1% at 30 min, 15.3 + 2.6% at 1 h, 25.5 + 4.7% at 2 h),
followed by a decrease at 4 h (14.2 £ 2.0%) and 6 h (5.8 + 1.1%) (Figure 2.1, A and B). These
results were consistent with our live-cell imaging experiments, which showed the translocation of
a5 integrin to early endosomes following FN7-10 treatment (Figure 2.2, A and B).

To further determine the fate of internalized integrin after entering early endosomes, we
co-expressed constitutively active Rab7 GTPase (EGFP-Rab7CA(Q67L)) to mark late
endosomes and mCherry-fused a5 integrin (a5 integrin-mCherry) in chondrocytes. The
percentage of a5 integrin associated with late endosomal compartments compared to the cell
membrane began to increase at 4 hours (25.7 £ 1.6%) after the addition of FN7-10, and similar

distributions were observed at later time points, including 6 hours (25.2 + 2.0%) and overnight

19



(25.9 £ 1.9%) (Figure 2.3, A and B). These findings suggest that during FN7-10-induced integrin
endocytosis, a5 integrin enters early endosomes in the first two hours after FN7-10 treatment and
then enters late endosomes between 2 and 4 hours after FN7-10 treatment.

While intact FN and FN7-10 both provide RGD sites for integrin binding (737), we
observed that chondrocyte MMP-13 production (Figure 2.4, A and B) and MAP kinase signaling
(Figure 2.4C) were triggered in response to FN7-10 but not to intact FN. To compare different
sorting decisions in response to intact FN and FN7-10, we expressed mCherry—Rab5, mCherry—
Rab7, or mCherry—Rab11 in chondrocytes to visualize the a5 integrin~EGFP distribution in early
endosomes, late endosomes, and recycling endosomes, respectively. Compared to vehicle
controls, both FN7-10 and intact FN-induced a5 integrin—~EGFP to enter early endosomes within
the first 2 hours after treatment (Figure 2.5, A and D). FN7-10 induced a5 integrin to enter late
endosomes marked by Rab7 between 2 and 4 hours after the treatment (Figure 2.5, B and E).
In contrast to FN7-10, intact FN induced a5 integrin to enter Rab11-positive endosomes via a
“long loop” recycling pathway starting between 4 and 6 hours after treatment (Figure 2.5, C and

F) (132, 133).
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Figure 2.1 Internalization of a5 integrin to early endosomes after FN7-10 binding.

(A) Representative laser scanning microscopy images of human chondrocytes nucleofected
with plasmids expressing a5 integrin—-EGFP (green) and mCherry—Rab5CA(Q79L) (red) and
then treated with FN7-10 (1 uM) for the indicated length of time. Panels represent 3D images
(top panel) with corresponding reconstruction of the cell membrane (magenta) and early
endosomes (yellow) in x-z view (middle panel) and images of the middle/ equatorial confocal
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sections of representative cells (bottom panel). 3D rendering of confocal images was performed
using Imaris (Bitplane). (B) Quantification of the percentage of a5 integrin intensity
(reconstructed from EGFP signal) associated with the early endosomal compartment compared
to the cell membrane. Measurements were based on the reconstruction of z-stack confocal
images from n = 30 or 31 cells per condition pooled from n = 2 independent donors for indicated
lengths of vehicle (PBS) or FN7-10 treatments. Boundaries of the boxplot indicate the 25th and
75th percentiles, the horizontal line across the box is the median, and whiskers show the
minima and maxima, with each dot representing the percentage in one cell. Data in the line
graph are presented as mean = s.e.m. Two-way ANOVA, considering both time and treatment
and their interaction as factors, followed by Tukey’s test was employed for multiple group
comparisons across all possible pairwise comparisons. *P < 0.05, **P<0.01, ***P<0.001,
****P <(0.0001; n.s., not significant.
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Figure 2.2 Internalization of a5 integrin to early endosomes after treatment with FN7-10.

(A) Live-cell images of a human chondrocyte nucleofected with plasmid constructs expressing a5
integrin-EGFP (green) and mCherry—Rab5CA(Q79L) (red) in response to FN7-10 (1 uM),
indicating that a5 integrin—~EGFP enters early endosomes upon activation by FN7-10. Live-cell
imaging was performed at 5 min per frame with FN7-10 being added after the second scan (10
min) and was recorded over the course of 180 min following the treatment for a total of 38 frames.
Regions of interest (ROIs) of early endosomes indicated by mCherry-Rab5CA(Q79L) for
ratiometric analysis are shown as white dashed circles. (B) Ratiometric analysis measuring the
mean intensity ratio of a5-integrin~EGFP in the early endosome compared to the cell membrane
across 180 min imaging period. The baseline intensity ratio was determined by the average
intensity ratio of the first two frames before the treatment and normalized to 1 Measurements
were derived from n = 7 cells pooled from n = 4 independent donors. Data are presented as
mean * s.e.m, arbitrary units. Scale bars, 5 um.
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Figure 2.3 FN7-10 induces the internalization of a5 integrin towards late endosomes.

(A) Representative laser scanning microscopy images of human chondrocytes nucleofected
with plasmid constructs expressing a5 integrin-mCherry (red) and EGFP-Rab7CA(Q67L)
(green) treated with FN7-10 (1 uM) for the indicated lengths of time. Panels represent 3D
images (top panel) with corresponding reconstruction of the cell membrane (magenta) and late
endosome (yellow) in x-z view (middle panel) and middle layers of representative cells (bottom
panel). (B) Quantification of the percentage of a5 integrin intensity (reconstructed from mCherry
signal) inside the late endosomal compartment compared to the cell membrane. Measurements
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were based on the reconstruction of z-stack confocal images from n = 30 cells per condition and
n = 2 independent donors for the indicated lengths of vehicle (PBS) or FN7-10 treatments.
Boundaries of the boxplot indicate the 25th and 75th percentiles, the horizontal line across the
box is the median, and whiskers show the minima and maxima, with each dot representing the
percentage in one cell. Data in the line graph are presented as mean +s.e.m. Two-way ANOVA,
considering both time and treatment and their interaction as factors, followed by Tukey’s test
was employed for multiple group comparisons across all possible pairwise comparisons.
**P<0.001, ****P<0.0001; n.s., not significant. Scale bars, 5 um.
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Figure 2.4 a5B1 binding of FN7-10 but not intact FN induces MAP kinase signaling and
MMP-13 production.

(A) Immunoblot analysis and densitometric quantification of MMP-13 and MMP-2 in the same
volume of conditioned medium from human articular chondrocytes in response to PBS vehicle,
FN7-10 (1 uM), or intact FN (10 pg/mL) overnight. Measurements were derived from n =5
independent donors. (B) Coomassie blue staining of SDS-PAGE gel showing the molecular
weight of intact FN, MMP-13, MMP-2 used as a loading control, and purified recombinant FN7-
10 (indicated by arrows, from top to bottom) in the same volume of conditioned medium from
human articular chondrocytes in response to PBS vehicle, FN7-10 (1 uM), or intact FN (10
pug/mL) overnight (18 h). (C) Immunoblot analysis and densitometric quantification € of MAP
kinase phosphorylation in protein lysates in response to PBS vehicle, FN7-10 (1 uM), or intact
FN (10 pyg/mL) for 30 min. Measurements were derived from n = 5 biologically independent
experiments. For media samples, MMP-2 was used as a loading control as it was not altered by
the stimuli or inhibitors tested. To quantify proteins from cell lysates, non-phosphorylated
proteins were used as controls. Chondrocytes were serum-starved prior to experiments. Data
are mean fold change * s.e.m band relative pixel intensity in arbitrary units. One-way ANOVA
followed by Tukey’s test was employed for multiple group comparisons. *P < 0.05, ***P < 0.001,
****P <(0.0001; n.s., not significant.
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Figure 2.5 Differential endocytic trafficking of integrin a5 in response to FN7-10 and intact
FN.

(A, B, and C) Representative laser scanning microscopy images of human chondrocytes
nucleofected with plasmid constructs expressing a5 integrin-EGFP (shown in green) and
mCherry—Rab5 (A), mCherry—Rab7 (B), or mCherry—Rab11 (C) (shown in red) to indicate integrin
trafficking in response to FN7-10 (1 yM), intact FN (10 pg/mL), as well as PBS vehicle at the
indicated time points. (D, E, and F) Quantification of the percentage of a5 integrin colocalized with
early (mCherry—Rab5) (D), late (mCherry—Rab7) (E), or recycling (mCherry—Rab11) (F)
endosomes. Measurements were based on the reconstruction of z-stack confocal images from n
= 30 cells per condition pooled from n = 2 independent donors for the indicated lengths of vehicle
(PBS), FN7-10, or intact FN treatment. Boundaries of the boxplot (left panel) indicate the 25th
and 75th percentiles, the horizontal line across the box is the median, and whiskers show the
minima and maxima, with each dot representing the percentage in one cell. Data in the line graph
(right panel) are presented as meants.e.m. Two-way ANOVA, considering both time and
treatment and their interaction as factors, followed by Tukey’s test was employed for multiple
group comparisons across all possible pairwise comparisons. *P < 0.05, **P<0.01, ***P < 0.0001,
****P < (0.0001. Scale bars, 1 ym (magnified views) and 5 um (whole-cell images).
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Next, we investigated whether FN7-10 is endocytosed by chondrocytes together with the
integrin receptor. For this, we generated FN7-10—-EGFP (Figure 2.6, A to C), which was found to
induce MMP-13 production and MAP kinase signaling (Figure 2.6D), in a similar way to unlabeled
FN7-10. We treated mCherry—a5 integrin expressing chondrocytes with FN7-10-EGFP. We
found that the size of FN7-10-EGFP inside the cell (Figure 2.7, A and B), and the colocalization
between FN7-10—EGFP and a5 integrin-mCherry (Figure 2.7, A and C) both increased following
FN7-10-EGFP treatment. Because FN7-10 induced a5 integrin to enter early endosomes, we
sought to determine whether FN7-10 was also endocytosed into Rab5-containing endosomes
during this time. We treated chondrocytes expressing mCherry—Rab5CA(Q79L) with FN7-10—
EGFP and noted that the percentage of FN7-10-EGFP associated with Rab5-containing
endosomal compartments increased with time (60.0 £ 5.2% at 30 min, 79.9 £+ 4.0% at 1 h, and
90.1 £ 1.3% at 2 h, compared to the control of 7.9 + 1.2%) (Figure 2.8, A and F), demonstrating
that FN7-10-EGFP was endocytosed into early endosomes. In line with these findings, live-cell
time-lapse imaging also indicated that FN7-10-EGFP was endocytosed into Rab5-containing
early endosomes (Figure 2.8, B and C) and that endocytosis was accompanied by integrin
internalization (Figure 2.8, D and E).

The above experiments revealed intriguing differences in the catalytic response (Figure
2.4) and a5 integrin trafficking (Figure 2.5) when cells were treated with FN7-10 versus intact FN,
even though both contain the RGD integrin binding sequence. We next examined whether intact
FN undergoes endocytosis in manner similar to or different from FN7-10, and whether their
accompanying endocytosed integrin was in the active or inactive conformation. Moreover, we
compared (1) the sustained activity/ligand occupancy of the endocytosed integrins in response to
FN7-10 versus intact FN and (2) the time-dependent endocytosis patterns of the B1 subunit
compared to the a subunit. Human chondrocytes were treated with fluorescently labeled FN7-10
or intact FN. Successful labeling and correct molecular weights were verified by in-gel

fluorescence visualization and Coomassie blue staining (Figure 2.9). Endocytosis of both FN7-
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10 and intact FN was observed (Figure 2.10). Accompanying this ligand endocytosis, we
observed prominent endocytosis of the active conformation of B1 integrin (identified by 9EG7
antibody staining), as well as total 81 integrin (stained using K20 antibody) within Rab5" early
endosomes following two-hour treatment with either FN7-10 or intact FN (Figure 2.10, A and B).
Beyond the two-hour time point, however, we observed distinct endocytosis routes for the 1
integrin in response to FN7-10 or intact FN, similar to the a5 subunit results shown above.
Specifically, in cells treated with FN7-10, we observed enhanced colocalization between both
active and total B1 integrin with Rab7, suggesting that FN7-10 and B1 integrin undergo transit
through late endosomes (Figure 2.10, C and D). In contrast, when exposed to intact FN, the (31
integrin remained occupied with FN and utilized the long-loop trafficking route through Rab11-

containing endosomes (Figure 2.10, E and F).

30



- “42kba__"%2K0a B In-gel fluorescent visualization of proteins
[F 1o fEsre] "2 3 4 5 6 7

DNA plasmid IPTG Bacteria  Unbounded FN7-10-EGFP
pET11b-FN-f—EGFP + Lysates Flow-through 75 ug 50ug 10.0ug

Stable transformation

Single colony isolation and expansion
(Lane 1) 75 kDa

IPTG induction
once OD600 gets to 0.6 50 kDa

Cell expansion and harvest
(Lane 2)
¥

Cell lysis
(Lane 3)

Binding with Ni-NTA Magnetic Beads . L
9 Q& 9 C Coomassie blue staining
L 2 J
%5%%:%%:%" PTG Bacteria Unbounded FN7-10-EGFP
o 2+ o' - + Lysates Flow-through g5 ug 50ug 10.0ug
L]
Ni * *Fnr-10

Unwanted
His tag proteins
il ¥ 75 kDa
EGFP —
Collection of unbounded Wash, beads collection, elution
flow-through Collection of purified FN7-10-EGFP 5q (Dg
(Lane 4) (Lane 5-7)
FN7-10
Unwanted .
=nwantec His tag FN7-10-EGFP
proteins .
EGFP v ]
FN7-10 overnight — + — ‘?2 20 s
. u:,» S15 o FN7-1O—EGEDP - o
FN7-10-EGFP overnignt — — + gt 2
2210
MMP-13 - Sdos
€3 00— Q
N
MMP-2 | - - &
N
&
)
<
2 2
Untreated FN7-10 FN7-10-EGFP S 3.0 AT s Ty 3.0r—vm —
o - = FN7-10-EGFPxxxs
0.5h 1h 2h 0.5h 1h 2h 2220 a2 £Z20 . .
£3 s ns £3
p-JNK e p— oy 2210 2210
o — -~ L e— iy Ay
2 0.0 e 0
4 I x O
INK2 —— s — — &S0 v 3
Ny N
2c 2c
B WRer, T EZao B -
p-cJun ----".- £330 o0l 2330 . i
c 9 s
220 S22
2510 o 251
31 3 53"
t-Cun | come e BEED . == B 2 soolsda NE N 2 3o
R
QQ)
R
Pp-ERK| = === o == == =8 — 2 30 2 a0
‘@ X Y-VTo Fn7-10 @ X O-YTFN7-10
c o FN7-10-EGFP cr - FN7-10-EGFP
£ui2p - £W20 g
H-ERK | s cns cns cn cmm c— — E%m §§10 /‘\
BW BW
T O T
— g 00 NS mo'ob-\ov\\\\
p_p38 — — o — — FE N as P NV
S & 7
= 2
2 30— 2 30—
t'p38 -— e e — — — g 3 ° m;»:gfew % -1 - Em-:g—EGFP
L2 ns.  ns. L2220
€ & ° s £ 4 H
. 23 2o oo o 23
B'tubulln — —— — — — i e %9_1-0 %9_1.0 //N
- Q = Q
g 0.0 2 0.0
o ISR > N o IS NS N
@o‘“” o v \&o""’ S N

%
%

31



Figure 2.6 Generation and testing of recombinant EGFP fusion FN7-10.

(A) Schematic workflow showing the generation and purification of EGFP fusion FN7-10 (FN7-
10-EGFP) recombinant protein. FN7-10-EGFP has an N-terminal His-tag and a C-terminal
EGFP with a predicted molecular weight of approximately 74 kDa. The PET11b-FN7-10-EGFP
plasmid was transformed into Escherichia coli prior to IPTG induction and purification through
His-tag affinity chromatography. (B, C) In-gel fluorescent visualization of proteins (B), followed
by Coomassie blue staining of SDS-PAGE gel (C). The sequential approach enables the
determination molecular weight of purified recombinant FN7-10—-EGFP. From lanes 1-7:
Escherichia coli before (lane 1) and after (lane 2) IPTG induction, bacteria lysate containing
expressed His-tagged recombinant protein (lane 3), unbound protein fraction from affinity
chromatography (lane 4), and different amounts of FN7-10—EGFP (from lanes 5-7). (D, E)
Immunoblot analysis (D) and densitometric quantification (E) comparing MMP-13 generation in
response to FN7-10 (1 uM) or FN7-10—EGFP (1 uM) overnight (18 h). (F, G) Immunoblot
analysis and (F) densitometric quantification (G) comparing the kinetics of stimulated MAP
kinase activation in response to FN7-10 (1 yM) or FN7-10-EGFP (1 pM) for 30 min, 1 h, and 2
h or untreated control. For media samples, MMP-2 was used as a loading control, as it was not
altered by the stimuli or inhibitors tested. To quantify proteins from cell lysates, non-
phosphorylated proteins were used as controls. Measurements were derived from n = 3
independent donors. Data are presented as the mean fold change + s.e.m band relative pixel
intensity, arbitrary units. Two-way ANOVA, considering both time and treatment and their
interaction as factors, followed by Tukey’s test was employed for multiple group comparisons
across all possible pairwise comparisons. *P <0.05, **P <0.01, ***P < 0.001, ****P <0.0001;
n.s., not significant.
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Figure 2.7 a5 integrin mediates the internalization of FN7-10.

(A) Representative laser scanning microscopy images of human chondrocytes nucleofected

with plasmid constructs expressing a5 integrin-mCherry (red) treated with EGFP fusion FN7-10

(FN7-10-EGFP, 1 uM, green) for the indicated lengths of time. Panels represent three-

dimensional images with corresponding reconstruction in x-z view (top panel) and middle layers

of representative cells (bottom panel). Colocalization of FN7-10-EGFP with a5 integrin—

mCherry is shown in white. (B) Quantification of the volume percentage of FN7-10-EGFP
associated with the cell compared to the volume of the whole cell. (C) Quantification of the
percentage of FN-7-10—EGFP colocalized with a5 integrin-mCherry. Measurements were
performed based on the reconstruction of z-stack confocal images from n = 30 or 31 cells per
condition pooled from n = 2 independent donors. Boundaries of the boxplot indicate the 25th

and 75th percentiles, the horizontal line across the box is the median, and whiskers show the
minima and maxima, with each dot representing the percentage in one cell. One-way ANOVA
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followed by Tukey’s test was employed for multiple group comparisons. *P < 0.05, **P <0.01,
***P<0.001, ****P<0.0001; a single asterisk indicates a significant difference from controls;
n.s, not significant. Scale bars, 5 ym.
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Figure 2.8 The internalization of FN7-10 to early endosomes mediated by a5 integrin.

(A) Representative laser scanning microscopy images of human chondrocytes nucleofected with
plasmids expressing mCherry—Rab5CA(Q79L) (red) treated with EGFP fusion FN7-10 (FN7-10—
EGFP) (1 uM, green) for the indicated lengths of time. Panels represent three-dimensional images
with corresponding reconstruction in the x-y and x-z view (left panel) and middle layers of
representative cells (right panel). FN7-10-EGFP inside the early endosomal compartment is
shown in white. (B) Live-cell images of human chondrocyte transfected with plasmids expressing
mCherry—Rab5CA(Q79L) (red, middle panel) treated with FN7-10—-EGFP (1 uM, green, top panel)
and merged images (bottom panel) at different time points. (C) Kymograph of the dashed
rectangle area in (B) to demonstrate the internalization of FN7-10-EGFP (shown in green) and
mCherry—Rab5CA(Q79L) (shown in red) indicated by the arrows. (D) Live-cell images of human
chondrocyte transfected with plasmids expressing a5 integrin-mCherry (red, middle panel)
treated with FN7-10-EGFP (1 uM, green, top panel) and merged images (bottom panel) at
different time points. (E) Kymograph of the dashed rectangle area in (D) to demonstrate the
internalization of FN7-10—EGFP (shown in green) and a5 integrin-mCherry (shown in red)
indicated by the arrows. (F) Quantification of the percentage of FN7-10—EGFP associated with
early endosomal compartments based on the reconstruction of z-stack confocal images (vehicle,
n = 30 cells; 30 min, n = 30 cells; 1 h, n = 30 cells; 2 h, n = 35 cells pooled from n = 2 independent
donors). Boundaries of the boxplot indicate the 25th and 75th percentiles, the horizontal line
across the box is the median, and whiskers show the minima and maxima, with each dot
representing the percentage in one cell. One-way ANOVA followed by Tukey’s test was employed
for multiple group comparisons. ***P<0.001, ****P<0.0001; a single asterisk indicates a
significant difference from controls. Scale bars, 5 umin (A, B, and D) 30 min (horizontal axis) and
5 ym (vertical axis) in (C and E).
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Figure 2.9 Fluorescent labeling of FN7-10 and intact FN.

Purified FN7-10 and intact FN proteins were fluorescently labeled with Alexa Fluor 647. In-gel
fluorescent visualization of fluorescently labeled proteins (A), followed by Coomassie blue
staining of SDS—PAGE gel (B). The sequential approach enables the determination of the
molecular weights of labeled proteins.
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Figure 2.10 Differential endosomal trafficking of 31 integrin in response to FN7-10 and

inta

ct FN.

Serum-starved human chondrocytes were subjected to various treatments for the indicated
lengths of time as follows: vehicle (PBS) treatment (left panel), treatment with Alexa Fluor 647-
labelled FN7-10 (1 uM, shown in magenta) (middle panel), or treatment with Alexa Fluor 647-
labelled intact FN (10 pg/mL, shown in magenta) (right panel). Subsequently, the cells were
fixed, permeabilized, and subjected to staining using specific antibodies against total 1 integrin
(K20, shown in yellow) and active B1 integrin (9EG7, shown in red) and the different small Rab-
GTPases (shown in cyan) Rab5 (A, B), Rab7 (C, D), and Rab11 (E, F), which allowed for the
investigation of B1 integrin trafficking pathways. (A, C, and E) The graphs presented display the
middle (equatorial) layers of selected laser scanning microscopy images depicting human
chondrocytes under indicated treatment conditions. Fluorescence intensity profiling along
dashed lines of white boxed regions indicating the localization of Alexa Fluor 647-labelled FN7-
10 or intact FN, B1 integrin (both total and active forms), as well as different small Rab-
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GTPases. (B, D, and F) Quantitative analysis was performed to determine the percentage of 1
integrin (both total and active forms) that exhibited colocalization with early endosomes (Rab5)
(B), late endosomes (Rab7) (D), and recycling endosomes (Rab11) (F) in response to indicated
treatments for specified durations. Measurements were based on the reconstruction of z-stack
confocal images from n = 45 cells per condition pooled from n = 2 independent donors.
Boundaries of the boxplot indicate the 25th and 75th percentiles, the horizontal line across the
box is the median, and whiskers show the minima and maxima, with each dot representing the
percentage in one cell. Data in the line graph are presented as mean +s.e.m. Two-way ANOVA,
considering both time and treatment and their interaction as factors, followed by Tukey’s test
was employed for multiple group comparisons across all possible pairwise comparisons.
*P<0.05, **P<0.01, ***P<0.0001, ****P <0.0001. Scale bars, 1 ym (magnified views) and

3 um (whole-cell images).
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2.2.2. Integrin endocytosis is required for the activation of chondrocyte catabolic
signaling and matrix metalloproteinase production

We then investigated whether endocytosis plays a role in a5p81 signaling and MMP
production induced by FN7-10. Chondrocytes were pretreated with Dynasore, a dynamin inhibitor,
prior to FN7-10 stimulation. This treatment blocked a5 integrin~EGFP and FN7-10-EGFP
internalization into early endosomal compartments, as shown by a significant decrease in the
distribution of a5 integrin~-EGFP (Figure 2.11, A and C) and FN7-10-EGFP (Figure 2.11, B and
D) in Rab5-positive endosomes. There was also a dose-dependent inhibition of FN7-10-induced
MMP-13 production and MAP kinase signaling (Figure 2.11E). In line with the pharmacological
inhibition of endocytosis with Dynasore, the expression of a dominant-negative mutant of Rab5
(Rab5(S34N)) also inhibited endocytosis (Figure 2.11, A to D) and attenuated FN7-10-induced

MMP-13 production (Figure 2.11F) and MAP kinase signaling (Figure 2.11G).
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Figure 2.11 Integrin endocytosis regulates MAP kinase signaling and MMP-13 production
in response to FN7-10.

(A) Representative laser scanning microscopy images of human chondrocytes nucleofected with
plasmids expressing a5 integrin—~EGFP (green) and mCherry—Rab5WT or dominant-negative
mutant mCherry—Rab5DN(S34N) (red) treated with vehicle (PBS) or FN7-10 (1 puM) for 2 h,
indicating that FN7-10-induced a5 integrin endocytosis is inhibited with Dynasore pretreatment (a
dynamin inhibitor, 60 uM) or the expression of the dominant-negative mutant Rab5DN(S34N).
Panels represent middle layers of representative cells (top panel), fluorescence intensity profiling
(bottom left panel) along dashed lines of indicated regions (white boxed insets, top panel) showing
the localization of a5 integrin-EGFP and mCherry—Rab5 under different conditions, and 3D
images in x-y view (bottom right panel) (B) Representative laser scanning microscopy images of
human chondrocytes nucleofected with plasmids expressing mCherry—Rab5WT or dominant-
negative mutant mCherry—Rab5DN(S34N) (red) treated with EGFP fusion FN7-10 (FN7-10-
EGFP, 1 uM, green) for 2 h, indicating that the internalization of FN7-10 is inhibited using
Dynasore (60 pM) pretreatment or the expression of Rab5DN(S34N). Panels represent middle
layers of representative cells (top panel), fluorescence intensity profiling (bottom left panel) along
dashed lines of indicated regions (white boxed insets, top panel) showing the localization of FN7-
10-EGFP and mCherry—Rab5 under different conditions, and three-dimensional images in x-y
view (bottom right). (C) Quantification of the percentage of a5 integrin~-EGFP colocalized with a5
integrin—-mCherry. (D) Quantification of the percentage of FN7-10-EGFP colocalized with
mCherry—Rab5. (C and D) Measurements were based on the reconstruction of z-stack confocal
images from n = 30 cells per condition pooled from n = 2 independent donors. Boundaries of the
boxplot indicate the 25th and 75th percentiles, the horizontal line across the box is the median,
and whiskers show the minima and maxima, with each dot representing the percentage in one
cell. One-way ANOVA followed by Tukey’s test was employed for multiple group comparisons.
****P <(0.0001. (E) Immunoblot analysis of the dose-dependent inhibition of FN7-10-induced (1
uM) MAP kinase phosphorylation (30 min) and MMP-13 production (overnight, 18 h) using
Dynasore (40, 60, or 80 uM, 1 h pretreatment). (F) Immunoblot analysis of the reduction in FN7-
10-induced (1 puM) MMP-13 (overnight, 18 h) production with dominant-negative mutant
Rab5DN(S34N) overexpression. (G) Immunoblot analysis of the reduction in FN7-10-induced (1
uM) MAP kinase phosphorylation (30 min) with dominant-negative mutant Rab5DN(S34N)
overexpression. (E, F, and G) Data are representative of experiments using n = 4 independent
donors. For media samples, MMP-2 was used as a loading control, as it was not altered by the
stimuli or inhibitors tested. To quantify proteins from cell lysates, non-phosphorylated proteins
were used as controls. PBS was used as the vehicle control. Scale bars, 1 ym (insets in A and
B); otherwise, 5 ym.
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2.2.3. Activation of a5B81 induces temporospatial ROS generation in chondrocytes as a
result of redoxosome formation

To study the source of ROS downstream to the binding of a5B1 integrin to FN7-10, we
first found that the membrane-permeable free radical scavenger Tempol (4-hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl) inhibited FN7-10-induced MMP-13 production and MAP kinase
signaling in a dose-dependent manner (Figure 2.12A ), consistent with previous studies showing
a requirement for ROS in FN7-10-induced signaling (39, 134).

Considering that mitochondria and Noxes are common endogenous sources of hydrogen
peroxide, which plays a regulatory role in redox signaling, we employed adenoviral
overexpression of antioxidant enzymes specifically targeted to peroxide production in the cytosol
or in mitochondria. Our aim was to determine the site of hydrogen peroxide production induced
by a5B1 activation. Expression of PRX2 which localizes to the cytosol (Figure 2.12B) or catalase
also in the cytosol (cCAT) (Figure 2.12C) both inhibited FN7-10-induced MAP kinase signaling,
whereas catalase that contains a mitochondrial targeting sequence (MCAT) showed no inhibition
(Figure 2.9D). These observations suggest that a cytosolic source, rather than a mitochondrial
source, of hydrogen peroxide is required for the activation of MAP kinase signaling in response
to a5B1 activation by FN7-10.

These findings led to the hypothesis that Noxes are responsible for a5B1-induced ROS
generation. The expression pattern of Nox isoforms is tissue dependent and can vary widely by
cell type (135, 136). We sought to determine whether a specific Nox isoform is responsible for
a5B1 integrin mediated redox signaling. To this end, we first measured the expression of Nox
isoform components in human chondrocytes and found that Nox2 and Nox4 were the most
abundant Nox isoforms. Nox2 subunits, including p67phox (activator of the Nox2 complex),
p47phox (organizer of the Nox2 complex), p40phox, and p22phox, were expressed in human
chondrocytes (Figure 2.13A). In response to FN7-10, we also observed increased

phosphorylation of p47phox (p-p47phox) in chondrocytes, indicating Nox2 activation (Figure
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2.13B). We then used several pharmacological Nox inhibitors to determine whether Nox inhibition
blocks a5B1-induced MMP-13 production and MAP kinase signaling in response to FN7-10. We
found that the pan-Nox inhibitor VAS2870 (Figure 2.13C) and the Nox2-specific inhibitor gp91ds-
tat (Figure 2.13D) prevented a5 1-induced MMP-13 production and signaling activation, whereas
the dual Nox1 and Nox4 inhibitor GKT 137831 (Figure 2.13E) exhibited no effect, indicating that

Nox2 was necessary to generate hydrogen peroxide for a531 integrin-mediated redox signaling.
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Figure 2.12 a5f1 activation that induces MMP-13 production and MAP kinase signaling
requires cytosolic hydrogen peroxide.

(A) Immunoblot analysis and densitometric quantification of the dose-dependent inhibition of
a5B1-mediated MMP-13 production and MAP kinase phosphorylation induced by FN7-10 (1 uM)
using a membrane permeable antioxidant scavenger Tempol (100, 200, or 500 uM, 1 h
pretreatment). Measurements were derived from n = 4 independent donors. (B, C, and D)
Immunoblot analysis of the inhibition of a5B1-mediated MAP kinase phosphorylation using
adenoviral vectors to overexpress PRX2 (B) or cytosolic catalase (cCAT) (C), while the
overexpression of mitochondrial catalase (mCAT, (D) using an adenoviral vector had no effect.
No virus and a null empty vector (ad-Null) transduction were used as controls. Densitometric
quantification of the effect of adenoviral overexpression of PRX2 (B), cCAT (C), or mCAT (D) on
a5B1-mediated MAP kinase phosphorylation. Measurements were derived from (B and C) n = 4
or (D) n = 3 independent donors. For media samples, MMP-2 was used as a loading control as it
was not altered by the stimuli or inhibitors tested. Non-phosphorylated proteins were used as
controls to measure MAP kinase activation. Data are mean fold change + s.e.m band relative pixel
intensity, arbitrary units. One-way ANOVA followed by Tukey’s test was employed for multiple
group comparisons. *P <0.05, **P<0.01, ***P<0.001, ***P < 0.0001; n.s, not significant.
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Figure 2.13 Integrin mediated stimulation of MAP kinases and MMP-13 production requires
Nox2.

(A) gRT-PCR of Nox isoforms and Nox2 subunits in human articular chondrocytes. Gene
expression was normalized to TATA-box binding protein (TBP) as a housekeeping control.
Measurements were derived from n = 3 independent donors. (B) Immunoblot analysis and
densitometric quantification show that a581 signaling in response to FN7-10 (1 uM) results in
the phosphorylation of p47phox on Ser345 compared to the untreated control. Measurements
were derived from n = 5 independent donors. (C) Immunoblot analysis and densitometric
quantification of the reduction in a5p1-mediated MAP kinase phosphorylation (30 min) and
MMP-13 production (overnight, 18 h) using the pan Nox inhibitor VAS2870 (VAS, 2 yM for MMP
studies and 10 uM for cell signaling studies). Measurements were derived from independent
donors, n = 4 for MMP studies and n =3 for cell signaling studies. (D) Immunoblot analysis and
densitometric quantification of the reduction in a5B81-mediated-induced MAP kinase
phosphorylation (30 min) and MMP-13 production (overnight, 18 h) using the Nox2-specific
inhibitor gp91ds-tat (2 yM). Measurements were derived from n = 4 independent donors. (E)
Immunoblot analysis and densitometric quantification of the reduction in a5p1-mediated MAP
kinase phosphorylation (30 min) and MMP-13 production (overnight, 18 h) using the dual Nox1
and Nox4 inhibitor GKT137831 (20 uM). Measurements were derived from n = 3 independent
donors. For media samples, MMP-2 was used as a loading control, as it was not altered by the
stimuli or inhibitors tested. To quantify proteins from cell lysates, non-phosphorylated proteins
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were used as controls. PBS was used as the vehicle control. Data are presented as mean fold
change + s.e.m band relative pixel intensity, arbitrary units, compared by one-way ANOVA with

Tukey’s multiple comparisons test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; n.s., not
significant.
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Next, we sought to determine whether Nox2 is also localized to early endosomes during
the course of integrin endocytosis in response to FN7-10. We hypothesized that the formation of
redoxosomes, early endosomes that contain Noxes, would only occur in response to a531 binding
of FN7-10 but not intact FN, and would correlate with the localization of hydrogen peroxide
generation during integrin endocytosis. Chondrocytes co-transfected with a5 integrin-mCherry
and EGFP-Nox2 were treated with vehicle, FN7-10, or intact FN followed by endogenous Rab5
immunolabelling to determine the colocalization of EGFP-Nox2 with Rab5*a5 integrin® vesicles.
We found that the colocalization of EGFP-Nox2 with Rab5'a5 integrin® vesicles increased one
hour after FN7-10 treatment and became more evident after two hours (Figure 2.14, A and B).
To better visualize the temporospatial localization of Nox2 to early endosomes in response to
a5B1 activation, chondrocytes were co-transfected with mCherry—Rab5CA(Q79L), together with
EGFP-Nox2. We found that EGFP-Nox2 (Figure 2.14C) was gradually recruited to early
endosomal compartments in response to FN7-10 but not vehicle or intact FN.

As indicated above, Nox4 is another major Nox isoform capable of producing hydrogen
peroxide and is highly expressed in human chondrocytes. We co-transfected chondrocytes with
a5 integrin—mCherry and Nox4—-EGFP to determine whether Nox4-EGFP would also be recruited
to Rab5'a5 integrin® vesicles in chondrocytes. We found that neither FN7-10 nor intact FN
promoted the colocalization of Nox4—EGFP with Rab5*a5 integrin® vesicles (Figure 2.15, A and
B), indicating that Nox4 is not present in FN7-10-induced redoxosomes. In chondrocytes co-
transfected with Nox4—-EGFP and mCherry—Rab5CA(Q79L), we did not observe recruitment of
Nox4—EGFP to early endosomal compartments in response to FN7-10 (Figure 2.15C). This is
consistent with the finding from the inhibitor studies that Nox4 was not required for a531-induced
MMP-13 production or MAP kinase signaling in response to FN7-10.

Using antibodies to label endogenous Rab5 and the Nox2 component p67phox, we further
confirmed that Nox2 containing early endosomes (redoxosomes) were formed following a531

integrin activation by FN7-10-EGFP (Figure 2.14D).
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Figure 2.14 a5B31 integrin activation by FN7-10 evokes redoxosomes formation containing
Nox2.

(A) Representative laser scanning microscopy images of human chondrocytes nucleofected
with plasmids expressing a5 integrin—mCherry (cyan) and EGFP-Nox2 (yellow) treated with
vehicle (PBS, left panel), FN7-10 (1 uM, middle panel), or intact FN (10 pug/ml, right panel) for 2
h, followed by endogenous Rab5 immunolabeling (magenta). Magnification of the indicated
regions (white boxed insets) and fluorescence intensity profiling along dashed lines showing
that EGFP—Nox2 colocalizes with Rab5*a5 integrin® vesicles in response to a5p1 activation by
FN7-10 but not vehicle or intact FN. (B) Quantification of the percentage of EGFP—Nox2
colocalized with Rab5*a5 integrin® vesicles was based on the reconstruction of z-stacks of
confocal images from n = 30 cells per condition pooled from n = 2 independent donors.
Boundaries of the boxplot (left panel) indicate the 25th and 75th percentiles, the horizontal line
across the box is the median, and whiskers show the minima and maxima, with each dot
representing the percentage in one cell. Data in the line graph (right panel) are presented as the
mean = s.e.m. Two-way ANOVA, considering both time and treatment and their interaction as
factors, followed by Tukey’s test was employed for multiple group comparisons across all
possible pairwise comparisons. *P < 0.05, ****P < 0.0001. (C) Live-cell images showing that in
human chondrocytes nucleofected with plasmids expressing a5 integrin-mCherry (cyan) and
EGFP-Nox2 (yellow), EGFP-Nox2 (yellow) is recruited to early endosomal compartments
(indicated by mCherry—Rab5CA(Q79L) (magenta) in magnified white boxed regions of
representative cells in response to FN7-10 (1 uM, middle panel), while no interaction between
EGFP-Nox2 and early endosomal compartments was observed in response to either vehicle
(PBS, top panel) or intact FN (10 ug/mL, bottom panel). Scale bars (A and C) represent 1 um
(insets in (A) or magnified images in (C)); otherwise, 5 um. (D) Representative confocal images
of immunostaining for endogenous Rab5 (magenta) and the Nox2 component p67phox (yellow)
in human chondrocytes after indicated lengths of FN7-10-EGFP (1 uM, cyan) treatment.
Fluorescence intensity profiling along dashed lines of indicated regions, showing that Nox2
containing redoxosomes are induced by FN7-10—EGFP. Scale bars in D represent 20 um, 5
Mm, and 2 ym as indicated.

50



Nox4-EGFP

A 2h Vehicle 2h FN7-10 2h Intact FN C

Sas @ .
Nox4—EGFP. "f
£ *5»

+Vehicle

+FN7-10

jormalized Intensity (a.u.)

m N

|3 Vehicle | -e~ Vehicle
B FN7-10

20.0{=3 Intact FN

+Intact FN

10.04* Intact FN

% Nox4—-EGFP
colocalized with
% Nox4-EGFP
colocalized with

Figure 2.15 Nox4 is not recruited to early endosomes during integrin endocytosis in
response to FN7-10.

(A) Representative laser scanning microscopy images of human chondrocytes nucleofected
with plasmid constructs expressing a5 integrin—-mCherry (cyan) and Nox4-EGFP (yellow)
treated with vehicle (PBS, left panel), FN7-10 (1 uM, middle panel), or intact FN (10 pg/mL,
right panel) for 2 h, followed by endogenous Rab5 immunolabelling (magenta). Magnification of
the indicated regions (white boxed insets) and fluorescence intensity profiling along dashed
lines indicating the absence of colocalization of Nox4-EGFP with Rab5*a5 integrin® vesicles in
all three conditions. (B) Quantification of the percentage of Nox4—EGFP colocalized with
Rab5'a5 integrin® vesicles was based on the reconstruction of z-stacks of confocal images from
n = 35 cells per condition pooled from n = 2 independent donors. Boundaries of the boxplot (left
panel) indicate the 25th and 75th percentiles, the horizontal line across the box is the median,
and whiskers show the minima and maxima, with each dot representing the percentage in one
cell. Data in the line graph (right panel) are presented as the mean + s.e.m. Two-way ANOVA,
considering both time and treatment and their interaction as factors, followed by Tukey’s test
was employed for multiple group comparisons across all possible pairwise comparisons. (C)
Live-cell images showing that Nox4-EGFP (yellow) is not recruited to early endosomes
(indicated by mCherry—Rab5CA(Q79L) (magenta) in response to vehicle (PBS, top panel), FN7-
10 (1 M, middle panel), or intact FN (10 pg/mL, right panel. Scale bars represent 1 ym (insets
in (A) or magnified images in (C)); otherwise, 5 um.
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We then utilized three constructs, HyPer3—tk (contains a KRAS C-terminal sequence
fusion of HyPer3 that localizes to the plasma membrane), cytoplasmic HyPer3, and HyPer3—Rab5
(contains a Rab5 sequence fused to the C-terminus of HyPer3 that localizes to the early
endosome), to detect hydrogen peroxide generation at the plasma membrane, cytosol and early
endosome (7122). Live-cell, time-lapse imaging indicated that H.O» was detected initially at the
plasma membrane within 10 minutes of a531 integrin activation with FN7-10 (Figure 2.16A and
movie S1), followed by detection of cytosolic (Figure 2.16B) and early endosomal H>O-
generation (Figure 2.16C). Intact FN, however, did not increase the intensity of either biosensor
(Figure 2.17), indicating that a5B1 binding of intact FN does not evoke H>O. generation,
consistent with its lack of stimulation of MMP-13 production (Figure 2.4, A and B) and MAP
kinase signaling (Figure 2.4C). Together, these observations suggest that Nox2-containing
redoxosomes are formed in response to a5B1 integrin activation to localize and sustain
intracellular redox signaling that begins at the plasma membrane and then becomes localized to

redoxosomes.
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Figure 2.16 Temporospatial hydrogen peroxide generation induced after a5p81 activation
by FN7-10.

Human chondrocytes were transfected with plasmid constructs expressing Hyper3—tk (Hyper3
fusion with the minimal KRAS C-terminal membrane anchor) (A), Hyper3 (B), or HyPer3—Rab5
(Hyper3 fusion with Rab5, a small GTP-binding protein localized on early endosomes) (C) and
were subjected to live-cell, time-lapse imaging to measure hydrogen peroxide generation from
the plasma membrane, cytosol, and early endosomes in response to a5@31 activation by FN7-
10. Kymographs indicate the fluorescence intensity change for each Hyper3 construct at 488
nm excitation (ex488, green), 405 nm excitation (ex405, red), and pseudocolored ratio
F488/F405 along the white dashed line. Arrows indicate the addition of FN7-10. The line profile
(blue curve, right) corresponds to the F488/F405 intensity ratio across the dashed line on the
last frame (120 min after the addition of FN7-10). The graphs show the means of relative
fluorescence intensity at 488 nm excitation (green curve) and 405 nm excitation (red curve) and
F488/F405 after the addition of FN7-10. Measurements to monitor hydrogen peroxide from the
plasma membrane using HyPer3—tk were derived from n = 75 cells from n = 3 independent
donors. (A). Measurements to monitor hydrogen peroxide from the cytosol using HyPer3 were
derived from n = 38 cells from n = 3 independent donors (B). Measurements to monitor
hydrogen peroxide from the cytosol using HyPer3—Rab5 were derived from n = 48 cells from n =
3 independent donors (C). Live-cell time-lapse imaging was performed at 2 min per frame with
FN7-10 being added after the fifth scan (10 min) and was recorded over the course of 120 min
following the treatment for a total of 65 frames. The baseline intensity or intensity ratio was
determined by the average intensity of the first five frames before the treatment and normalized
to 1. Data are presented as mean + s.e.m arbitrary units.
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Figure 2.17 a5B1 binding of intact FN does not evoke hydrogen peroxide generation.

Human chondrocytes expressing Hyper3—tk (Hyper3 fusion with the minimal KRAS C-terminal
membrane anchor) (A), Hyper3 (B), HyPer3—Rab5 (Hyper3 fusion with Rab5, a small GTP-
binding protein localized on early endosomes) (C) were subjected to live-cell, time-lapse imaging
to measure hydrogen peroxide generation from the plasma membrane, cytosol, and early
endosome in response to intact FN (10 pg/ml), respectively. Kymographs indicate the
fluorescence intensity change for each Hyper3 construct at 488 nm excitation (ex488, green), 405
nm excitation (ex405, red), and pseudocolored ratio F488/F405 along the white dashed line.
Arrows indicate the addition of FN7-10. The line profile (blue curve, right) corresponds to the
F488/F405 intensity ratio across the dashed line on the last frame (120 min after the addition of
FN7-10). The graphs show the means of relative fluorescence intensity at 488 nm excitation
(green curve) and 405 nm excitation (red curve) and F488/F405 after the addition of intact FN.
Measurements to monitor hydrogen peroxide from the plasma membrane using HyPer3—tk were
derived from n = 83 cells from n = 2 independent donors. (A). Measurements to monitor hydrogen
peroxide from the cytosol using HyPer3 were derived from n = 40 cells from n = 2 independent
donors (B). Measurements to monitor hydrogen peroxide from the cytosol using HyPer3—Rab5
were derived from n = 41 cells from n = 2 independent donors (C). Live-cell time-lapse imaging
was performed at 2 min per frame with intact FN being added after the fifth scan (10 min) and
was recorded over the course of 120 min following the treatment for a total of 65 frames. The
baseline intensity or intensity ratio was determined by the average intensity of the first five frames
before the treatment and normalized to 1. Data are presented as mean + s.e.m arbitrary units.
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2.2.4. Signaling redoxosomes transmit and sustain integrin redox signaling in
osteoarthritis

Our previous studies demonstrated that a5B81 activation by FN7-10 increases Src
activation through cysteine thiol oxidation, which is required for MMP-13 production (39). Src
activation is tightly coupled with its sub-cellular location (737, 138). Since redox signaling is
strongly dependent on spatial confinement, we sought to determine whether Src is localized to
redoxosomes in response to a5B31 integrin activation with FN7-10 (123). We treated chondrocytes
co-expressing mCherry—Rab5CA(Q79L) and a5 integrin—-EGFP with vehicle, FN7-10, and intact
FN. Endogenous c-Src was then immunolabelled to determine whether Src endosomal relocation
is associated with a5 integrin endocytosis. We observed that Src colocalized with a5 integrin—
EGFP associated with early endosomes after FN7-10 treatment, while vehicle or intact FN had
no effect (Figure 2.18, A to C), indicating that Src is recruited to early endosomes to further
transmit and sustain integrin signaling during the course of FN7-10-induced integrin endocytosis.
To further confirm Src endosomal translocation in response to a5p1 activation by FN7-10, we co-
transfected chondrocytes with c-Src-EGFP and mCherry—Rab5CA(Q79L) to visualize the
temporospatial translocation of Src via live-cell imaging. The addition of the fluorescence tag on
the c-Src fusion protein was previously reported to retain key features of endogenous Src,
including its spatial distribution, activation, and protein interactions (738, 139). We found that c-
Src—-EGFP gradually translocated to the early endosomal compartment in response to a5431
integrin activation with FN7-10, whereas far fewer interactions between Src and early endosomal
compartments were observed for the cells treated with vehicle or intact FN (Figure 2.18, D and

E).
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Figure 2.18 Endosomal trafficking of Src in response to a581 activation by FN7-10.

(A) Orthogonal view of representative laser scanning microscopy images of human chondrocytes
nucleofected with plasmid constructs expressing a5 integrin~EGFP (green) and mCherry—
Rab5CA(Q79L) (red) treated with vehicle (PBS, left panel), FN7-10 (1 uM, middle panel), or intact
FN (10 pg/mL, right panel) for 2 h followed by endogenous Src immunolabelling (magenta). (B)
Middle layers of representative laser scanning microscopy images of human chondrocytes
expressing a5 integrin—EGFP (green) and mCherry—Rab5CA(Q79L) (red) treated with FN7-10 (1
MM, top panel) or intact FN (10 ug/mL, bottom panel) for 2 h followed by endogenous Rab5
immunolabelling (magenta). Fluorescence intensity profiling along dashed lines of white boxed
regions indicating the localization of Src and a5 integrin—~EGFP inside early endosomal
compartments. (C) Quantification of the percentage of Src colocalized with a5 integrin inside
mCherry—Rab5(Q79L) early endosomes was based on the reconstruction of z-stacks of confocal
images from n = 45 cells per condition and n = 2 independent donors. Boundaries of the boxplot
indicate the 25th and 75th percentiles, the horizontal line across the box is the median, and
whiskers show the minima and maxima, with each dot representing the percentage in one cell.
Two-way ANOVA, considering both time and treatment and their interaction as factors, followed
by Tukey’s test was employed for multiple group comparisons across all possible pairwise
comparisons. *P<0.05, **P<0.01, ***P<0.001. (D) Live-cell images of human chondrocytes
nucleofected with plasmid constructs expressing c-Src-EGFP (green) and mCherry—
Rab5CA(Q79L) (red) in response to vehicle (PBS, top panel), FN7-10 (1 uM, middle panel), or
intact FN (10 pg/mL, bottom panel), indicating that c-Src—EGFP enters early endosomes in
response to FN7-10 but not PBS vehicle or intact FN. Scale bars, 5 ym. (E) Ratiometric analysis
measuring the mean intensity ratio of c-Src—EGFP in the early endosome compared to the cell
membrane across the 180 min imaging period. The baseline intensity ratio was determined by
the average intensity ratio of the first two frames before the treatment and normalized to 1.
Measurements were derived from n = 3 cells from n = 2 independent donors for vehicle; n = 7
cells from n = 3 independent donors for FN7-10; n = 5 cells from n = 2 independent donors for
intact FN. Data are presented as mean +s.e.m arbitrary units, compared by one-way ANOVA
followed by Tukey’s test for multiple group comparisons. ****P <0.0001. Scale bars, 3 uymin A; 1
um in magnified images in B; otherwise, 5 ym as indicated.
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We then used human cartilage samples to examine whether signaling redoxosomes are
present in chondrocytes in vivo in areas of matrix damage. We first performed
immunohistochemical staining to compare Rab5, p67phox, and Src levels among normal cartilage
and osteoarthritic cartilage, including damaged and less damaged sites. Safranin O/fast green
staining, which detects matrix damage and loss, was performed to confirm the differences in the
severity of matrix damage in the tissue being analyzed (Figure 2.19A). We found that
approximately 40% of the cells stained positively for Rab5 in normal cartilage, compared to 87%
in lesion sites and 57% in adjacent non-lesion sites in osteoarthritic cartilage (Figure 2.19, B and
E). Regarding the presence of p67phox, approximately 38% of the cells stained positively in
normal cartilage, compared to 77% in lesion sites and 53% on adjacent non-lesion sites in
osteoarthritic cartilage (Figure 2.19, C and F). There was also increased Src staining observed
in osteoarthritic cartilage, as approximately 27% of the cells stained positively in normal cartilage,
compared to 60% in lesion sites and 30% on adjacent non-lesion sites in osteoarthritic cartilage
(Figure 2.19, D and G).

We further assessed bulk RNA-seq data from two published studies GSE114007 (740),
which included 18 normal and 20 OA human knee cartilage tissues, and GSE168505 (7417), which
included 3 samples of normal cartilage and 4 samples of OA cartilage. Gene set enrichment
analysis (GSEA) showed that, compared with normal cartilage, differential gene expression in OA
samples was related to ECM-receptor interaction, highlighting the potential role of integrins in
mediating the interaction between cartilage matrix and chondrocytes during the development of
OA (Figure 2.19, H and I). In both bulk RNA-seq datasets, RAB5C and CYBB (codes for Nox2)
were significantly higher in OA samples. NCF2 (codes for p67phox) was highly expressed in OA
samples in GSE114007; a similar expression pattern was found in GSE168505, although the
difference was not significant (Figure 2.19, H and I). This might be due to the small sample size
of the latter dataset. From a single-cell RNA-seq dataset that included 10 OA patients in

GSE104782 (142), we observed consistent high-expression profiles for RAB5C and NCF2 in
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chondrocytes from late-stage OA compared to early-stage OA (Figure 2.19, J and K). Finally,
immunofluorescence staining confirmed that in osteoarthritic cartilage, especially at damaged
sites where chondrocytes typically exist in clusters, the colocalization of both p67phox (Figure
2.20A) and Src (Figure 2.20B) with Rab5 was significantly greater. These results indicate that
redoxosomes are formed during osteoarthritis pathogenesis that are capable of transmitting and

sustaining redox signaling that can promote further matrix damage (Figure 2.20C).
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Figure 2.19 Increased Rab5, p67phox, and Src levels in human osteoarthritic cartilage.

(A) Safranin orange and fast green staining of human cartilage tissue from the femoral condyle
indicating the difference in cartilage matrix loss among normal cartilage from tissue donors (left)
and damaged and less damaged areas of cartilage from the same OA donor removed during
arthroplasty (right). (B—D) Immunohistochemistry staining of Rab5 (B), p67phox (C), and Src (D).
Panels present low-magnification (4 x, top) and high-magnification images of the boxed area
above (10 x, middle; 20 x, bottom). Images are representative of n = 5 independent donors for
both normal and OA. (E-G) Quantification of immunohistochemistry staining. There were n = 9
randomly selected distinct fields at 10 x magnification per donor assessed for different conditions,
across normal and less damaged or damaged osteoarthritic cartilage, from at least three sections
(30 ym apart). Image analysis was performed in a blind manner. Data are the mean +s.e.m, with
each dot representing the percentage in one donor. Two-sided Student’s t-tests were used to
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compare the difference between normal and OA cartilage. Paired t-tests were used to compare
the difference between less damaged and damaged areas. (H and I) In both bulk RNA-seq
datasets GSE114007 (H) and GSE168505 (I), gene set enrichment analysis (GSEA) showing
that, compared with normal cartilage, OA samples possess gene expression related to ECM-
receptor interaction (left); bar plots showing that RAB5C and CYBB (codes for Nox2) expression
were significantly higher in OA samples compared to normal (right). Statistic test: two-sided
Student’s t-tests. (J) UMAP plots showing stage information (S) and expression density of RAB5C
and NCF2 (codes for p67phox) of OA chondrocytes in a single-cell RNA-seq dataset
(GSE104782). (K) Dot plot showing RAB5C and NCF2 (codes for p67phox) expression in different
stages of OA chondrocytes from GSE104782. Consistent high-expression profiles for RAB5C (P
= 0.045, comparing S4 to S0) and NCF2 (codes for p67phox; P = 0.044, comparing S4 to S0) in
late-stage OA chondrocytes were observed. Statistical test: Wilcoxon rank sum test. *P <0.05,
**P<0.01, ***P<0.001, ****P <0.0001; n.s., not significant. Scale bar, 100 pm.

61



A Normal

w0
o Kkkk
© 1000 T,
S S 80.0
53 °
2> 60.0;
Q @
o 8 40.0 060
\o—
> 8 20.0
o
Q 0.0
© > D
D P
RIS
o;o
\,QJ

% Src
colocalized with Rab5

0 W
o i
s
a ) \)

@
=

. >
t - ’ - - “‘ & “
b 4 t,y i
- % -
»] *
o .

* MMP-13+

Integrin

Fibronectin Integrin Intact
r‘GS B1 fragment (FN7-10) rGS B1 Fibronectin (FN)
\ )

< Ip47phox
ROS ‘U!!\ Recycling
ox2 p67phox endosome
Early (Rab11)
Redoxosome endosome
Late  ,——~ (Rab5) (Rabs) ~~ ™
endosome
(Rab7

p67phox p47phox

)
n Roé[] JU“
( ox2

62



Figure 2.20 Formation of signaling redoxosomes in human osteoarthritic cartilage.

Immunofluorescence images showing the presence of Rab5 (red) and p67phox (green) (A) and
Rab5 (red) and Src (green) (B) in normal (left panel), less damaged (middle panel), and damaged
(right panel) OA human cartilage. Nuclei were stained with DAPI, as shown in blue. Panels
represent a planar view of the x—y projection together with an axial view of the x—z projection (top
panel), magnified regions of white dashed boxes on the x—y projection (middle panel), and middle
layers of magnified regions (bottom panel). Quantification of the percentage of p67phox (A) or
Src (B) colocalized with Rab5. Measurements were derived from independent donors, n = 4 for
normal cartilage and n =5 (A) or n = 6 (B) for osteoarthritic cartilage. Data are mean + s.e.m, with
each dot representing the mean percentage in each donor, compared by two-sided Student’s t-
tests to determine the difference between normal and osteoarthritic cartilage and paired t-tests to
determine the difference between less damaged and damaged areas. Scale bars, 30 uym in top
panels and 10 ym in middle and bottom panels in A and B. **P<0.01, **P<0.001,
****P < 0.0001. (C) Schematic summary depicting that the formation of Nox2- and Src- containing
redoxosomes mediates a5B31 integrin signaling in response to FN7-10 and illustrating the different
integrin intracellular trafficking routes induced in response to FN7-10 or intact FN. Schematic is
not to scale.
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2.3. Discussion

This study provides evidence that the a5B1 integrin utilizes redoxosomes to transmit and
sustain signals that regulate MAP kinase and Src activation that leads to chondrocyte MMP
production. The redoxosomes provide for temporospatial production of hydrogen peroxide via
Nox2. Although integrin trafficking through endosomes has been shown to regulate a number of
biological processes including cell signaling relevant to cell migration and tissue development
(703, 108), this study demonstrates a role for the formation of redoxosomes (redox-active
endosomes) in response to integrin activation. Importantly, the formation of redoxosomes
occurred when a5B1 was activated by FN7-10 and not intact FN which allowed for a differential
response to the two a5B1 integrin ligands. This finding provides a new mechanism by which
cells may sense and respond to a damaged matrix, represented by the presence of a FN
fragment (FN7-10). Furthermore, trafficking of the a5 integrin-FN7-10 complex to Rab7-
containing late endosomes, which would be capable of merging with lysosomes for degradation,
could serve to both terminate the signaling and remove the fragmented matrix protein. Intact FN
also stimulated a5 integrin endocytosis and, like FN7-10, was endocytosed into Rab5-positive
early endosomes along with the 1 integrin subunit in the active conformation. This finding was
consistent with a prior study in cancer cell lines that found FN7-10 was co-endocytosed with
active B1 integrin (743). In contrast to FN7-10, we found intact FN was trafficked to Rab11-
containing endosomes, which would be expected to recycle the integrin back to the plasma
membrane (summarized in Figure 2.20C).

The localization of signaling complexes is of particular importance to sustain redox
signaling. The abundance and rapid kinetics of intracellular antioxidants require ROS, such as
hydrogen peroxide, to be produced within close proximity to redox-regulated signaling proteins
(88, 125). We observed that hydrogen peroxide generation occurred first at the plasma
membrane and then was localized to the cytosol and Rab5 positive redoxosomes. In addition to

Nox2, its subunit p67phox was localized to Rab5*a5 integrin® vesicles in response to FN7-10
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stimulation but not to intact FN. This is consistent with previous findings that Nox1 and Nox2 are
the two major Nox isoforms present in redoxosomes (130, 135, 144—147) although in
chondrocytes we found that Nox2 was much more abundant. Our inhibitor studies, which
included the highly specific Nox2 inhibitor gp91ds-tat, combined with imaging of Nox2
components in endosomes also containing the a5 integrin, are consistent with Nox2 serving as
the source of hydrogen peroxide in chondrocytes when a5831 integrin is activated by FN7-10.
The tyrosine kinase Src was also localized to the site of hydrogen peroxide production by Nox2.
Src kinase activity is well known to be redox-regulated (124) and a prior study (39) identified
that Src oxidation was induced in articular chondrocytes by FN7-10 and Src activation was
required for the increased production of MMP-13.

3D imaging of human cartilage samples is challenging due to the dense matrix that
contains collagen fibers that autofluorescence. Despite this we were able to use confocal
imaging to detect redoxosomes in normal and osteoarthritic human cartilage which is a major
advance. The finding that signaling redoxosomes containing Nox2 and Src were found at
increased levels in human osteoarthritic cartilage, especially at sites of damaged matrix,
supports a role for redox regulation of Src in OA. The importance of Src in OA is supported by
previous studies demonstrating that Src inhibition reduced OA severity in a preclinical animal
models (748-150).

Previously, degradation of FN at the cell surface by MT1-MMP (MMP-14) was found to
promote its endocytosis by myofibroblasts (757). In that study, the nature of the FN fragments
generated by MT1-MMP was not determined but, similar to the present study using FN7-10,
endocytosis was found to be mediated by the a5B1 integrin. MMP-14, as well as MMP-1, MMP-
3, MMP-13, and other proteases, including HirA1, can degrade FN to form various sized
fragments, some of which would be expected to contain the RGD cell binding sequence
recognized by a5p1 (716, 129). Fibronectin fragments have been shown to act as matrikines

stimulating the chemotaxis of prostate cancer cells to the bone marrow via a5B1, and fragments
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including a 29 kDa N-terminal fragment of FN that promotes proteolytic cartilage degradation
were also shown to bind to a5B1 integrin (152, 153). A role for a5B1 integrin signaling in OA
was further established by work demonstrating that conditional deletion of the a5 integrin
subunit in joint tissues protected mice from surgically-induced cartilage damage and OA (66).

The ability of resident cells to remodel their extracellular matrix is critical to the repair of
matrix damage. This requires removal and replacement of damaged matrix proteins with an
intact matrix. One mechanism for the removal of damaged matrix is through further proteolytic
digestion followed by phagocytosis by scavenger cells such as macrophages. (100, 151, 154,
155). Articular cartilage, however, is well known to have poor intrinsic repair capacity (756).
Cartilage lacks resident macrophages and does not have blood vessels by which macrophages
can travel to the tissue. This poses a unique challenge for the removal of damaged matrix
proteins in cartilage which could allow the build-up of matrix degradation products such as
fibronectin fragments found in OA as well as RA cartilage (99, 111, 116, 128, 157). Although
chondrocytes themselves may be capable of phagocytosis, they have been found to have
limited phagocytic capacity, including when tested with fibronectin fragments, when compared to
chondrogenic progenitor cells which are limited in number in adult cartilage (758). It is not clear
if endocytosis would be sufficient to remove significant amounts of matrix protein fragments
making it likely that accumulation of fragments in the pericellular environment that generate
additional fragments through the upregulation of proteases would promote a feed-forward loop
of matrix destruction as seen in OA. This is consistent with our finding that genes associated
with ECM-receptor interactions are increased in OA cartilage as well as genes expressing
components of redoxosomes.

A limitation of the present study was the focus on a single fibronectin fragment and a
single cell type. The FN7-10 fragment was chosen because of its well-established binding to
a5B1 integrin (170, 1317), which allowed us to study the role of integrin signaling. Additional

studies would be needed to determine if other fibronectin fragments that bind to a531 follow a
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similar pathway, which seems likely. Articular chondrocytes were chosen because they are
responsible for both the synthesis and degradation of cartilage extracellular matrix. They are the
key cell type in which activation of catabolic activity contributes to cartilage destruction in
osteoarthritis, a condition where new therapeutic targets are needed to halt the progression of
this painful and disabling condition.

Taken together, our results identify that the non-phagocytic uptake of a581 integrin by
chondrocytes after binding of the FN7-10 ligand leads to the formation of redoxosomes that
serve to localize and sustain signaling that results in the production of MMP-13. This finding
demonstrates how the production of hydrogen peroxide necessary for redox-mediated signaling
in response to matrix damage is regulated and sustained with temporal and spatial precision.
The presence of redoxosomes at increased levels in OA cartilage suggests they have a
mechanistic role in vivo in the pathogenesis of OA. These findings, and studies demonstrating
that endocytosis of pain receptors can be targeted therapeutically (759, 160), indicate that
selective delivery of endosomal-specific antioxidants or selective disruption targeting endosomal
signaling may provide exciting therapies for osteoarthritis and many other degenerative

diseases, which are beyond the reach of conventional therapies.
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2.4. Materials and methods
2.41. Primary human articular chondrocyte isolation and cell culture

Normal human ankle joints (tali) from tissue donors who did not have a history of arthritis
were provided by the Gift of Hope Organ and Tissue Donor Network (ltasca, IL, USA) through
an agreement with Rush University Medical Center (Chicago, IL, USA). The tali were visually
inspected for gross morphologic changes and graded using a modified Collins score of 0—4
(761). Only normal-appearing tali (grade = 0 or 1) were used. Cartilage dissection was
performed without taking either adjacent tissues or the underlying bone. A sequential digestion
was then conducted to isolate human articular chondrocytes, in which cartilage slices were first
incubated with Dulbecco's modified Eagle's medium (DMEM)/Ham's F-12 medium (Thermo
Fisher, cat. no. 11330) containing 0.2% (w/v) pronase (Millipore Sigma, cat. no. 53702) for 1 h.
It was followed by an overnight digestion with continuous agitation using DMEM/Ham's F-12
supplemented with 5% fetal bovine serum (FBS, VWR Seradigm, cat. no. 97068-085) and
0.036% (w/v) collagenase P (Roche, cat. no. 54684821). Following sequential digestion,
isolated primary human articular chondrocytes were counted and plated as high-density
monolayers. The cells were cultured in DMEM/F12 supplemented with 10% FBS, 100 U/mL
penicillin/streptomycin (Gibco, cat. no. 15140-122), 2.5 ug/mL amphotericin B (Millipore Sigma,
cat. no. A2942), and 4 pg/mL gentamicin (Gibco, cat. no. 15750060) at 37 °C and 5% CO. for 5—

7 days. Prior to experiments, the cells were serum-starved overnight.

2.4.2. Recombinant FN7-10 and FN7-10—-EGFP generation

For the production of hexahistidine (6 x His) fusion recombinant human FN7-10 or EGFP
tagged FN7-10 (FN7-10—-EGFP) proteins, a single colony of pET15b-FN7-10 (obtained from Dr.
Harold Erickson, Duke University, Durham, NC, USA) or pET11b-FN7-10—-EGFP (produced by
the UNC Animal Models Core, The University of North Carolina, Chapel Hill, NC, USA)

transformed BL21(DE3) Escherichia coli competent cells (Thermo Fisher, cat. no. C601003)
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were inoculated and cultured overnight at 37 °C with shaking at 225 rpm in 5 mL of LB medium
containing 100 pg/mL ampicillin (Millipore Sigma, cat. no. 171254). The overnight culture was
then diluted in 500 mL of LB medium containing 100 pg/mL ampicillin and cultured at 37 °C with
shaking at 225 rpm until the optical density (ODeoo) reached 0.6, followed by 1 mM IPTG
(Thermo Fisher, cat. no. PR-V3955) induction at 22 °C overnight with shaking at 225 rpm. Broth
culture was then pelleted by centrifugation in a pre-cooled Beckman JLA-16.250 fixed-angle
aluminum rotor (Beckman Coulter, product no. 363934) at 4,000 rpm for 10 min at 4 °C. The
pellet was resuspended in B-PER™ Bacterial Protein Extraction Reagent (10 mL per 250 mL LB
medium, Thermo Fisher, cat. no. 78248) followed by high-speed centrifugation at 13,000 rpm for
30 min at 4 °C using a Beckman JA 30.50 Ti fixed-angle titanium rotor (Beckman Coulter,
product no. 363420). The supernatant extract was kept cold and purified immediately. To purify
recombinant protein samples, 1 mL Ni-NTA beads (Qiagen, cat. no. 30210) were prepared per
10 mL extract. After three cold 1 x PBS washes with 10 mM imidazole (10 x bead volumes,
PBS and imidazole were diluted from 8 x phosphate buffer and 2.0 M imidazole stock
supplemented by His Buffer Kit, Millipore Sigma, cat. no. GE11-0034-00), Ni-NTA beads were
then mixed with supernatant extract and incubated at 4 °C for 2 h with rocking. This was
followed by protein elution, in which recombinant FN7-10 or FN7-10-EGFP was released from
Ni—NTA beads by competition with 500 mM imidazole (diluted from 2.0 M imidazole kit stock)
incubation at 4 °C for 10 min with rocking, followed by two bead washes using cold 1 x PBS and
one 70% isopropanol wash (Thermo Fisher, cat. no. BP2618500). After elution, the supernatant
recombinant protein eluent was collected by centrifugation at 1,000 rpm for 2 min at 4 °C.
Dialysis was performed immediately to remove imidazole and other unwanted molecules from
purified protein samples, in which Slide-A-Lyzer™ G2 Dialysis 3.5K molecular-weight cut off
(MWCO) cassettes (Thermo Fisher, cat. no. 87724) were used, as recombinant human FN7-10

has a molecular weight of approximately 42 kDa. Endotoxin was then removed using Pierce™
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High-Capacity Endotoxin Removal Spin Columns (Thermo Fisher, cat.no. 88276). After 2 h of
end-over-end mixing with purified recombinant protein at 4 °C, the column was centrifuged at
1,600 rpm for 1 min at 4 °C to collect the sample. Sodium dodecy! sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) was performed followed by Coomassie blue staining (Bio-Rad,
cat. no. 1610436 and 1610438) to assess the purity of the protein samples. The concentration
of recombinant FN7-10 or FN7-10-EGFP was determined by the BCA method. Endotoxin-free
recombinant protein samples were stored at —80 °C prior to use. The cells were treated with 1
MM FN7-10 overnight to analyze matrix metalloproteinase secretion in conditioned medium and
with 1 uM FN7-10 or FN7-10-EGFP for the indicated period of time in signaling or endocytosis

studies.

2.4.3. Intact fibronectin and chemical compounds

Purified fibronectin (FN) from human plasma used as intact FN (cat. no. F0895), TEMPO
(2,2,6,6-tetramethylpiperidine 1-oxyl, cat. no. 214000), and VAS2870 (7-(1,3-benzoxazol-2-
ylsulfanyl)-3-benzyl-3H-[1,2,3]triazolo[4,5-d]pyrimidine, cat. no. SML0273) were purchased from
Millipore Sigma. Sgp91ds-tat, scrambled (H-YGRKKRRQRRRCLRITRQSR-NH2, cat. no. AS-
63821) and gp91ds-tat (H-YGRKKRRQRRRCSTRIRRQL-NH2, cat. no. AS-63818) were
purchased from Eurogentec. GKT137831 (2-(2-chlorophenyl)-4-[3-(dimethylamino)phenyl]-5-
methyl-1H-pyrazolo[4,3-c]pyridine-3,6(2H,5H)-dione, cat. no. 17764) was purchased from
Cayman Chemical Company. Dynasore (3-hydroxynaphthalene-2-carboxylic acid, Cat. No.
2897) was purchased from Tocris Bioscience. Chondrocytes were treated with serum-free cell
culture medium containing the indicated concentrations of inhibitors for 1 h prior to FN7-10

stimulation.

70



2.44. Constructs

Expression vectors for the hydrogen peroxide reporter HyPer3, HyPer3—tk containing
KRAS C-terminal sequence, and HyPer3—Rab5 containing RAB5A were generated and
generously sent to us as gifts from R. Tsutsumi (Tohoku University, Sendai, Miyagi, Japan) and
B. Neel (New York University, New York, NY, USA). The EGFP-Nox2 and Nox4—-EGFP
constructs were generated and generously provided as gifts from J.D. Van Bull (University of
Amsterdam, Amsterdam, Netherlands), in which the full-length cDNAs encoding human NOX2
(EGFP-Nox2) or NOX4 (Nox4—EGFP) were subcloned into the pE-GFP—C1 or pE-GFP-N1
vector, respectively. c-Src—EGFP was generated by N. Yamaguchi (Chiba University, Chiba,
Japan) and sent to us as a gift, in which cDNA encoding human c-Src was c-terminally tagged
with EGFP into the pcDNA4/TO vector. The following plasmids were purchased from Addgene:
a5 integrin~EGFP (cat. no. 15238, gift from R. Horwitz), a5 integrin-mCherry (cat. no. 54970,
gift from M. Davidson), active Rab5 mutant mCherry—Rab5CA(Q79L) (cat. no. 35138, gift from
S. Grinstein), active Rab7 mutant EGFP—Rab7CA(Q67L) (cat. no. 28049, gift from Q. Zhong).
Expression vectors of mCherry-fused RAB5A (mCherry-Rab5, cat. no. 55126), RAB7A
(mCherry—Rabb, cat. no. 55127), and RAB11A (mCherry—Rab11, cat. no. 55124) were
deposited as gifts from M. Davidson, and mCherry-labelled dominant negative mCherry—
Rab5DN(S34N) (cat. no. 35139, a gift from S. Grinstein). All constructs used in this study were

verified by DNA sequencing.

2.4.5. Nucleofection

For nucleofections, isolated primary human articular chondrocyte monolayers were first
cultured in 10 cm dishes (Corning, cat. no. 430167) seeded at high density for 2-3 days. Then,
chondrocytes were digested in 10% FBS DMEM/Ham's F12 medium that contained 0.1% (w/v)
pronase and 0.1% (w/v) collagenase P at 37 °C/5% CO. until all cells were dislodged, which

resulted in a single cell suspension with no visible cell clumps or clusters. Pronase/collagenase
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digestion was facilitated by pipetting the cell suspension once per hour. The cells were
centrifuged for 8 min at 688 rpm and washed once with 1 x PBS (Thermo Fisher, cat. no.
14190144). After PBS wash, 1.0e+06 chondrocytes per electroporation were resuspended with
100 pL of P3 Primary Cell 4D-Nucleofector X Kit S reagent (Lonza, cat. no. S-8904), in which
nucleofector supplement (Lonza, cat. no. S-08962), and plasmid constructs were added and
mixed by pipetting. Nucleofections were performed in Nucleocuvette cartridges provided by the
P3 Primary Cell 4D-Nucleofector L Kit (Lonza, cat. no. V4XP-3024), in which samples covered
the bottom of the cuvette with no air bubbles. After electroporation, human chondrocytes were
cultured in DMEM/F12 media supplemented with 20% FBS at 37 °C/5% CO: in an incubator for

48 h before changing to serum-free conditions for the experiments.

2.4.6. Adenoviral transduction

The adenoviral construct encoding cytosolic catalase (cCAT) was purchased from the
University of lowa Viral Vector Core lab. The adenoviral construct encoding catalase targeted to
the mitochondria (MCAT) was generously provided as a gift from Dr. Douglas Spitz (University
of lowa, lowa City, IA, USA). The adenoviral construct encoding PRX2 was purchased from
Vector Biolabs (cat. no. ADV-219769). An empty vector (ad-Null) (Cell Biolabs, cat. no. ADV-
001) was used as a control to test the non-specific effects of adenoviral transduction. Upon
reaching 60—70% confluency, primary human articular chondrocyte monolayers were incubated
with serum-free DMEM/Ham's F-12 medium (Thermo Fisher, cat. no. 11330) media containing
adenovirus (4.0e+08 viral particles/mL) and 1 M calcium chloride (25 pL/mL media) for 2 h at
37 °C/5% CO.. Chondrocytes were then washed twice using serum-free DMEM/Ham's F-12
medium and cultured in 10% FBS DMEM/Ham's F-12 medium at 37 °C/5% CO-for 48 h,
followed by experimental treatments. Transduction was confirmed through immunoblotting using

total protein extracts from cultured cells.
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2.4.7. Quantitative PCR

Total RNA was isolated from primary human articular chondrocytes using a QlAgen
RNeasy mini kit (QlAgen, cat. no. 74004) and converted to cDNA using iScript™ Reverse
Transcription Supermix for RT-qPCR (Bio-Rad, cat. no. 1708840) supplemented with oligo (dT)
and random hexamer primers. RT—-gPCR was performed on a QuantStudio 6 Flex Real-time
PCR System (Thermo Fisher Applied Biosystems) using Bio-Rad iTag™ Universal SYBR®
Green Supermix (cat. no. 1725121). The following primers were used: TBP, 5'-
TGCACAGGAGCCAAGAGT-3’ (forward) and 5’-CACATCACAGCTCCCCAC-3’ (reverse);
NOX1, 5’- TTCAACAATTCCCAGGATTGAAGTGGATGGTC-3’ (forward) and 5’
GACCTGTCACGATGTCAGTGGCCTTGTCAA-3 (reverse); NOX2, 5
GTCACACCCTTCGCATCCATTCTCAAGTCAGT-3’ (forward) and 5’-
CTGAGACTCATCCCAGCCAGTGAGGTAG-3’ (reverse); NOX3, 5'-:
ATGAACACCTCTGGGGTCAGCTGA-3’ (forward) and 5'-
GGATCGGAGTCACTCCCTTCGCTG-3’ (reverse); NOX4, 5-TCGCAGAAGGTTCCAAGCAG-3’
(forward) and 5-ACTGAGAAGTTGAGGGCATTC-3' (reverse); NOX5, 5'-
ACTATCTGGCTGCACATTCG-3’ (forward) and 5-ACACTCCTCGACAGCCTCTT-3’ (reverse);
DUOX1, 5-CGACATTGAGACTGAGTTGA-3’ (forward) and 5’- CTGGAATGACGTTACCTTCT-
3’ (reverse); DUOX2, 5-AACCTAAGCAGCTCACAACT-3’ (forward) and 5’-
CAGAGAGCAATGATGGTGAT-3’ (reverse); p22phox, 5'-
GGCGCTTCACCCAGTGGTACTTTGG-3’ (forward) and 5'-
TAGGTAGATGCCGCTCGCAATGGC-3’ (reverse); p40phox, 5-GCTTCACCAGCCACTTTGTT-
3’ (forward) and 5’-TCCTGTTTCACACCCACGTA-3’ (reverse); p47phox, 5'-
AGTCCTGACGAGACGGAAGA-3' (forward) and 5-GGACGGAAAGTAGCCTGTGA-3’
(reverse); p67phox, 5- GGAGTGTGTCTGGAAGCAG-3’ (forward) and 5'-
AGTGTGTAGGGCATGGGAA -3’ (reverse). The mRNA levels were normalized to those of

TATA-box binding protein (TBP).
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2.4.8. Immunoblotting

After aspirating the media from the cultures, the cells were washed twice with cold 1 x
PBS on ice and lysed with lysis buffer (Cell Signaling Technology, cat. no. 9803) containing 20
mM Tris—HCI (pH 7.5), 150 mM NaCl, 1 mM Na:EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM beta-glycerophosphate, 1 mM NasVO4, and 1 ug/mL leupeptin,
supplemented with phenylmethylsulfonyl fluoride (PMSF, Millipore Sigma, cat. no. 93482), and
Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher, cat. no. 78440). The cells
were scraped using pre-cooled plastic cell scrapers and collected in microfuge tubes followed
by end-over-end rotation for 30 min at 4 °C. Tubes were then centrifuged at 15,000 rpm for 10
min at 4 °C to remove insoluble fractions. The concentration of soluble protein fractions
collected from the supernatant was determined using the BCA method (Pierce™ BCA Protein
Assay Kit, Thermo, cat. no. 23225). Samples with equal amounts of total protein (10-20 ug)
combined with 4 x Laemmli Sample Buffer (Bio-Rad. cat. no. 1610747) containing 5% 2-
mercaptoethanol (B-ME, Bio-Rad, cat. no. 1610710) were boiled for 5 min at 95 °C and cooled
on ice before microcentrifugation for 5 min. Proteins and molecular weight markers (Precision
Plus Protein™ Kaleidoscope™ Prestained Protein Standards, Bio-Rad, cat. no. 1610375) were
then separated by 10% SDS—-PAGE in Tris—glycine SDS running buffer (diluted from 10 x stock,
Bio-Rad, cat. no. 1610772) for 90 min at 120 V and electrotransferred from the gel to a
nitrocellulose membrane (Cytiva, cat. no. 10600001) in transfer buffer that contained 25 mM
Tris (Thermo Fisher, cat. no. BP152-500), 192 mM glycine (Thermo Fisher, cat. no. BP381-
500), 20% (v/v) methanol (Thermo Fisher, cat. no. A412P-4), and 0.1% (w/v) SDS (Bio-Rad,
cat. no. 1610416) in deionized water for 70 min at 120 V. The membranes were blocked with
5% bovine serum albumin or nonfat dry milk in Tris-buffered saline with 0.1% Tween (TBST) for
1 h at room temperature and incubated with primary antibodies overnight at 4 °C. The
membranes were then rinsed three times for 5 min each in TBST. Following HRP-linked

secondary antibody incubation for 1 h at room temperature, membranes were developed with
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ECL substrates (Azure Biosystems, cat. no. 190716) and visualized using an Azure Biosystems
c600 imager (Azure Biosystems). To assess protein phosphorylation, immunoblotting was
performed using phospho-specific antibodies. Blots were then stripped and re-probed with
antibodies to target total proteins or B-tubulin as controls. For extracellular MMP-13 secretion
analysis, conditioned medium was collected after overnight stimulation and used for
immunoblotting. MMP-2 levels were not altered by the stimuli or inhibitors tested and so were
used as a loading control for media samples. Densitometric analysis was performed using
ImageJ/Fiji. The following antibodies for immunoblotting were used at diluted concentrations:
antibodies against phospho-JNK (Thr183/Tyr185) (81E11) (1:1000, cat. no. 4668), JNK2 (56G8)
(1:1000, cat. no. 9258), phospho-c-Jun (Ser73) (D47G9) (1:1000, cat. no. 3270), total c-lun/c-
Jun (60A8) (1:1000, cat. no. 9165), phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (1:1000,
cat. no. 9101), total ERK/p44/42 MAPK (ERK1/2) (1:1000, cat. no. 9102), phospho-p38 MAPK
(Thr180/Tyr182) (1:1000, cat. no. 9211), total p38/p38 MAPK (1:1000, cat. no. 9212), mCherry
(E5D8F) (1:1000, cat. no. 43590), Rab5 (C8B1) (1:1000, cat. no. 3547), and B-tubulin (1:1000,
cat. no. 2146) were purchased from Cell Signaling Technology; antibodies against PRX2
(1:1000, cat. no. ab191535) and catalase (1: 1000, cat. no. ab48613) were purchased from
Abcam; the antibody against phospho-p47phox (Ser345) (cat. no. PA5-37806) was purchased
from Thermo Fisher; antibodies against MMP-2 (1:1000, cat. no. MAB3308) and MMP-13
(1:2000, cat. no. MAB3321) were purchased from Millipore Sigma; and HRP-conjugated
secondary antibodies anti-rabbit IgG HRP-linked antibody (1:1500, cat. no. 7074) and anti-
mouse IgG HRP-linked antibody (1:1500, cat. no. 7076) were purchased from Cell Signaling

Technology. Densitometric analysis was performed using ImageJ/Fiji.

2.4.9. Fluorescent labeling of FN7-10 and intact FN
To fluorescently label FN7-10 and intact FN, we utilized the Alexa Fluor 647 Fluorescent

Protein Labeling Kit (Invitrogen, cat. no. A20173) following the instructions provided with the kit.
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Following the labeling procedure, SDS-PAGE analysis was conducted, and the protein samples
were subsequently subjected to Coomassie blue staining (Bio-Rad, cat. no. 1610436 and
1610438) to evaluate their purity. For the experimental treatments, separate mixtures of
labeled:unlabeled FN7-10 and intact FN were prepared in a 1:5 ratio. To ensure accurate
dosing for the corresponding experiments, the concentration of labeled proteins was measured

using NanoDrop (Thermo Fisher).

2.4.10. Immunofluorescence staining

The cells were washed with 1 x PBS, fixed in 4% paraformaldehyde (PFA, purchased
from Thermo Fisher, cat. no. 43368; 16% PFA stock was diluted in 1 x PBS to 4% upon
addition) for 15 min at room temperature and rinsed three times in PBS for 5 min each. Next,
the cells were blocked and permeabilized in blocking buffer containing 5% normal donkey
serum and 0.05% saponin (Thermo Fisher, cat. no. J63209) in 1 x PBS. Then, the cells were
incubated overnight at 4 °C with primary antibodies in antibody dilution buffer containing 1%
BSA and 0.05% saponin. After three rinses in 1 x PBS for 5 min each, the cells were incubated
with Alexa Fluor-conjugated secondary antibodies for 1 h in the dark at room temperature. For
the immunofluorescence staining of human articular cartilage cryosections, dissected human
articular cartilage tissues of the knee (normal or arthritic) were immersion-fixed with 4% PFA in
PBS overnight at 4 °C. Following fixation, tissues were then transferred to 30% (w/v) sucrose
solution for dehydration overnight at 4 °C. Dissected tissues were next embedded in Tissue-
Plus™ O.C.T. Compound (Thermo Fisher, cat. no. 23-730-571) at —80 °C before all other
processing. When ready for sectioning, embedded tissues were moved directly into a cryostat
microtome (OTF 5000 Cryostat, Hacker-Bright) with O.C.T. medium to mount tissues on the
cryostat chuck to allow tissue to equilibrate with the cryostat temperature (—20 °C). Frozen
cartilage tissues were sectioned into 20-um-thick slices and then mounted onto warm

Fisherbrand™ Superfrost™ Plus Microscope Slides (Thermo Fisher, cat. no. 12-550-15). Slides
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were stored at —80 °C until ready for staining. To begin staining, slides were thawed to room
temperature and rehydrated twice with PBS for 10 min each. A circle was drawn around the
tissue using a hydrophobic barrier pen (Vector Laboratories, cat. no. H-4000). Blocking for 1 h
at room temperature was then performed using the above-mentioned blocking buffer. Next,
primary antibodies were diluted in the antibody dilution buffer mentioned above and incubated
overnight at 4 °C. Following 1 x PBS wash three times for 10 min each, cryosections were
incubated with Alexa Fluor-conjugated secondary antibodies for 2 h in the dark at room
temperature. Nuclei were counterstained using diluted DAPI solution (1:1000, Thermo Fisher,
cat. no. 62248). The following primary antibodies were used at diluted concentrations: rabbit
monoclonal antibody against Rab5(C8B1) (1:200, Cell Signaling Technology, cat. no. 3547),
mouse monoclonal antibody against Rab5(E6N8S) (1:200, Cell Signaling Technology, cat. no.
46449), rabbit monoclonal antibody against Rab7 (D95F2, 1:200, Cell Signaling Technology,
cat. no. 9367), rabbit monoclonal antibody against Rab11 (D4F5, 1:50, Cell Signaling
Technology, cat. no. 5589), rat monoclonal antibody anti-CD29 (clone:9EG7, 1:50, BD
Pharmingen, cat. no. 553715), mouse monoclonal antibody anti-CD29(clone: K20, 1:200, Novus
Biologicals, cat. no. NBP2-52708), rabbit monoclonal antibody against Src(36D10) (1:400, Cell
Signaling Technology, cat. no. 2109), and rabbit polyclonal antibody against p67phox (1:40,
Thermo Fisher, cat. no. PA5-52244). Alexa Fluor-conjugated secondary antibodies were
obtained from Thermo Fisher, Alexa Fluor 405 donkey anti-rat IgG (H+L) (Thermo Fisher, cat.
no. A-48268), Alexa Fluor 488 donkey anti-rabbit IgG (H+L) (Thermo Fisher, cat. no. A-32790),
Alexa Fluor 568 donkey anti-mouse IgG (H+L) (Thermo Fisher, cat. no. A-10037), including
Alexa Fluor 568 goat anti-mouse IgG (H+L) (Thermo Fisher, cat. no. A-11004) and Alexa Fluor
647 goat anti-rabbit IgG (H+L) (Thermo Fisher, cat. no. A-21245). Alexa Fluor-conjugated
secondary antibodies were used at a 1:1000 dilution for cell staining and 1:500 for cryosection
staining. Following the completion of immunofluorescence staining, autofluorescence was

quenched using a Vector® TrueVIEW® Autofluorescence Quenching Kit (Vector Laboratories,

77



cat. no. SP-8400-15) after draining excess washing buffer from tissue cryosections according to
the manufacturer’s instructions. Cryosections were mounted using ProLong™ Diamond Antifade

Mountant (Thermo Fisher, cat. no. P36961) prior to imaging.

2.4.11. Confocal microscopy and image analysis

Dual-color and three-color confocal images of fluorescently labelled cell samples were
obtained using a Zeiss LSM 710 confocal microscope system (Carl Zeiss), which was equipped
with 488 nm, 543 nm, 594 nm and 633 nm laser lines, a Plan-Apochromat 40 x NA1.4 Qil DIC
M27 objective, standard alkali photomultiplier tubes, and ZEN acquisition software (Zen 2.3 SP1
FP3 black, 64 bit, release version 14.0.0.0). For dual-color images, the EGFP signal was
acquired using the 488 nm excitation laser line and detected in the 498-560 nm wavelength
range. The mCherry signal was acquired using the 594 nm laser line and detected in the 604-
700 nm wavelength range. Images were captured in 636 x 636 pixel format with 2 x line-
averaging settings. The pixel size of the x-y plane was set as 0.08 ym/pixel. The distance
between image planes in the z-direction was set as 0.20 ym/step during three-dimensional (3D)
z-stack recording. For three-color images, the EGFP signal was acquired using the 488 nm
excitation laser line and detected in the 504-543 nm wavelength range, the mCherry signal was
acquired using the 543 nm excitation laser line and detected in the 572-621 nm wavelength
range, and the Alexa Fluor 647 signal was excited using the 633 nm laser line and detected in
the 643-700 nm wavelength range. Images were captured in 1024 x 1024 pixel format with 2 x
line-averaging settings. The pixel size of the x-y plane was set as 0.05 um/pixel. The distance
between image planes in the z-direction was set as 0.46 ym/step during the 3D z-stack
recording. Four-color confocal images of fluorescently labelled cell samples were obtained using
a Zeiss LSM 900 confocal microscope system (Carl Zeiss), which was equipped with 405 nm,
488 nm, 561 nm and 640 nm laser lines, a Plan-Apochromat 40 x NA1.4 Oil DIC M27 objective,

GaAsP photomultiplier tubes, and ZEN acquisition software (Zen 2.3 SP1 FP3 black, 64 bit,
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release version 14.0.0.0). The Alexa Fluor 405 signal was acquired using the 405 nm excitation
laser line and detected in the 410-470 nm wavelength range, the Alexa Fluor 488 signal was
acquired using the 488 nm excitation laser line and detected in the 500-550 nm wavelength
range, the Alexa Fluor 568 signal was excited using the 561 nm excitation laser line and
detected in the 575-645 nm wavelength range, and the Alexa Fluor 647 signal was excited
using the 640 nm laser line and detected in the 645-700 nm wavelength range. Images were
captured in 453 x 453 pixel format, without averaging. The pixel size of the x-y plane was set as
0.071 pm/pixel. The distance between image planes in the z-direction was set as 0.20 uym/step
during three-dimensional (3D) z-stack recording. Confocal images of human cartilage tissues
were captured using a Zeiss LSM 700 confocal microscope system (Carl Zeiss) equipped with
405 nm, 555 nm, and 639 nm laser lines, a Plan-Apochromat 20 x/0.8 M27 objective, standard
alkali photomultiplier tubes, and ZEN acquisition software (Zen 2011 SP7 FP3 black, 64 bit,
release version 14.0.0.0). The Alexa Fluor 405 signal was acquired using the 405 nm excitation
laser line and detected in the 300-483 nm wavelength range, the Alexa Fluor 568 signal was
acquired using the 555 nm excitation laser line and detected in the 493-600 nm wavelength
range, the Alexa Fluor 647 signal was acquired using the 640 nm excitation laser line and
detected in the 644-800 nm wavelength range. Images were captured in 2048 x 2048 pixel
format with 2 x line-averaging settings. The pixel size of the x-y plane was set as 0.16 um/pixel.
The distance between image planes in the z-direction was set as 1.00 ym/step during the 3D z-
stack recording. The 1 AU pinhole size was set on the longest wavelength fluorophore with the
same size for the rest of the images in the same dataset. Images in the same dataset were
acquired with the same settings and all channels had intensities below saturation. Fields of view
were selected randomly. Z-stack images were deconvolved using AutoQuant X3 (Media
Cybernetics) using default settings. Image analysis was performed in ImageJ/Fiji (the National

Institutes of Health, for format transformation, region of interest selection, montage, and
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kymograph presentation), Matlab (MathWorks, for ratiometric demonstration) and Excel
(Microsoft, for line profiling). 3D rendering was performed in Imaris (Bitplane).

To determine the distribution of a5 integrin associated with the early or late endosome
compared to the cell membrane in Figure 2.1 and Figure 2.3, we created two types of 3D
objects: those that enclosed all the endosomes and others that enclosed only the surface
membrane of cells. Because our endosomal markers were on the surfaces of endosomes but
not inside them, we took a multi-step approach to create 3D objects that enclosed all of the
endosome, including their interior volume and not just their labelled membranes. A
corresponding workflow diagram is presented in Figure 2.21. First, we used automatic
thresholding in Imaris’s “surface” tool to create a 3D object based on either the mCherry
channel to recognize constitutively active early endosomes (mCherry—Rab5CA(Q79L) in Figure
2.1), or the EGFP channel to recognize constitutively active late endosomes (EGFP-
Rab7CA(Q67L) in Figure 2.3). Second, using the masking function in Imaris, these 3D objects
were used to create a binary data channel with the masked signal set as “255” (white) and the
non-masked signal set as “0” (black). Third, multi-channel images were then imported into
ImageJ/Fiji, where a custom macro was used to “fill” hollow centers of constitutively active
endosomes in the binary channel. The result was a channel where the inside and membrane of
an endosome had a constant value of 255. Fourth, the resulting data was converted back into
the Imaris file format using Imaris File Converter and imported into Imaris. Fifth, within Imaris,
we used the “surface” tool to create a 3D object on the now “filled” (without a hollow interior)
endosome binary channel created by the ImageJ/Fiji macro. The result was 3D objects that
enclosed each endosome (membrane and interior), which could be used for further analysis. To
generate a 3D object enclosing the cell membrane, we used the “surfaces” tool in Imaris based
on either the EGFP (Figure 2.1) or mCherry (Figure 2.3) channel, depending on the form of
fluorescent a5-integrin fusion being used. A manual threshold was performed to only include the

cell membrane in a manner blind to the experimental treatment. The percentage of a5-integrin
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fluorescence intensity associated with the early endosome (Figure 2.1) or late endosome

(Figure 2.3) compared to the cell membrane was determined using the following equation:

Fcendosome _ Y Fendosome = Fhack X #Voxelendosome

Fccell membrane Y Fcell membrane= Fpack X #V0xelcell membrane

(1)

where F.endosome is the corrected a5-integrin fluorescence intensity associated with the early
endosome (Figure 2.1) or late endosome (Figure 2.3), F.cell membrane is the corrected a5
integrin fluorescence intensity associated with the cell membrane, Fy, . is the background
fluorescence intensity that was measured in ImageJ/Fiji at cell-free positions of middle layers,
Y. Fendosome iS the sum of a5-integrin fluorescence intensity associated with the early endosome
(Figure 2.1) or late endosome (Figure 2.3), Y. F.cii membrane 1S the a5 integrin fluorescence
intensity associated with the cell membrane, #Voxelz,q0s0me iS the number of voxels on the
endosome, and #Voxel ..;; membraneiS the number of voxels associated with the cell membrane.

Z Fendosomea Z Fcell membrane: #Voxelendosomea and #Voxelcell membrane WEre aUtomatica”y

determined by Imaris.
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Hollow endosomes

Endosome filling:

1) Create Imaris surface on R channel

2) Binary channel created from surface

3) Export binary channel to FIJI

4) Hollow endosomes filled with macro

5) Binary filled channel reimported to
Imaris (C channel)

Figure 2.21 Workflow diagram demonstrating conversion of hollow endosomes to filled
endosomes.

First, Imaris’s “surface” tool was used to create a 3D object based on the R channel. Second,
using the masking function, the 3D objects were used to create a binary data channel with the
masked signal set as “255” (white) and the non-masked signal set as “0” (black). Third, the
multi-channel images were exported to Fiji. Fourth, the hollow centers of constitutively active
endosomes were filled with a custom macro. Fifth, the resulting data was transferred back to
Imaris to create a 3D object on the now “filled” endosomes. (A) Hollow endosomes. (B) Filled
endosomes after the endosome filling method. A more detailed protocol is provided in the
methods section. This protocol was also applied to generate a 3D object that enclosed an entire
cell to determine the percent volume of FN7-10-EGFP relative to the entire cell. Scale bars,
5um.
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Custom Macro

Fiji macro “Blob filler” used for confocal imaging analysis of constitutively active endosomes
written in 1J1 macro language.

//Blob filler

//Select dataset. Image file below is an example.
selectWindow("10_2h_Image 1 ws.czi.ims - 10_2h_Image 1 ws.czi.ims Resolution Level 1");

/[Duplicate channel with endosome thresholded to 255 (macro assumes channel 3, but this can
be changed)
run("Duplicate...", "duplicate channels=3");

//IConvert to 8 bit for compatibility with thresholding and speed

run("Conversions...", " "); //this will remove conversion scaling
run("8-bit");

/INote: Dilate will capture material both inside AND around Rabs. It will close "C" type structures.
run("Dilate (3D)", "iso=255"); //Iso settings at 255 to do Dilate on thresholded image.

//IGenerate ROls that fill in holes
roiManager("reset"); //delete any ROIs from previous analysis
run("Analyze Particles...", "display exclude clear include summarize add stack");

/IGet number of rois, select each one and fill in with white. Note that ones with holes will be filled,
other won't change
setForegroundColor(255, 255, 255);
for (i = 0; i < roiManager("count"); i++) {
roiManager("Select", i);
run("Fill", "slice");

}

//[Erode back what was dilated, AFTER filling holes.
run("Erode (3D)", "iso=255");

//IConvert to 32-bit, for compatibility with Imaris
run("32-bit");

/ldelete ROls
roiManager("reset");
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To determine the internalization of the fluorescently tagged FN7-10 (FN7-10-EGFP) in
Figure 2.7 and Figure 2.8, the following was measured at each experimental condition: (i) the
volume of FN7-10—-EGFP associated with the cell compared to the volume of the whole cell
(Figure 2.7) to quantify FN7-10—EGFP internalization, (ii) the percentage of FN7-10-EGFP
colocalized with a5 integrin—mCherry (Figure 2.7) to determine if the internalization of FN7-10-
EGFP is mediated by a5 integrin, and (iii) the percentage of FN7-10—EGFP entering early
endosomal compartments (Figure 2.8) to determine if endocytosed FN7-10-EGFP enters early
endosomes at the indicated time points.

(i) To measure the volume of FN7-10—-EGFP associated with the cell compared to the
volume of whole cell in Figure 2.7, we first used automatic thresholding in the Imaris “surface”
tool to create a 3D object based on the mCherry channel to recognize a5-integrin—-mCherry (in
some cases, manual adjustment was applied to ensure that the cell boundary was included in a
blind manner). Then, using the masking function in Imaris, we generated a binary data channel
on the 3D object created with the masked signal set as “255” (white) and the non-masked signal
set as “0” (black). The custom ImageJ/Fiji macro described above was used to “fill” the hollow
cell center in the binary data channel. The result was a channel where the inside and membrane
of the cell had a constant value of 255. The resulting data was converted back into the Imaris
file format using Imaris File Converter and imported into Imaris. Within Imaris, we used the
“surface” tool to create a 3D object on the now “filled” (without hollow interior) cell binary
channel created by the ImageJ/Fiji macro. The result was a 3D object that enclosed each cell
(membrane and interior), which could be used to measure the whole cell volume and to mask
the EGFP channel to determine the volume of FN7-10—EGFP associated with the cell. The
percentage of volume of FN7-10-EGFP associated with the cell compared to the volume of

whole cell was determined using the following equation:

V% — VFEN7-10-EGFP X 100% (2)

Vwhole cell
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where Vpy-_10-gcrp 1S the volume of FN7-10—EGFP associated with the cell and V,,1,1¢ cenr IS the
volume of 3D object created on the “filled” cell binary data channel. Viyy_10-gcrr @and Viphote celt
were automatically determined by Imaris.

(il) To measure the percentage of FN7-10-EGFP colocalized with a5 integrin-mCherry
in Figure 2.7, a “colocalization result” channel was generated to represent the FN7-10-EGFP
and a5 integrin—-mCherry colocalized area, with automatic thresholding applied on the EGFP
channel and the mCherry channel. The colocalization percentage was calculated by Imaris.
Similarly, a “colocalization result” channel was generated to represent the percentage of a5
integrin—EGFP at early endosomes indicated by mCherry—Rab5, late endosomes indicated by
mCherry—Rab5, and recycling endosomes indicated by mCherry—Rab11 in Figure 2.5, and the
percentage of a5 integrin—~EGFP or FN7-10—-EGFP at early endosomes, as shown by mCherry—
Rab5 in Figure 2.11.

(iii) To determine the percentage of FN7-10-EGFP entering early endosomal
compartments in Figure 2.8, we first took a multi-step approach to create 3D objects that
enclosed endosomes (membrane and interior) as described above. Then, a “colocalization
result” channel was generated to represent the percentage of FN7-10—-EGFP associated with
“filled” endosomes with automatic thresholding applied on the EGFP channel and the “filled”
endosome binary channel created by the ImageJ/Fiji macro channel. The colocalization
percentage was calculated by Imaris.

To determine the percentage of EGFP—Nox2 (Figure 2.14) or Nox4-EGFP (Figure
2.15) colocalized with Alexa Fluor 647 immunolabelled Rab5 (Rab5*) and a5 integrin—mCherry
(a5 integrin®) vesicles under each experimental condition, we used the colocalization module in
Imaris. A “Rab5*a5 integrin® vesicle” surface was generated based on a “colocalization
result/double-positive vesicle” channel with automatic thresholding applied to the mCherry

channel and the Alexa Fluor 647 channel. The colocalization percentage between EGFP-Nox2
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or Nox4—EGFP with Rab5*a5 integrin* vesicles was determined by Imaris with automatic
thresholding applied on the EGFP channel and “Rab5*a5 integrin® vesicle”.

To determine the percentage of endogenous Src colocalized with a5 integrin~-EGFP
associated with mCherry—Rab5CA(Q79L) in Figure 2.18 under each experimental condition, we
used the colocalization module in Imaris. A “colocalization result/a5 integrin~-EGFP inside
mCherry—Rab5CA(Q79L)” was generated with automatic thresholding applied to the EGFP
channel and the “filled” endosome binary channel as described above. Then, the percentage of
endogenous Src colocalized with a5 integrin~-EGFP inside Rab5CA(Q79L) was determined by
Imaris with automatic thresholding applied to the Alexa Fluor 647 channel and the “a5 integrin—
EGFP associated with inside mCherry—Rab5CA(Q79L)” channel.

For the analysis of z-stacks of deconvolved images acquired using human cartilage
tissues, the percentage of Src colocalized with Rab5 (Figure 2.20) and p67phox colocalized
with Rab5 (Figure 2.20) was determined by Imaris with automatic thresholding applied or, in
some cases, by manual adjustment to ensure that the generated surfaces did not exceed the
cell boundary on the Alexa Fluor 568 and Alexa Fluor 647 channels. Image analysis was
performed in a blind manner. Intensity profiling for multi-channel images was performed using

ImageJ/Fiji.

2.4.12. Live cell imaging

Transfected human chondrocytes were seeded into glass-bottom dishes (Cellvis, Cat.
No. D35-20-1.5H) in serum-containing media after nucleofection. 48 h later, the cells were
serum starved in phenol red-free DMEM/F-12 (Thermo, Cat. No. 21041025) overnight before
experiments. Images were acquired with reflection-based laser autofocus (Definite Focus) on a
Zeiss LSM 710 confocal microscope system with a Plan-Apochromat 40 x NA1.4 Oil DIC M27
objective. Throughout the experiments, cells were maintained in a stage-top incubator (Pecon,

Incubator PM 2000 RBT) that provided a humidified atmosphere of 5% CO. (Pecon, CO;
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Module S) at 37 °C (Pecon, TempModule S). For ratiometric HyPer3 imaging in Figure 2.16 and
Figure 2.17, scanning was performed at 2 min intervals, with FN7-10 (Figure 2.16) or intact
fibronectin (FN) (Figure 2.17) being added after the fifth scan (10 min after the start of the
experiment) and was recorded over the course of 120 min following treatment, for a total of 65
frames. Hyper3 fluorescence was sequentially excited at both 405 nm wavelength and 488 nm
wavelength using the same emission filter (498-580 nm wavelength range) in 512 x 512 pixel
format with 2 x line averaging. The pixel size of the x-y plane was set as 0.42 ym/pixel. Images
in the same dataset were acquired with the same settings and at fixed intensity settings below
saturation and recorded with 12-bit depth. HyPer3 was background-subtracted (by using ROIs
at cell-free positions), and the ratio (F488/F405) was measured as the average emission
intensity excited at 488 nm wavelength (F488) divided by the average emission intensity excited
at 405 nm wavelength (F405) of the whole cell. The average intensities of F488 and F405 from
the first five frames pretreatment were normalized as 1 in Figure 2.16 and Figure 2.17. Then,
the kymographs are demonstrated as fluorescence intensity along the line (y-axis) against time
(x-axis). For other dual-color imaging to indicate early endosomal trafficking, indicated by
mCherry—Rab5CA(Q79L), of EGFP fusion proteins, the EGFP signal was excited using the 488
nm laser (498-560 nm emission), and the mCherry fluorescence was excited using the 594 nm
laser (604-700 nm emission), in 636 x 636 pixel format with 2 x line averaging. The pixel size of
the x-y plane was set as 0.08 um/pixel. Confocal scanning was performed at 5 min intervals,
with PBS vehicle, FN7-10 or intact FN being added after the second scan (10 min after the start
of the experiment) and was recorded over the course of 180 min following the treatment,
resulting in a total of 38 frames. The ratiometric analysis in Figure 2.2 and Figure 2.9 was
performed using ImageJ/Fiji by measuring the mean intensity of regions of interest (ROIs) of
endosomes (indicated by mCherry—Rab5CA(Q79L)) and cell membranes across the 180 min
imaging period. The ratiometric images were generated by Matlab scripts that calculate the ratio

of intensities from pixels at same position. Pseudo colors and look up tables were then applied
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in ImageJ/Fiji. The average intensities of EFGP fusion proteins of ROls of endosomes from the
first two frames pretreatment were normalized as 1. Kymographs of time-lapse images were
generated by drawing lines (shown as dashed lines) across the images and produced in
ImageJ/Fiji using the “reslice” function. The kymographs show the fluorescence intensity along

the line (y-axis) against time (x-axis).

2.4.13. Immunohistochemical staining of human cartilage and analysis

Osteoarthritic human cartilage was isolated from the femoral condyle obtained from adult
donors who had knee replacement surgery at the University of North Carolina Hospitals
Hillsborough Campus (Hillsborough, NC, USA). Full-thickness tissue samples were obtained
from damaged and adjacent less damaged osteoarthritic areas, determined macroscopically
and microscopically, from the same patient. Representative safranin orange and fast green
(SOFGQG) staining is shown in Figure 2.19, indicating the difference in cartilage matrix loss
between less damaged and damaged areas. Healthy human femoral condyles were provided by
the Gift of Hope Organ and Tissue Donor Network (Itasca, IL, USA) through an agreement with
Rush University Medical Center (Chicago, IL, USA), where cartilage tissue of the femoral
condyle had been carefully inspected, and only those with normal appearance (grade = 0 or 1)
were used in experiments as healthy controls. Processed full-thickness osteoarthritic or healthy
cartilage tissue samples were cut into 6 um sections, deparaffinized and rehydrated with xylene
and ethanol gradients. Heat-induced antigen (epitope) retrieval (HIRE) was performed in sodium
citrate buffer (pH = 6, Sigma-Aldrich, cat. no. W302600) at 90 °C for 30 min. Endogenous
peroxidase activity was blocked with 3% H.O: for 10 min, followed by a 1 h incubation with 5%
donkey serum (Jackson ImmunoResearch, cat. no. 017-000-121) in 0.1% Triton/PBS to block
non-specific IgG binding and a subsequent overnight incubation with primary antibodies in a
humidified chamber at 4 °C. The following antibodies for immunochemistry staining were used

at diluted concentrations: antibodies against Rab5(C8B1) (1:200, cat. no. 3547) and Src(36D10)
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(1:200, cat. no. 2109) were purchased from Cell Signaling Technology; the antibody against
p67phox (1:40, cat. no. PA5-52244) was purchased from Thermo Fisher, and the antibody
against Nox4 (1:200, cat. ab109225) was purchased from Abcam. Secondary antibody
incubation was thereafter performed using Biotin-SP (long spacer) AffiniPure Donkey Anti-
Rabbit IgG (H+L) (1:200, Jackson ImmunoResearch, cat. no. 711-065-152) for 1 h, and then
slides were incubated with VECTASTAIN™ Elite™ Avidin-Biotin Complex (ABC) solution
(Vector laboratories, cat. no. PK-6100) for another hour before 1 x PBS washing followed by
incubation with Vector™ DAB peroxidase substrate (Vector laboratories, cat. no. SK-4100).
After counterstaining with hematoxylin (Cole-Parmer, cat. no. 3530-32) for 3 min, the slides
were dehydrated, cleared in xylene and mounted with Fisher Chemical™ Permount™ Mounting
Medium (Thermo Fisher, cat. no. SP15-100). Cell counts were performed using ImageJ/Fiji
software. Image analysis was performed in a blind manner. There were nine randomly selected
distinct fields at 10 x magnification per donor assessed for different conditions, across normal
and less damaged or damaged osteoarthritic cartilage, from at least three sections (30 um
apart). The mean immune-positive cell percentage was reported based on nine assessments for
each donor per applicable condition. Images were taken using an Olympus BX60 microscope

(Olympus).

2.4.14. Publicly available data collection and processing

The bulk RNA-seq data were downloaded from GSE14007 and GSE168505 and
analyzed using R v4.2.1 and GSEA v4.2.3 (162). The gene expression data was normalized by
dividing the total number of reads for each sample. Then, GSEA analyses were conducted with
standard weighted enrichment statistics and Signal2Noise was adopted as the metric for
ranking genes. Finally, two-sided Student’s t-tests were performed for identifying differentially
expressed genes. The scRNA-seq data was downloaded from GSE104782 and analyzed using

Seurat (v 4.2.0) workflow (763). Genes expressed in less than three cells and cells expressing
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less than 300 genes were filtered to improve the accuracy of the analysis. Then, the top 2000
highly variable genes were identified. Principal component analysis (PCA) and uniform manifold
approximation and projection (UMAP) were performed to reduce the high data dimensionality
into two-dimensional space. R package harmony (764) was used to perform batch correction,
and R package Nebulosa (765) was applied to recover signals of gene expression using
weighted kernel density estimation. Cell type labels and stage information were assigned to
cells based on the annotations provided by Ji et al. (742). Differentially expressed genes
(DEGs) among different stages were identified and analyzed by Seurat v3 using the
FindMarkers function (default a Wilcoxon Rank Sum test), with the log-scaled fold change
threshold of 0.25 and P value threshold of 0.05. The bulk RNA-seq and single-cell RNA-seq

data are available in the NCBI’'s Gene Expression Omnibus (GEQO) data repository.

2.4.15. Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism (8.0). Two-sided Student’s t-
test (paired or unpaired, as appropriate) was used when two datasets were compared. One-way
or Two-way ANOVA (considering both time and treatment and their interaction as factors),
followed with post hoc Tukey’s test, was used for multiple comparisons (766). Boxplots show all
data values in which the 25th and 75th percentiles are indicated, and whiskers show the minima
and maxima. Densitometry data generated from immunoblotting, ratiometric data generated
from live-cell imaging, and data generated from immunohistochemistry analyses are presented
as the mean £ s.e.m. Analysis using bulk RNA-seq data from GSE14007 and GSE168505 and
scRNA-seq data from GSE104782 were detailed above. A P value of less than 0.05 was
considered significant. *P < 0.05, ** P < 0.01, *** P < 0.001, **** P <0.0001; n.s, no significance.
No statistical method was used to predetermine sample sizes. No data were excluded. Sample
sizes and statistical analyses for each experiment are denoted in the figure legends. To ensure

reproducibility, key experiments were repeated at least three times where possible. For certain
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confocal imaging studies where extensive data processing was required at the single cell level,
results from n=30 or more cells from 2 independent donors were analyzed. All attempts were
successful. To ensure randomization in the immunofluorescence and immunohistochemistry
analyses, pictures were taken of different fields (tissue samples or individual cells) from
independent donors at different locations. Analyses were performed in a blind manner.
Immunoblots were performed at least three times with similar results, and a representative blot
from independent donors is shown. Unprocessed blots and numerical source data with precise

P values for each experiment are provided.

2.4.16. Study approval

Use of human tissues was determined to be exempt from full Institutional Review Board
approval by the University of North Carolina at Chapel Hill (Chapel Hill, NC, USA) and the Rush
University Medical Center (Chicago, IL, USA) Institutional Review Boards. Informed consent
was not required, as human biological samples were provided in a de-identified fashion from

surgical waste material or from deceased tissue donors.
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3. CHAPTER 3. DISCUSSION AND FUTURE DIRECTIONS
3.1. Summary of Findings

Pathological changes observed in OA joints involve the progressive loss and destruction
of articular cartilage, variable levels of synovial inflammation, the formation of osteophytes,
subchondral bone thickening, and degeneration of the knee's menisci, ligaments, and joint
capsule.(5, 112) Regrettably, there are currently no therapies available to halt or reverse
cartilage deterioration. Therefore, it is crucial to acquire a comprehensive understanding of the
mechanisms by which chondrocytes function in both healthy and osteoarthritic cartilage.

The work presented in this dissertation demonstrates groundbreaking findings on the
involvement of the a5p1 integrin in the utilization of redoxosomes for transmitting and
maintaining signals that regulate MAP kinase and Src activation, ultimately leading to
chondrocyte MMP production. Redoxosomes play a major role in generating hydrogen peroxide
through Nox2, enabling spatial and temporal control. While previous studies have recognized
the significance of integrin trafficking through endosomes in regulating various biological
processes such as cell signaling, migration, and tissue development,(703, 108) this study
stands out as the first to demonstrate the formation of redoxosomes (redox-active endosomes)
in response to integrin activation. These findings open up exciting possibilities for therapeutic
interventions in OA and other degenerative diseases that conventional treatments cannot
address. Selective delivery of antioxidants specific to endosomes or targeted disruption of

endosomal signaling could potentially revolutionize treatment approaches for such conditions.

92



3.2. Future Directions and Outlook
3.2.1. Exploring the Diverse Characteristics of Fibronectin

Fibronectin, a crucial protein, exists in two distinct forms: soluble plasma fibronectin and
insoluble cellular fibronectin.(737) Cellular fibronectin is found on cell surfaces and within the
ECM of different tissues.(767) The generation of various isoforms through alternative splicing
contributes to the functional variability of fibronectin. Various cell types in joint tissues, including
chondrocytes, fibroblasts, fibroblast-like synoviocytes, endothelial cells, and myocytes, produce
cellular fibronectin. In specific pathological conditions, certain isoforms of cellular fibronectin are
synthesized to a greater extent.(768)

Alternative splicing is a significant process involved in wound healing and the
development of conditions like OA that greatly impacts fibronectin.(7169) This process introduces
additional domains EIllIA and EIlIB, along with the type Ill connecting segment (IlICS) found
between Fnlll14 and Fnlll15 exons. While soluble plasma fibronectin consists of a single
subunit with the 1lICS segment, alternative variants in EIlIA, EIlIB, and llICS give rise to a
considerably higher number of cellular fibronectin isoforms. These isoforms are specifically
associated with certain pathological conditions. For instance, elevated levels of the EllIA isoform
in the synovial fluid of rheumatoid arthritis joints are linked to joint degradation. In the case of
OA, the expression levels of different isoforms containing the IlICS segment vary, reflecting the
extent of cartilage degeneration. The presence or absence of the EIIIA, EIlIB, or IlICS regions
leads to structural changes that influence the conformation and signaling of fibronectin during
the assembly of the ECM and its interactions with other molecules.(767, 170, 171) Despite the
current understanding, the precise functions of these isoforms remain unclear and necessitate
further investigation.

The fibrillary state of fibronectin represents its primary functional form in vivo. This state
involves the assembly of fibronectin molecules into interconnected fibers, forming a network.

Fibronectin possesses several binding sites, including those for cells, heparin or fibrin, and
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disulfide bridges involved in dimerization. The assembly process occurs in multiple stages and
is dependent on the presence of cells.(772, 173) Initially, fibronectin establishes connections
with cells through surface receptors like integrins. Subsequently, fibronectin unfolds, exposing
binding sites that facilitate interactions between fibronectin molecules, leading to the formation
of the fibronectin-matrix assembly. The expression and assembly of fibronectin are regulated by
various molecules specific to each cell type. This assembly process is particularly relevant
during tissue remodeling, formation, or repair.(174, 175)

FN-fs of various sizes are present in OA cartilage and synovial fluid. These fragments,
including 29 kDa, 45 kDa, 120 kDa, and 200 kDa fragments, stimulate the production of pro-
inflammatory cytokines. FN-fs exhibit different functions compared to the intact fibronectin
molecule due to the loss of specific domains during proteolysis. Proteolysis alters the structure
of the molecule, potentially exposing or creating active sites. Moreover, the reduction in size and
conformational changes may enhance tissue penetration. These FN-fs possess unique
properties that are absent in native fibronectin. They activate cellular responses by binding to
surface receptors such as integrins, Toll-like receptors (TLRs), and CD44, initiating signaling
pathways and transcription factors, thus establishing a feed-forward loop.(729, 168, 176, 177)

To gain a comprehensive understanding of the specific roles and significance of these

diverse biological processes, further research is essential.

3.2.2. Mechanisms of Protease Activity Regulation

MMP-13 is an enzyme that belongs to the metzincins superfamily and plays an important
role in breaking down ECM proteins, particularly type Il collagen and aggrecan.(778) Previous
research has indicated that fibronectin matrikines like FN7-10 can stimulate chondrocytes to
produce and secrete MMP-13. However, there is still a limited understanding of how MMP-13
functions in the extracellular environment and its regulation, which necessitates further

investigation.(7179)
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MMPs are initially synthesized as inactive zymogens, also called pro-MMPs, by different
tissues and cells. These pro-MMPs remain inactive due to a "cysteine switch" motif
(PRCGXPD), where a cysteine residue coordinates with Zn2+ in the catalytic domain. The
activation of pro-MMPs in the extracellular space occurs when other MMPs and proteases
proteolytically cleave their pro-domains. In the case of MMP-13, it is first produced as a
precursor form weighing 55 to 60 kDa (proMMP-13).(180, 181) Activation of proMMP-13 takes
place on the cell surface with the assistance of MT1-MMP, and its efficiency increases when
MMP-2 is active.(782) The activated form of MMP-13 has a molecular weight ranging from 45 to
48 kDa, with most of the activation occurring outside the cells.(41, 183, 184)

Regulating the activity of metalloproteinases in the extracellular space involves multiple
mechanisms, including binding to the ECM, activation through proteolysis and allosteric
mechanisms, interaction with natural inhibitors, binding to molecules on the cell surface, and
internalization via endocytosis.(185, 186) Nevertheless, comprehending the precise regulation
of metalloproteinase activity within the intricate pericellular environment poses substantial
technical obstacles. Nonetheless, acquiring this understanding would greatly enhance our
knowledge of the physiological interactions of these enzymes and their dysregulation in various
diseases.

Similarly, while it is known that fibronectin matrikines induce chondrocytes to secrete
ADAMTSs, which contribute to the degradation of aggrecan and type Il collagen in degenerative
cartilage, the specific details of this process remain unclear.(43) Encouragingly, preclinical
studies and Phase | trials investigating inhibitors or nanobodies targeting ADAMTSs have
shown promising effects in preclinical models of OA and have demonstrated acceptable safety
profiles for further clinical development.(787, 188) Therefore, it is important to gain a
fundamental understanding of how chondrocytes generate ADAMTSs in response to disease-

associated matrikines. This knowledge holds the potential to enhance sensitivity through tissue-
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specific cell-based therapeutics and accelerate research efforts towards finding effective cures

for OA and related conditions.

3.2.3. Unlocking the Mysteries of Subcellular Redox and Signaling Relay

Redox modulation refers to an imbalance in the redox status of cellular reactions,
characterized by the gain (reduction) or loss (oxidation) of electrons by atoms within reacting
species. This reactivity plays a fundamental role in utilizing cysteine residues as redox-sensitive
molecular sensors, enabling cells to effectively respond to extracellular stimuli.(789) One
example involves the direct oxidation of cysteine residues near redox-active endosomes by
H.O,, as demonstrated in this thesis study.

It is important to recognize that redox modulation is a complex process involving
changes in the redox potential of organelles and the translocation of proteins between different
redox environments.(790) This dynamic interplay enables cysteine oxidation to occur throughout
the cell, expanding the scope of redox signaling. The propagation of redox signals, whether
through direct oxidation or redox relay mechanisms, is influenced by various factors, including
the mechanism of generation, duration, and subcellular location of H,O2 generation.(797)

While progress has been made in understanding redox modulation in chondrocytes,
further exploration is needed to investigate redox relay initiation in other ROS-generating
organelles, namely mitochondria, endoplasmic reticulum, and peroxisomes, collectively known
as the "redox triangle" due to their involvement in ROS-generating biochemical reactions.(792,
193) Additional research is necessary to understand how redox signaling is initiated and
propagated in these organelles. Furthermore, membrane contact sites between these
organelles play a critical role in ROS production, emphasizing the importance of investigating
these contact sites to enhance our understanding of cellular regulation and the propagation of

redox signaling.(793, 194)
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This thesis study has revealed a compelling interplay between redox and phospho-
signaling, specifically mediated by MAP kinases. The oxidation of reactive cysteines governs
the upstream regulation of this system, while phosphorylative chain reactions propagate the
downstream signal. However, there is still much to be learned about the partners involved in
redox modulation and the subsequent phosphorylative chain.(795) To delve deeper into these
mechanisms, structural biology holds great potential. The improved accessibility and enhanced
capabilities of structural biology now allow us to map the localization of cysteines and make
precise predictions about the conformational changes induced by oxidatively modified thiols.
This will offer invaluable insights into the influence of redox modulation on signaling

pathways.(191, 196, 197)

Furthermore, advancements in redox proteomic detection and biochemical thiol-labeling
methods are essential for understanding the redox status of cysteine residues under various
conditions, particularly in specific tissues. These techniques will help evaluate and characterize
the redox networks regulating cellular processes, intercellular communication, and tissue-

specific functions.(798, 199)

In redox biology, the mechanism by which PTPs (with slower reaction rates ranging from
10 to 10° M/s) can effectively compete with PRXs (with rate constants up to 2 x 107 M/s) despite
their slower reaction rates with H.O, remains an open question. It is highly unlikely that H.O>
directly reacts with most cellular protein cysteines, including PTP, in Nox-dependent redox

signaling.(81, 125, 191)

Several explanations for indirect mechanisms have been put forward to address this
question, and these explanations are not mutually exclusive. Firstly, H.O2 action may involve
redox relays, where PRXs and/or peroxidases act as initial H.O, sensors and subsequently
oxidize the ultimate targets. This implies that the sensing of H,O occurs through intermediary

proteins before reaching the intended targets.(87, 200)
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Secondly, during redox signaling, PRXs may undergo transient inactivation, allowing
H20, to accumulate. This "floodgate hypothesis" suggests that the oxidation of less reactive
H>0; targets is facilitated by the conversion of PRXs into redox-inactive sulfinic and sulfonic

forms, which enables the buildup of H2O: levels for downstream signaling.(201, 202)

Thirdly, localized intracellular H.O2 concentration gradients may exist, allowing for the
selective oxidation of protein targets within specific microenvironments. This process relies on
the formation of scaffolded macromolecular signaling complexes, which is further supported by

the redoxosomes formation as found in this thesis study.(725)

Our observations revealed the formation of redoxosomes in chondrocytes in response to
FN7-10 stimulation, and their formation correlated with the generation of H,O,, as measured
using the HyPer-based ratiometric biosensor. These redoxosomes serve as specialized
compartments where H,O, can accumulate, creating localized concentrations that facilitate the

oxidation of specific protein targets.

However, the exact role of redoxosomes in signaling protein oxidation remains
uncertain, although it is highly probable. In our study, we observed the formation of
redoxosomes in conjunction with the translocation of non-receptor tyrosine kinases, such as
Src. Nevertheless, we did not specifically investigate whether Src undergoes oxidation within
the subcellular environment, although based on our observations, it is likely to occur. Further
research is necessary to unravel the specific mechanisms and targets of protein oxidation within
redoxosomes and their impact on cellular signaling. The involvement of redox relay is highly
plausible, as certain data in our thesis study indicated that overexpressing cytosolic PRX2
partially blocked FN7-10-induced MAP kinase signaling. This suggests the potential importance

of redox relay in mediating the signaling effects of redoxosomes.
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Therefore, we propose specific experiments to further investigate the characteristics of
redoxosomes in response to FN7-10 activating a531 integrin. One such technique is the
iodixanol density gradient isolation method. This method allows for the isolation and separation
of redoxosomes resulting from the activation of a531 integrin by FN7-10, as determined in this
thesis project. By leveraging the variations in size and density among organelles, we can
effectively distinguish redoxosomes from other major subcellular components such as the lower-
density plasma membrane, peroxisomes, and mitochondria.(746, 203) Moreover, as the
recruitment of Rac1 to receptor-activated redoxosomes has been observed. Another proposed
experiment involves infecting cells with a recombinant adenovirus that expresses Rac1 fused
with an HA-tag, prior to FN7-10 stimulation, enabling us to investigate the proteins associated
with the recruitment of Rac1 to redoxosomes. To further analyze these proteins, mass
spectrometry can be employed.(746, 203—205)

We also propose investigating in vivo redoxosome activity, taking into account that
cultured cells tend to generate higher levels of ROS compared to their in vivo counterparts.
(789) In order to achieve this, we suggest employing adenovirus-mediated gene transfer to
express two types of probes, namely Rab5 fused with roGFP2-Orp1 and HyPer, in an injury-
induced OA mouse model.(189, 206, 207) These probes enable the measurement of redox
activity in tissue sections. However, it is important to note that earlier versions of HyPer are
susceptible to pH-related signal fluctuations. Consequently, incorporating the expression of a
control probe becomes necessary to determine and assess such variations.(789) Additionally,
cryosections of tissue samples should be promptly treated with N-ethylmaleimide, a fast-acting
thiol blocker, to ensure result accuracy and eliminate potential interference from thiol oxidation,
as elaborated in previous publications.(206, 207) This approach can also be applied to study

redoxosome activity under various physiological and pathological conditions.
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By synergistically integrating these approaches, we can effectively identify the binding
partners or signaling molecules linked to redoxosomes following pro-inflammatory stimuli, such
as FN7-10 used in this thesis study. This comprehensive analysis will unveil the intricate
interdependencies between redox and phospho-signaling and provide insights into the
contribution of redoxosome activity to the development of OA. These significant discoveries will
shed light on concealed mechanisms, paving the way for compelling therapeutic interventions
and precise treatments targeting conditions like OA and other diseases marked by dysregulated
redox and phosphorylation pathways.

In addition, the term "ROS" (including within this thesis!) should be more often replaced
with more specific mentions of the chemical species responsible for the observed effect. This
improvement will result in enhanced specificity when describing biological processes, especially

in the context of future studies, as emphasized in the introductory chapter of the thesis.

3.2.4. Refocus on the Pathogenesis of Osteoarthritis: Exploring the Missing Pieces

Cartilage is primarily composed of a dense ECM along with specialized cells called
chondrocytes. Recent research has revealed that articular cartilage comprises different
subtypes of chondrocytes, each with unique characteristics.(742) These subtypes include
proliferative chondrocytes, primarily found in the proliferative zone of growth plates, and
hypertrophic chondrocytes, which play a decisive role in regulating cartilage matrix
mineralization. Additionally, studies have identified two additional cell types in cartilage:
senescent cells and cartilage progenitor cells.(208-213)

This groundbreaking redefinition challenges the long-held notion that chondrocytes are
the sole cell type in cartilage. It illuminates the intricate complexity and remarkable
heterogeneity within this tissue, encompassing diverse aspects such as morphology,

localization, physical properties, and molecular functions.
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In light of this emerging understanding, it is essential to explore the key features and
roles of these chondrocyte subtypes and their interactions within the cartilage
microenvironment. A critical knowledge gap related to this thesis study is whether the cellular
heterogeneity present in cartilage contributes to the progression of OA. Considering the
disruptive nature of the disease development when cellular interactions are compromised or
molecular signals are misinterpreted, examining the impact of cellular heterogeneity on disease
progression becomes even more important.

Thanks to remarkable advancements in the fields of bioinformatics and computational
biology, there have been significant breakthroughs in analyzing intercellular signaling using
gene expression data from both bulk and single-cell datasets. One approach involves studying
the coordinated expression patterns of ligand-receptor pairs to infer intercellular communication.
Furthermore, the incorporation of spatial measurements of specific genes allows the use of
structured optimal transport to recover the spatial characteristics of scRNA-seq data. This
innovative method establishes a spatial metric for individual cells based on a spatial map,
enabling the estimation of cell-cell communication. As a result, spatial relationships between
genes across cells can be inferred, facilitating the reconstruction of spatial dynamics within
tissues.(214-217)

To fully comprehend the progression of OA, we must broaden our focus beyond articular
cartilage alone. OA affects not only the cartilage but also induces pathological changes in
adjacent structures such as bone, the synovial membrane, ligaments, and menisci.(172)
Exploring the mechanisms of interaction and reciprocal communication among these tissues is
essential for unraveling the complexities of disease progression. However, it remains unclear
whether specific matrikines formed in other joint tissues can penetrate pathological changes. Do
these matrikines primarily interact with cells within their tissue of origin, or do they exert their
influence by engaging multiple cell types simultaneously? This intriguing question warrants

further investigation and can shed light on the mechanisms underlying the progression of OA.
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While much progress has been made in understanding cellular catabolic responses and
morphological changes in cartilage, one critical aspect has been overlooked—the excruciating
pain experienced by OA patients. To develop effective pain management strategies, we must
unravel the intricate correlation between these mechanisms and pain perception. This
paramount endeavor will provide us with a comprehensive understanding of how these
mechanisms influence pain perception in OA patients, ultimately paving the way for advanced
and more effective pain relief options that significantly enhance their quality of life.

3.2.5. Enhancing the Potential of Integrin Targeting: Advancing Therapeutic Strategies
for Osteoarthritis

The remarkable potential of integrin targeting has captivated visionary researchers,
sparking an extraordinary quest to unlock their full capabilities. These versatile proteins can be
modulated through various mechanisms, such as activation as agonists or inactivation as silent
antagonists or inhibitors.(278) These groundbreaking strategies hold immense promise for
revolutionizing therapeutic approaches for OA, paving the way for significant advancements in
treatment options. From the development of silent antagonists to functional inhibitors, initiatives
focused on integrin targeting are poised to reshape the landscape of OA therapies.

A wide array of approaches are being employed in numerous drug discovery initiatives
targeting integrins. These include the utilization of small molecules, synthetic mimic peptides,
antibodies, peptide drug conjugates, antibody-drug conjugates, nanotherapeutic agents,
chimeric antigen receptor (CAR) T-cell therapy, and imaging agents.(2718-221) Despite the
considerable attention that integrins have received in drug discovery projects and clinical
studies, the number of approved therapies remains disappointingly low.(218, 219) The
translation of preclinical integrin data into clinically effective drugs poses a complex challenge,
influenced by both general obstacles in drug development and those specific to the target class.

Historically, many tested integrin inhibitors have faced challenges related to suboptimal

pharmacokinetics, resulting in inadequate target coverage and poor exposure due to
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unfavorable routes of administration and dosing regimens. Overcoming this hurdle is pivotal for
the development of small-molecule drugs.(222) However, a glimmer of hope emerges from the
exciting Phase | trial results of LNA043, which targets integrin a581 derived from the FBN-like
domain of ANGPTL3, has an ability to induce chondrogenesis and regenerate hyaline articular
cartilage when injected into the knee.(67)

While the therapeutic opportunities presented by integrin targeting continue to be
unraveled, addressing the complex needs of OA patients remains an ongoing challenge. The
clinical phenotype of osteoarthritis encompasses various molecular endotypes at different
stages of pathogenesis, including cartilage-driven, bone-driven, and synovitis-driven
pathways.(7188) This complexity further complicates the task of identifying distinct subgroups

within the OA population.

3.3. Concluding Remarks

In conclusion, this thesis research provides valuable insights into the intricate
mechanisms underlying the pathogenesis of OA and highlights the potential for innovative
therapeutic strategies. While advancements in disease-modifying drugs for OA show promise
for therapeutic interventions, there are challenges in translating preclinical data into clinically
effective drugs.

A significant breakthrough in this research is the identification of redoxosomes as a
novel signaling entity and their role in transmitting and maintaining redox signals related to
protease production, particularly MMPs. This discovery opens up exciting possibilities for
targeted interventions that can modulate redox balance and signaling pathways, thereby
offering potential avenues for more effective treatment approaches in OA.

Given the complexity of OA pathogenesis, it is essential to continue comprehensive
research to unravel the underlying mechanisms. By deepening our understanding of these

mechanisms, we can pave the way for the development of even more precise and targeted
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therapeutic strategies that have the potential to significantly improve the lives of OA patients.
These advancements have the potential to alleviate pain, enhance joint function, and ultimately

enhance the overall quality of life for individuals living with OA.
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