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ABSTRACT

Michaela Copp: Role of DNA damage and Cellular Senescence in Osteoarthritis Pathophysiology
(Under the direction of Brian Diekman)

Osteoarthritis (OA) is a common degenerative joint disease characterized by progressive
degradation of the articular cartilage that protects the ends of bones. Aging has been identified as the
most dominant risk factor for the development of OA, and a better understanding of age-related
dysfunction in joint tissues may contribute to more effective therapeutic interventions. Chapter 1
introduces two components of aging — cellular senescence and DNA damage — as well as their interaction
and potential role in OA. Senescence is a state of stable cell-cycle arrest that cells enter in response to
stress. Senescent chondrocytes have been found to accumulate within the joint throughout aging and
contribute to cartilage dysfunction by secreting inflammatory and matrix-degrading molecules. In Chapter
2, we demonstrate that treatment of cadaveric cartilage tissue with the combination of damage (through
10 Gy irradiation) and cell-expansion stimuli (through growth factor treatment) induces a substantial
percentage of chondrocytes to become senescent (~10%). In Chapter 3, we use the single-cell gel
electrophoresis “comet” assay to show that older and OA chondrocytes have significantly higher levels of
DNA damage compared to chondrocytes derived from young donors. In Chapter 4, we demonstrate that
chondrocyte’s capacity to repair DNA damage declines with age, but can be improved by activating
SIRT6, an enzyme involved in DNA repair. In Chapter 5, we show a moderate decrease in senescence
induction when reducing DNA damage in cartilage explants from cadaveric and murine sources by SIRT6
activation. In a pilot in vivo study, we show that repeated intra-articular injections of MDL-800 (a SIRT6
activator) reduces DNA damage but may not be sufficient to mitigate senescence as measured by a
p16WTom senescence reporter allele. Chapter 6 summarizes how this dissertation contributes to the fields
of aging biology and OA and identifies further areas of research. Collectively, this work provides novel

insights connecting senescence, DNA damage, and OA. By uncovering the underlying mechanisms



behind senescence and DNA damage within the joint, this research establishes a foundation for the

development of next generation OA therapeutics.
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION TO OSTEOARTHRITIS PATHOGENESIS
1.1.1 Epidemiology of Osteoarthritis

Osteoarthritis (OA) is a chronic degenerative joint disease defined by gradual loss of articular
cartilage. Among the numerous types of arthritis, OA is the most prevalent, impacting upwards of 32.5
million adults in the United States'?. The impact of OA extends beyond joint pain, affecting sleep quality,
work behavior, and overall mood?3. Unfortunately, there are no FDA-approved disease modifying drugs for
osteoarthritis*. The current treatment paradigm for OA includes conservative pain management (i.e.,
NSAIDs), followed by targeted pharmacological treatment (i.e., COX2 inhibitors), intra-articular injections
of hyaluronic acid or steroids, and ultimately total joint replacement surgery for advanced cases*5.
Considering the low efficacy of nonsurgical OA treatments, over half of patients undergo total joint
arthroplasty®, representing a substantial medical cost. The average direct cost of OA in the United States
averages to $11,500 per person annually, with total incremental costs — the sum of direct and indirect
costs associated with OA — adding up to $136.8 billion'®. There is a pressing need to identify therapies
that are better adept at preventing osteoarthritis and factor in the multi-faceted etiology of the disease’.
This will become increasingly more urgent as the prevalence of OA is expected to increase along with the
rapidly aging population and rising obesity rates®.
1.1.2 Pathophysiology of Osteoarthritis

The major tissues involved in OA include the cartilage, synovium, and bone. Cartilage is a firm,
visco-elastic tissue composed of chondrocytes, which produce a matrix of collagen, proteoglycans, and
non-collagenous proteins. In healthy conditions, cartilage surrounds bones and provides a barrier
between bone ends for smooth movement. A boundary layer of lubrication on the cartilage surface is
supplied by lubricin and hyaluronic acid secreted by chondrocytes and synovial cells®. Chondrocytes are
the only cellular component of cartilage and make up 1-2% of the total cartilage volume??. In a healthy

environment, mature chondrocytes are quiescent and rarely initiate turnover of the collagen matrix''. As



adult articular chondrocytes are physically confined within the pericellular matrix, they maintain a relatively
low rate of metabolism, which functions to preserve an equilibrium between catabolic and anabolic
processes’0.

Osteoarthritis initiates the breakdown of articular cartilage, leading the underlying bone to
become exposed. This impacts the entire joint space with pathological changes occurring in all relevant
tissues: degradation of the articular cartilage, osteophyte formation, synovial inflammation, subchondral
bone thickening, and deterioration of ligaments and the menisci''. As cartilage degrades, the underlying
bone begins to remodel and form bony outgrowths (i.e., osteophytes) while the synovium - the tissue that
produces the joint lubricating synovial fluid - becomes inflamed. The chondrocytes begin to produce
inflammatory molecules - cytokines and chemokines - and proteolytic enzymes that contribute to cartilage
breakdown. Further, the chondrocytes become ‘activated’, triggering cell proliferation, the formation of cell
clusters, and an escalated production of both matrix proteins and matrix-degrading enzymes*2.

Another feature of osteoarthritis is a disrupted cartilage homeostasis that skews the balance
between anabolic and catabolic processes towards catabolism. Chondrocytes begin to secrete catabolic
factors such as matrix metalloproteinases (MMPs), interleukin-13 (IL-1p), free radicals, and growth
factors*?. Conversely, anabolic factors such as insulin growth factor 1 (IGF1) and bone morphogenetic
proteins (BMPs) are produced to repair cartilage damage and stimulate cartilage regeneration*. A
schematic overview of the changes that occur with osteoarthritis is presented in Figure 1.1. While the
pathophysiology of OA has become more complete, the cause(s) of the homeostatic imbalance are
unclear.

Understanding the biological changes leading to OA has been hindered considering its prior
association as a “wear and tear” disease. While joint injury can lead to post traumatic OA, this is only a
single factor that can advance OA development. OA etiology is multi-factorial, with older age, obesity,
joint damage, muscle weakness, genetics, and biological sex all playing a role in the development of
OA"3. The strongest risk factor for OA is advanced age™. While OA and aging are independent
processes, there are several aging hallmarks —altered intercellular communication, deregulated nutrient

sensing, epigenetic alterations, etc.'® — that could contribute to OA pathogenesis. The following sections



of this introduction will touch on two of these hallmarks of aging — cellular senescence and DNA damage

— and how they are implicated in osteoarthritis.

1.2 INTRODUCTION TO CELLULAR SENESCENCE

Cellular senescence is a state of stable cell cycle arrest that cells enter upon being stressed’®.
While beneficially inhibiting the replication of damaged cells, senescence has been implicated in the
decline of tissue function'?, inflammation®, tumorigenesis'®, and age-related diseases?°. These findings
have driven researchers in the aging field to further characterize the senescent phenotype and investigate
the pharmacological removal of senescent cells as a therapeutic option.
1.2.1 The Senescence Phenotype

The concept of a senescent phenotype was first introduced by Leonard Hayflick and Paul
Moorhead upon their discovery that normal human fibroblasts have a finite replicative potential?!. Hayflick
and Moorhead termed this state of halted proliferation ‘cellular senescence’ and suggested that it could
be a driver of aging?'. This limited capacity to replicate is a unique characteristic to normal cells, as
compared to cancer cells, which can proliferate indefinitely?2. Since this discovery, numerous studies
have shown that the senescence phenotype can be induced in a variety of cellular contexts and in
response to multiple stimuli. Further, senescent cells have been identified in various physiological
processes and pathological disorders. The following sections will discuss (1) the known biomarkers and
mechanisms of senescence, (2) the role senescent cells play in aging-related disorders, and (3) methods
to detect and target senescent cells.
1.2.2 Physiological Roles of Senescence

There are a vast array of environmental contexts and cellular stimuli that have been shown to
trigger the senescent phenotype. A common theory is that the purpose of senescence is to remove
damaged cells and promote tissue remodeling?223. In the Nature review, “Cellular senescence: from
physiology to pathology”, Espin and Serrano propose that senescence supports tissue renewal in a three
step sequence: (1) initiation of a stable cell cycle arrest (i.e., senescence), (2) secretion of inflammatory
molecules (SASP) that recruit an immune system response, and (3) enroliment of progenitor cells to

regenerate the tissue?2. This process — senescence, clearance, regeneration — has proven beneficial



during embryonic development and wound healing but becomes harmful in advanced age when the
system becomes disrupted and senescent cells accumulate.
1.2.2.1 Beneficial Roles of Senescence

In a transient setting, senescence is engaged in a variety of important physiological processes.
During normal embryonic development, senescence helps destroy temporary embryonic structures and
ensure proper cell type numbers?4. Further, senescent cells contribute to wound healing by promoting
tissue regeneration?® and stimulating insulin secretion by pancreatic beta cells?®. In the tumor
microenvironment, senescence acts as a protective response by halting the replication of dysfunctional or
preneoplastic cells and preventing malignancies?’. When cancer-stressed cells are induced to
senescence, an immune system response is triggered aiding in tumor elimination2829,
1.2.2.2 Senescence and Aging

Unfortunately for aged and/or damaged tissues, the effect of senescent cells becomes harmful. In
these contexts, inadequate macrophage recruitment leads to the accumulation of senescent cells®.
These cells have been shown to increase with age in humans?®!, monkeys?®, and mice3?, and in a variety
of tissues. Notably, senescent chondrocytes have been shown to accumulate in aged and arthritic
cartilage®*. As the cartilage is avascular and inhibits immune cell access?®, senescent cell clearance by
macrophages is not viable for this tissue. The conversion of normal articular chondrocytes to senescence
is likely due to accumulated damage (discussed further in Chapter 3). This increase in senescence is
dangerous in part due to the secretion of inflammatory molecules in the SASP. Indeed, senescent cells
have been noted in numerous age-related disorders such as atherosclerosis®, diabetes®’, lung disease'?,
and osteoarthritis34. Notably, prior work in the Diekman Lab has demonstrated that p16'Nk4a expression in
chondrocytes is affiliated with aging and dysfunction3. Senescence additionally impacts stem and
progenitor cells which negatively influences the regenerative potential of tissues3®. The combination of
elevated SASP, limited regeneration, and ineffective clearance provide an explanation for the
accumulation of senescent cells with age and how these cells contribute to age-related pathologies.

Altogether, cellular senescence is considered an example of evolutionary antagonistic pleiotropy,
with both beneficial and detrimental roles in physiological processes?*®. The balance between positive and

negative effects is largely dependent on context and whether the immune system can remove the



senescent cells. The temporary induction of senescence seen in development is beneficial since it leads
to the elimination of damaged cells. However, when aged tissues and disease lead to persistent and
accumulating senescence, the effect becomes harmful.

1.2.2.3 Senescence Induction Methods

Cells enter the senescent phenotype in response to damage from a wide range of intrinsic and
extrinsic stimuli. Telomere shortening, oncogenic activation, epigenetic changes, chromatin
disorganization, mitochondrial dysfunction, irradiation, injury, chemotherapeutic agents, nutrient
deprivation (and more) have all been shown to induce cells to senesce*. These various stress activators
give rise to distinct types of senescence that are broadly categorized into replicative cellular senescence,
oncogene-induced senescence, and stress-induced cellular senescence*'.

The senescence that arises due to serial proliferation of cells is replicative cellular senescence,
and is the type that Hayflick and Moorhead identified in 19612'. This form of senescence is dependent on
the critical shortening of telomeres, the protective structure at the end of chromosomes, after excessive
proliferation without endogenous telomerase activity*2. Oncogene-induced senescence (OIS) results
when oncogenes — mutant versions of normal genes — are activated or tumor suppressor genes are
inactivated. Although the pathways involved in OIS are not fully understood, the proliferative arrest is
dependent on the activation of both the RB and p53 pathways*3. Finally, senescence can appear in
normal cells following exposure to stress from a physical or chemical agent. Stress-induced senescence
can arise from irradiation, oxidative stress and/or hyperoxia, chemotherapeutic drugs, cytokines and
adipokines, and copper+!. Regardless of the method of induction, these inducers all unite to activate the
CDK inhibitors p16, p15, p21 and p27'S.

The development of models of senescence are critical for the mechanistic study of senescence
induction and the identification of senotherapeutics (see section 1.2.5 Senotherapeutics). Towards this
end, it is vital to create physiologically relevant senescence induction models. For example, although
chondrocytes replicate in monolayer culture, they are hypo-replicative in the extracellular matrix of the
cartilage**. Thus, replicative senescence is unlikely to be the driving factor for accumulating senescent
chondrocytes in the joint space. The development of a physiologically relevant cartilage explant model of

senescence is the topic of focus in Chapter 2 of this thesis.



1.2.3 Biomarkers of Senescent Cells

Due in part to the varied physiological and environmental conditions that give rise to senescence,
the senescent phenotype is highly heterogenous, and no single marker has been identified to date that
selectively and universally detects senescent cells. These cells are distinguishable from other non-
proliferating cells (i.e., terminally differentiated cells and quiescent cells) by the presence of DNA damage
markers, upregulation of cell cycle arrest proteins, altered metabolic rates, morphological changes in vitro,
increased lysosomal activity, chromatin remodeling, and the secretion of a complex mix of
proinflammatory and tissue-remodeling factors coined the senescence-associated secretory phenotype
(SASP)1545.46 \While these markers are affiliated with senescence, none of them are common among all
senescent cell types and have been found in other physiological processes. Thus, several of the
described measures must be used in conjunction to confirm a cell as being senescent.

The inability to proliferate in conditions that would typically promote cell division is a notable
feature of senescent cells*®. Compared to quiescence which halts the cell cycle in the GO phase,
senescence tends to occur in the G1 phase*’. Further, quiescent cells are able to re-enter the cell cycle
upon treatment with mitogenic signals (i.e., growth factors) or favorable growth conditions, while
senescent cells cannot*®49, Two approaches are commonly used to validate cell cycle arrest: (1) direct
measurement of proliferative markers and DNA synthesis rate, and (2) quantification of the expression
levels of cyclin dependent kinase inhibitors (CDKIs) p16 and p2145. When cells are senescent, they will
be absent of proliferative markers, such as the Ki67 protein, and will not incorporate BrdU (5-bromo-2’-
deoxyuridine) or EdU (5-ethynyl-2’-deoxyridine) in DNA synthesis assays®. Similarly, senescent cells
upregulate apoptosis resistance proteins, notably the BCL proteins, Bcl-2 and Bcl-xL5".

Cell cycle arrest in senescence is regulated by the activation of the p16!NK4A/pRB and/or
p53/p21CIP1 tumor suppressor pathways52. Both p53 and pRB are key transcriptional regulators, with
p21WAF1/CIP1 acting downstream of p53 and p16/NK4A acting upstream of pRB. These drivers of
senescence are encoded in the CDKN2A (p16), CDKN2B (p15), and CDKN1A (p21) loci. The
transcriptional activation of p16 in particular has been used to mark senescent cells in vivo®3. Research
has shown that persistent over-expression of p53, pRB, p16, or p21 can induce senescence in human

diploid fibroblasts®*. Despite the conventional thought that cell cycle arrest is irreversible in senescence,



studies have proven that senescent cells are capable of re-entering the cell cycle in particular situations,
such as in the tumor microenvironment or when reprogrammed into induced pluripotent stem cells*©.

A commonly used method for senescence detection is the senescence-associated [3-
galactosidase (SABGal) assay. Senescent cells have increased (-galactosidase activity which can be
detected at pH 6.03'. This differs from other cells where B-galactosidase activity is acidic and detectable
only at pH 4.0. The elevated lysosomal activity in senescent cells is considered to be a function of the
higher levels of autophagy and enlarged lysosomal compartment of senescent cells®%%. The traditional
approach for measuring SABGal is by cytochemical or histochemical methods which require fixed cells or
tissue to be incubated with the chromogenic substrate, 5-bromo-4-chloro-3-indolyl-3-D-galactoside (X-
gal). When B-galactosidase cleaves X-gal, the substrate produces an insoluble blue compound that is
distinguishable by eye®”. Further iterations of the SapGal assay using similar principles to the colorimetric
assay have been developed for flow cytometry and are described in more detail in Chapter 258,

When cells are introduced to damage — either intrinsically (e.g., oxidative damage) or extrinsically
(e.g., chemotherapy drugs) — they activate a DNA damage response (DDR)*5. Unresolved or persistent
damage, particularly that caused by double stranded breaks (DSBs), can trigger cells to exit the cell cycle
and become senescent*?. At sites of DSBs, the DDR recruits and binds the ATM kinase, driving the
phosphorylation of histone H2AX5%. The presence of yH2AX, measured by immunofluorescence, is an
indicator of lasting DNA damage, and is one method of detecting senescent cells. Conversely, staining for
phosphorylated p53 can be used as this is a key regulator in the DDR?2. Although the DDR is involved in
the senescence induction process, it is not selective for senescence as cells initiate repair when reacting
to transient damage*°. More information on DNA damage and repair are provided in the following section.

Senescence is associated with wide-spread changes to the chromatin. A common indicator of
senescent cells is the deficit of Lamin-B1, a scaffolding protein of the nuclear envelope®. One
consequence of the loss of Lamin-B1 is the formation of cytoplasmic chromatin fragments (CCFs), which
are fortified with epigenetic features affiliated with DNA damage. These CCFs can stimulate a
proinflammatory response via activation of the cGAS/STING pathway when secreted into the extracellular
environment via exosomes®'. Another consequence of the degradation of Lamin-B1 is the formation of

senescence-associated heterochromatin foci (SAHFs). SAHFs contain qualities of heterochromatin, such



as H3K9me3 and HP1g, which may be visualized by DAPI staining*>48. However, these foci are not
universally shared among all senescence programs and are not present in mouse cells®2,

Lastly, senescent cells in vitro can be detected based on their morphology. Cells that have
undergone senescence in monolayer appear to be flattened and exhibit an enlarged fried-egg
appearance. Further, these cells often display multi-nucleation and enlarged vacuoles which are
observable by traditional bright-field microscopy. Changes in the cell size and shape can also be
measured by immunofluorescence of cytoplasmic proteins vimentin or actin*562. A summary overview of
the senescence biomarkers presented in this section are illustrated in Figure 1.2. In the perspective piece
published by Cell, Gorgoulis et al. describe a three-step process for detecting senescence cells: (1)
screening for senescence via SA-B-gal and/or lipofuscin staining, (2) verification with additional markers
frequently upregulated in senescence — p16'NK4A and p21WAF1/Cip1 — or downregulated (proliferation and
Lamin B1), and (3) lastly staining for specific markers of senescence (SASP, DNA damage, mTOR)*8.
1.2.4 The Senescence Associated Secretory Phenotype (SASP)

Although senescent cells do not actively proliferate, they remain metabolically active and
upregulate a set of genes that encode a suite of secreted proteins. These secreted factors include a mix
of inflammatory chemokines, cytokines, growth factors, and extracellular matrix proteases. Collectively,
these molecules make up the senescence associated secretory phenotype (SASP). Through the SASP,
senescent cells can communicate with neighboring cells and reinforce the stress response in an autocrine
and paracrine approach?°.

The composition of the SASP is highly heterogenous and varies based on the type of cell
undergoing senescence and the environmental context*®. Common SASP markers that are measured
include the following: cytokines (IL-1a, IL-6, and IL-8), chemokines (CCL2), metalloproteinases (MMP-1
and MMP-3), and growth factors (TGFpB, IFG1, bFGF)*%6263, Of note, several central SASP factors — IL-1,
IL-6, and MMP-3 — coincide with mediators of OA inflammation34. The SASP is largely regulated by the
proinflammatory transcription factor, NF-kB®, but has also been found to be controlled by the
cGAS/STING pathway®5, mammalian target of rapamycin (mTOR)®8, and p38MAPK signaling pathways®”.

Depending on the biological context, the SASP has been found to be both beneficial and

damaging. In positive contexts, the SASP can activate an immune response that will remove senescent



cells®d, facilitate developmental senescence?*, and support wound healing?5. Conversely, SASP factors
have been shown to promote chronic inflammation, termed inflammaging®®, and initiate tumorigenesis by
stimulating angiogenesis and metastasis®3. The low-level chronic inflammation produced by the SASP
has been strongly connected with aging and age-related diseases.

Numerous studies have concluded that the SASP plays an important role in the activity of
senescent cells*%63; however, the SASP is too heterogenous and general to solely be used as a
biomarker for senescence. An emerging theme in senescence research is the characterization of
senescent cells by different senescence induction methods and cell types®®. Quantifying the SASP
composition of these different programs would be one approach towards defining these individual
senescent phenotypes.

1.2.5 Senotherapeutics

Due to the growing body of evidence implicating senescence in the pathogenesis of age-
associated disorders, approaches have been made to selectively target and inhibit senescent cells to
mitigate their pro-aging effects, a field termed senotherapeutics’®. Transgenic mouse models — INK-
ATTAC™ and p16-3MR72 — have enabled researchers to investigate the physiological effects of clearing
senescent cells in a variety of disease states*0. Two classes of senotherapeutics have been pursued: (1)
senolytics, which selectively kill senescent cells, and (2) senomorphics, which suppress the pathological
SASP without causing cell death?. Many of these tactics to target senescent cells are based on the
biomarkers identified in the prior section (1.2.3 Biomarkers of Senescence).

The majority of senolytics that have been identified work by targeting the important proteins in
anti-apoptotic mechanisms, particularly the p53, p21 and Bcl-2 family proteins7%73. Upregulation of these
pro-survival family of proteins help senescent cells resist apoptosis. Small molecules that inhibit the anti-
apoptotic proteins, such as ABT-263 (navitoclax)’3, therefore induce cell death in senescent cells.
Conversely, senomorphics suppress the SASP expression of senescent cells by targeting the NF-kB,
mTOR, IL-1a, p38 MAPK and other signaling pathways2%7°. Commonly used senomorphics include
rapamycin, metformin, resveratrol, and aspirin.

The promise of senotherapies for treating age-related diseases has been strengthened by the

ability of senolytics to mitigate chronic diseases in mouse models and simultaneously increase mouse



lifespan and healthspan, the time that an organism lives without age-associated chronic diseases”" 7475, A
drawback of senotherapies is the heterogenous nature of senescent cells. The majority of validated
senolytics are limited in efficacy to specific types or sub-populations of senescent cells. Continued
research on the pathways that initiate and propagate senescence in different tissues will provide valuable
insight for potential biomarkers to target senescent cells.
1.2.5.1 Senolytics and Osteoarthritis

Our lab has previously reported on the use of a p16tTm reporter allele — a knocked-in tdTomato
fluorescent protein regulated by the endogenous p16'Nk4a promoter — to quantify the induction and
removal of senescent chondrocytes in a physiologically relevant cartilage explant model using ABT-263
(alternatively known as navitoclax)’8. This in vitro system of senescence induction in murine hip cartilage
enables the mechanistic study of alternative approaches to remove or prevent senescent cell
accumulation, as described in Chapter 5. Efforts to target senescent chondrocytes in the joint as a
therapy were spearheaded by Jeon et al, who found that removal of senescent cells by intraarticular
injection of a proprietary senolytic molecule (UBX0101) resulted in improved joint function and minimized
injury-induced OA after transection of the anterior cruciate ligament (ACL)7®. Additional work from this
study investigated the effect of selective removal of age-accumulated senescent cells on OA
development. Using the INK-ATTAC transgenic mouse model”' and AP20187, a molecule that induces
apoptosis in p16'Nk4a positive cells, the removal of senescent cells significantly reduced age-related
cartilage degeneration compared to vehicle treatment controls?s. Lastly, the use of senolytics in murine
models of OA have been shown to promote a pro-chondrogenic environment’s.
1.2.6 Limitations & Future Directions

A better understanding of the aging process at the cell and tissue level has the potential to
transform the treatment of chronic diseases and promote healthy aging. Cellular senescence has been
identified as a key phenotype that drives age-related dysfunction via the inflammatory SASP. Mounting
evidence has shown that the accumulation of senescent cells in the joint during both aging and in
response to injury contribute to the development of OA34. However, there is a critical knowledge gap in
understanding how aging drives joint dysfunction, and the mechanisms behind senescence induction

within the joint space. With clinical trials that target senescent cells in the joint underway (NCT04210986)
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or completed with no significant results (NCT03513016), it is important to ascertain the physiological
contexts that trigger senescence induction and identify the types of senotherapeutics most effective at
targeting senescence chondrocytes. The next chapter of this thesis, Chapter 2: The Combination of
Mitogenic Stimulation and DNA Damage Induces Chondrocyte Senescence, provides some insight

into these knowledge gaps.

1.3 INTRODUCTION TO DNA DAMAGE & REPAIR

Deoxyribonucleic acid (DNA) is composed of four chemical building blocks called nucleotides —
adenine (A), thymine (T), guanine (G), and cytosine (C) — that encode an organism’s genetic information.
The nuclear genome is critical for cellular and tissue health, yet DNA is only present in two distinct copies
and the maintenance of its integrity is dependent on continuous repair’”. Under physiological conditions —
aqueous, oxygen-rich, pH 7.4 — DNA is chemically unstable and prone to harm from endogenous and
exogenous sources of damage’®. This genomic instability means the genome is susceptible to mutations
— irreversible and transmittable changes to the DNA sequence — such as base substitutions, deletions or
insertions, chromosomal variations or retro-transposition””. While at times evolutionarily beneficial,
mutations predominantly create an adverse effect on an organism by causing cancer or genetic diseases.
The following sections will detail how DNA damage arises, the various types of DNA damage, and the
numerous mechanisms that organisms have developed to repair DNA. A broad overview of this content is
illustrated in Figure 1.3.
1.3.1 Sources of DNA Damage

DNA lesions can originate from exogenous and endogenous sources. Exogenous DNA damage
arises from environmental (i.e., ultraviolet and ionizing radiation from the sun), toxins (i.e., alkylating
agents and aromatic amines), and chemical agents (i.e., chemotherapeutics)’?8. Conversely,
endogenous DNA damage comes from DNA replication errors and intra-cellular oxidative stress. The
three most pressing hazards for DNA integrity arise from: (1) spontaneous hydrolysis of nucleotide
residues, (2) generation of reactive oxygen species (ROS) from metabolic processes, and (3) exposure to

UV light and ionizing radiation®!. While environmental agents can be potent, they can be largely avoided.

11



On the other hand, ROS and nitrogen species are produced during essential organism functions, such as
respiration, and are thus a constant threat to the nuclear genome?®2.
1.3.2 Types of DNA Damage

DNA damage can materialize in a variety of forms: abasic sites, inter- and intra-strand crosslinks,
chemical modifications, breaks, and gaps in the DNA"7. These are broadly categorized into base damage,
single stranded breaks (SSB), and double stranded breaks (DSB). Damage to the DNA that impacts a
single nucleotide base is the most diverse of the types of DNA damage. Oxidative stress is the main
source of base damage, creating abasic sites and causing deamination®!.83. Abasic sites are constantly
created when the glycosidic bond between the DNA base and sugar phosphate group is hydrolytically
cleaved®. These sites are generally unstable and quick to convert into SSBs. Other types of base
damage produced by reactive oxygen species and radiation include O8-methylguanine, thymine glycols,
base adducts, or reduced/oxidized/fragmented bases?*.

Single stranded breaks occur when there is a lesion in the DNA sugar phosphate backbone
localized to one of the two strands of the DNA double helix. SSBs are frequently created in the repair
process of damaged bases. This type of damage can make use of the complementary strand of DNA as a
template for repair and is typically fixed through base excision repair (BER) or nucleotide excision repair
(NER). BER is used to correct damage done to a single base produced by oxidation, deamination,
alkylation, or hydrolysis. Conversely, NER is deployed when repairing bulky, helix-altering lesions, like
pyrimidine dimers®s.

Double stranded breaks are the most dangerous type of lesion considering its propensity to
cause changes within the DNA sequence and mutations if repaired incorrectly. DSBs can be produced
after exposure to radiation and particular toxins, as well as through improper DNA replication and repair?®.
Base damage and SSBs that persist for a prolonged period increase the risk of facing a replication fork
which further elevates the likelihood of replication errors and DSB formation83. Altogether, an estimated
105 DNA lesions occur daily in an active mammalian cell, with spontaneous hydrolysis alone producing

approximately 104 abasic sites®.

12



1.3.3 DNA Damage Repair

Exogenous and endogenous agents are continuously inducing lesions and breaks to the nuclear
DNA. Fortunately, the cell has evolved robust mechanisms to sense DNA damage, halt genome
replication, and ultimately repair the vast number of genomic insults occurring daily. When a cell is
damaged, a complex system called the DNA damage response (DDR) is initiated. The DDR
encompasses multiple DNA damage sensors, DNA repair pathways, and cell-cycle checkpoints aimed at
ensuring the genome maintains its integrity82. There are five major DNA repair pathways — mismatch
repair (MMR), base excision repair (BER), nucleotide excision repair (NER), homologous recombination
(HR), and nonhomologous end joint (NHEJ)&. The activation of these pathways is dependent on the type
of damage and stage of cell-cycle®®.

Mismatch repair is typically initiated to repair replication errors and as such is active in the S
phase of the cell cycle®”. Conversely, BER is the pathway of choice to correct small chemical alterations
that do not significantly distort the DNA double-helix®2. In BER, the oxidative lesions or single strand
breaks are removed from the sugar-phosphate backbone by lesion-specific DNA glycosylases, an AP
endonuclease incises the damaged strand, and the single nucleotide gap is refilled by means of DNA
synthesis®!. When the damage induces bulky lesions that disturb the helix structure, NER is activated.
The lesions that are substrates for BER and NER are located on one of the strands of the double helix
and removed in a “cut-and-patch mechanism”. For both pathways, the complementary strand acts as a
template for the repair of the damaged strand®. Single stranded breaks are transiently detected by the
enzyme poly(ADP-ribose) polymerase 1 (PARP1), which rapidly undergoes a cycle of ribosylation and
dissociates from the DNA. The chains of PARP are thought to act as a platform to recruit the appropriate
repair factors®. SSBs may be repaired by either the NER or BER pathways.

Occasionally, a damaging agent will impact both strands of the double helix and form a DSB.
Chromatin remodeling at the site of the DSB starts a series of events including ATM activation,
phosphorylation of H2AX, chromatin PARylation, recruitment of 53BP1 and BRCA18%8, There are two
maijor pathways cells use to resolve DSBs — nonhomologous end joining (NHEJ) and homologous
recombination (HR). NHEJ operates in a “cut-and-paste” manner, ligating the two ends of the DSB. While

efficient, repair of DSBs through NHEJ may introduce additions or deletions of nucleotides at the
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generated junction. NHEJ mainly occurs before replication in the G1 phase of the cell cycle. The other
method of fixing DSBs is HR, which uses a homologous sister chromatid to align the broken ends and
accurately insert the missing genetic information. As HR requires an identical sister chromatid, it operates
exclusively within the S- and G2-phases®. Altogether, cells have evolved a suite of repair pathways and
cell cycle checkpoints to sense and repair DNA damage and maintain the integrity of the genome.

Compared to actively proliferating cell types, differentiated chondrocytes are uniquely susceptible
to DNA damage as they rarely pass through DNA damage checkpoints and are limited to the repair
mechanisms available in the G1 phase of the cell cycle®'-23. The DNA damage checkpoints (or cell cycle
checkpoints) are biochemical pathways that halt or stop cell cycle progress when damage is detected®.
When activated, these checkpoints can arrest the cell temporarily or permanently (i.e., senescence),
stimulate specific DNA repair pathways, and influence the conversion of unfixed DNA lesions into
chromatid breaks®3. Unfortunately, mature chondrocytes generally cannot benefit from these checkpoints
as they are hypo-replicative and not actively progressing through the cell cycle. In another post-mitotic
cell type — neurons — researchers have proposed that the most notable damage arises during cellular
metabolism and the generation of oxidative DNA damage®. The tendency for chondrocytes to
accumulate DNA damage is explored in more detail in Chapter 4.
1.3.4 Measuring DNA Damage & Repair

Measuring DNA damage in cells is a challenge as the level of damage to be assessed is
relatively low with respect to the rest of the genome. Additionally, it is methodologically difficult to
accurately measure the many different chemical alterations that impact DNA. Despite these limitations,
researchers have developed a suite of direct and indirect techniques to detect DNA damage, as well as
methods to assess the repair response®.

DNA lesions and breaks fragment the DNA, causing a reduction in the molecular weight of the
DNA strand that can be detected through agarose gel electrophoresis or polymerase chain reaction
(PCR). A commonly used approach for assessing single or double strand breaks is the comet assay, or
single-cell gel electrophoresis®. This assay uses fluorescence and an applied electrophoretic field to
separate undamaged DNA (a spherical nuclear mass referred to as a comet head) from damaged DNA

(the comet tail), which migrates through the agarose at a faster rate®”. This method can detect single and
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double strand breaks, as well as alkali-labile sites, and is discussed in greater detail in Chapter 3. The
information provided from this technique has been expanded in modified comet assays by adding lesion-
specific repair enzymes (e.g., OGG1) or bacterial glycosylases (e.g., Fpg) to the experimental
pipeline®99, These enzymes convert their specified lesion into single strand breaks, enabling the
recognition of various oxidized and alkylated bases, dimers, mis-incorporated uracil and BER sites.
Alternatively, PCR and quantitative PCR (QPCR) have been used to detect damage and certain genes.
Sites of damage disrupt DNA replication and PCR amplification, resulting in a decreased amount of PCR
product and lower number of DNA templates'%,

Direct measurements of DNA lesions can be performed by high performance liquid
chromatography (HPLC) or gas chromatography (GC), combined with mass spectrometry (MS). These
methods extract and digest the DNA into monomeric units, separate the hydrolyzed products via
chromatography, and use MS to detect and quantify specific lesions. HPLC-MS is the method of choice
for measuring modified DNA bases, such as alkylated BER products'®!. GC-MS can detect a variety of
DNA damage products, such as heterocyclic bases, as well as measure the kinetics of DNA repair
enzymes'02103 Although these assays are accurate, high equipment costs and specialized technical
knowledge limit how widespread these approaches are used.

Chemiluminescent strategies such as enzyme linked immunosorbent assay (ELISA),
immunohistochemical assay (IHC), or immunofluorescence (IF) have been used to measure specific
enzymes and antigens. These involve the use of antibodies raised against DNA lesions, while others use
antibodies raised against enzymes or protein modifications involved in the DDR. The gold standard for
DSB detection is H2AX, which is phosphorylated by the ATM protein at sites of DSBs. This
phosphorylation event occurs within 1 to 3 minutes of DNA damage'®. Immunofluorescence is the
primary method for detecting yH2AX and the resulting “foci” may be counted to determine the number of
DSBs. Alternative DNA repair proteins that have been used as biomarkers for DNA damage include the
Ku protein — a heterodimer involved in NHEJ of DSBs'% — and the X-ray repair cross complementing 1

(XRCC1) protein, which interacts with several repair enzymes involved in SSB repair'.
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1.3.5 The Contribution of DNA Damage to Aging, Senescence, and OA

It is well established that DNA damage promotes the development of cancer®!; however, DNA
damage has also been affiliated with apoptosis, cellular senescence, and aging itself’”. Aging has been
defined as the “accumulation of unrepaired damage to cellular and organismal components over time.”197
In support of this, mounting evidence suggests that DNA damage is a contributing factor to senescence
and other aspects of aging””-78. When DNA damage remains unrepaired, signaling cascades for apoptosis
or senescence are triggered to avoid the replication of a faulty genome. Although a protection from
cancer, these defense mechanisms accelerate the aging process’s.

A large body of evidence has demonstrated that all pathways involved in DNA repair - MMR,
base excision repair, SSB and DSB repair — become deficient with age, contributing to both cancer and
aging-related disorders (reviewed in 198 and 199). Multiple studies have proven that older organisms have
higher loads of DNA damage'%8.110.111. The accumulation of lesions and breaks to the DNA with aging has
been affiliated with gradual functional decline in cells and tissues. This is further evidenced by the fact
that premature aging disorders, such as Hutchinson-Gilford progeria syndrome (HGPS) and Werner
syndrome (WS), have faulty DNA repair mechanisms and accumulate large levels of DNA damage'12-114,

DNA damage is a common source used in the induction of cellular senescence. The initiation of
DDR pathways — p53-p21 and/or p16'Nk4a-pRB — activate the cyclin-dependent kinase inhibitors p16, p21
and p27 that lead to withdrawal from the cell-cycle and sustained cell-cycle arrest. Aged organisms show
significant increases in yH2AX foci''> and DNA oxidation''8, providing further evidence that DNA damage
and its associated repair mechanisms are a contributing factor to cellular senescence. Additionally, the
NF-kB transcription factor, which is heavily involved in the SASP, is highly activated in aging'"’. This is
relevant as studies have shown a link to DNA repair deficiency and aging through the SASP1%9, The rising
levels of inflammation from the SASP has been termed inflammaging and underlies the development of
age-related disorders®8.

In the context of cartilage, OA chondrocytes have been found to have significantly increased
amounts of DNA damage compared to normal chondrocytes''811°, Rose et al. showed that DNA damage
in articular chondrocytes induces both a senescent phenotype and dis-coordinated gene expression,

consistent with OA chondrocytes''®. Altogether, a vicious cycle emerges with inefficient DNA repair
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promoting the accumulation of DNA damage, which produces an inflammatory environment via the
SASP, leading to further DNA damage and inhibition of DNA repair.
1.3.6 Limitations & Future Directions

A significant portion of the research conducted on DNA damage and repair to date has centered
around approaches to inhibit the DDR for the treatment of cancer (e.g., PARP inhibitors in BRCA-deficient
ovarian and breast tumors)8.120, While these findings are crucial for the development of cancer
therapeutics, they are not as applicable for age-related diseases that arise from the accumulation of DNA
damage. Investigators have begun to explore interventions that improve DNA repair and reduce DNA
damage as a therapeutic approach for treating age-associated pathologies®. Considering DNA repair
encompasses the coordinated action of many proteins, this is more involved than simply overexpressing
one protein, which may not result in improved DNA repair’®. Thus, approaches to activate DNA repair
pathways must consider the multifactorial nature of the DDR.

An additional limitation to this body of work is that the study of DNA damage repair, and its
decline with age, has predominantly been limited to fibroblasts and lymphocytes. The work presented in
this dissertation addresses this limitation by investigating the accumulation of DNA damage (Chapter 3)

and decline in repair efficiency (Chapter 4) with aging in primary articular chondrocytes.

1.4 INTRODUCTION TO SIRTUIN 6

Sirtuins 1-7 (SIRT1-7) are the mammalian orthologs of yeast silent information regulator 2 (Sir2),
a widely recognized longevity gene'?'. These nicotinamide adenine dinucleotide (NAD) — dependent
histone and non-histone protein deacetylases modulate many processes including transcriptional
regulation, metabolism, development, chromatin dynamics, and the focus of this thesis, DNA repair'.
Depending on their function, the sirtuins evolved to localize in differing cellular regions: SIRT1 and SIRT2
in the nucleus and cytoplasm, SIRT3-5 in the mitochondria, and SIRT6 and SIRT7 exclusively in the
nucleus'?2. Although SIRT1 has been the most extensively studied sirtuin thus far, a growing body of
research has indicated that SIRT6 is an important mediator of DNA repair. The following section will
discuss the mechanisms of SIRT6-faciliated DNA repair, and the detrimental effects that arise when

SIRT6 activity is disrupted.
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1.4.1 SIRT6 as a DNA Repair Agent

SIRTG6 is a key regulator of gene expression, DNA repair, metabolism, and lifespan, as evidenced
by SIRT6 knockout mouse models'23. Research has elucidated that SIRT6 has three enzymatic functions:
(1) deacetylase, (2) mono-ADP-ribosyl-transferase, and (3) defatty-acylase activities'?2. Among these,
SIRT6’s function as a histone deacetylase is its most robust enzymatic activity.

In normal physiology, the nuclear DNA is packaged with histones in a structure called the
chromatin. The compact chromatin inhibits transcription and recombination but limits the accessibility of
DNA repair factors when damage arises®2107, SIRT6 facilitates DNA repair by rapidly localizing to sites of
DNA damage and initiating chromatin remodeling, which enables the recruitment and function of DNA
repair proteins'24-126, SIRT6 is involved in HR, NHEJ, and BER by targeting PARP 1124, DNA-PKcs (DNA-
dependent protein kinase, catalytic subunit)'??, and SNF2H25,

In the occurrence of base damage and SSB, SIRT6 regulates BER by modulating BER factors
and/or adjusting the density of the chromatin to enable accessibility to the DNA damage site'?8.
Conversely, SIRT6 facilitates the repair of DSB by detecting the lesion site, deacetylating H3K9 and
H3K56, modulating chromatin accessibility through interactions with SNF2H and CHD4, and associating
with PARP1 and stimulating PARP1 polymerase activity'2+127.129.130_ This sequence of events stimulates
the repair of DNA damage through HR or NHEJ. An overview of the manners in which SIRT6 acts as a
DNA repair agent are illustrated in Figure 1.4.

1.4.2 SIRT6 in Aging and Senescence

Previous work has demonstrated that SIRT6 is heavily involved in several processes that become
dysfunctional with advanced age'3'.132, Work conducted in mouse models have revealed that SIRT6
knockdown leads to premature aging phenotypes!, while SIRT6 overexpression produces an increase in
male mice lifespan'33. Altogether, this research suggests a critical role of SIRT6 in both aging and age-
related diseases. In support of this, Xu et al. identified a strong negative correlation between age and the
expression levels of SIRT6'28.

A number of disorders have been associated with deficient SIRT6 activity, including diabetes,
obesity, cancer, and cardiovascular diseases'2212°, Additionally, depletion of SIRT6 coincides with an

accumulation of senescent cells'34. This is unsurprising as SIRT6 activity blocks senescence by
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maintaining telomere chromatin structure, preserving genome stability following DNA damage, and
inhibiting the transcription of proteins relevant in senescence'?. Further, the deacetylase activity of SIRT6
at H3K9ac limits the transcription of NF-kB, a prominent player in the age-dependent induction of cellular
senescence’3,

The relationship between diminishing SIRT6 activity and aging pathologies has supported the
development of therapeutics that activate this repair agent. As SIRT6 influences critical DNA repair
functions, like NHEJ and BER, SIRTG6 re-activation is a promising approach to mitigate advanced age
phenotypes.

1.4.3 SIRT6 Modulation

With mounting evidence showing the promise of SIRT6 activation on DNA repair and genome
maintenance, a growing area of research involves the identification and development of small molecule
modulators for SIRT6. Consistent with the other mammalian sirtuins, SIRT6 has a core catalytic domain
spanning 250 amino acids'3¢, SIRT6 consists of three structural regions: a large Rossmann fold, a small
zinc-binding region, and a hydrophobic channel spanning the two domains'¥”. The Rossmann fold, which
is responsible for NAD* binding, is composed of 6 B-sheets situated between 2 a-helices on one side and
4 a-helices on the other. The hydrophobic channel accommodates long-chain acyl SIRT6 substrates,
while the zing-binding motif is solely structural and does not participate in any catalytic activity136.138.

Despite SIRT6 deacetylase activity being 100 — 1000 times lower than other active sirtuins, the
most prominent enzymatic activity for SIRT6 is deacetylation, with H3K9 being SIRT6’s main substrate .
Early studies demonstrated that free fatty acids (FFAs), such as myristic acid, increased this
deacetylation efficiency up to 35-fold'3°, paving the way for further investigation of SIRT6 activators. To
overcome issues such as metabolic instability, low water solubility, and poor permeability, researchers
began to investigate synthetic activators'3. One such activator includes, MDL-800, which was identified
by computationally predicting an allosteric site on SIRT6 and virtually screening compounds, followed by
in vitro evaluation of the top calculated binders'#?. MDL-800 treatment was shown to increase SIRT6
deacetylase activity by 22-fold with an ECso value of 10.3 pM, while not displaying any effect on the

enzymatic activities of SIRT1/3/4 and HDACH1.
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Due to the dichotomous nature of SIRT6 in cancer and inflammation'!, inhibition of SIRT6 in
certain contexts may be desirable. Inhibitors of SIRT6 can be generally broken into 4 categories: product
inhibitors (i.e., nicotinamide), thioacyl-lysine warheads, isoform-specific small molecule inhibitors of
deacetylation, and competitive inhibitors of long-chain deacylation (i.e., myristic acid)'36.142, One sirtuin
inhibitor, EX-527, acts as an isoform-specific small molecule inhibitor by stabilizing the closed enzyme
conformation and preventing product release'#3. The development or identification of SIRT6 inhibitors
remains a key area of research as many of the discovered inhibitors lack either efficacy or specificity
towards SIRT6. The experiments in Chapter 4 and Chapter 5 will make use of MDL-800 to activate
SIRT6, and EX-527 to inhibit SIRT6.

1.4.4 SIRT6 and Joint Tissue Homeostasis

Studies using Sirt6 conditional knockout mice, as well as loss- and gain-of-function models, have
confirmed that SIRT6 plays a critical role in cartilage homeostasis, chondrocyte senescence, and
osteoarthritis'44.145, SIRT6 provides a protective measure for articular chondrocytes by maintaining redox
homeostasis'#®, and intra-articular injection of a lentivirus encoding Sirt6é has been shown to minimize
cartilage degradation in a surgery-induced post traumatic OA (PTOA) mouse model'#’. Conversely, Sirt6
haploinsufficiency — when one gene copy is inactivated and the other copy cannot produce enough gene
product to maintain proper function — instigates joint inflammation, osteophyte development, and
chondrocyte hypertrophy in a diet-induced obesity model of OA™8.

Collins et al. showed that SIRT6 activity was significantly reduced in chondrocytes isolated from
older and osteoarthritic donors'#6. Overexpressing Sirt6 in murine chondrocytes reduced the expression
of SA-B-Gal and genes dependent on NF-kB, and improved the Safranin-O staining and OARSI scores of
knee joint cartilage'’. This suggests that Sirt6 activation may mitigate OA development by preventing the
accumulation of senescent chondrocytes. Consistent with these findings, Nagai et al. showed that
deleting Sirt6 increased DNA damage and induced senescence in chondrocytes'34. Lastly, work done by
Ji et al. revealed that intra-articular injections of adenovirus-Sirt6 significantly reduced DMM-induced

OA144'
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1.4.5 Limitations & Future Directions

Although the functional and mechanistic role of SIRT6 in the context of osteoarthritis and cartilage
homeostasis has begun to be explored, it remains largely undefined. Further, the work done thus far has
been conducted in injury- or diet- induced models of OA, rather than the more prevalent age-induced OA.
The recent study by Ji et al.'** successfully showed that Sirt6 deficiency accelerated chondrocyte
senescence and OA progression, while Sirt6 activation mitigated OA development after surgical injury.
This introduces an interesting hypothesis that enhanced DNA damage repair capacity through SIRT6
activation could prevent senescence and OA. The translational work presented in Chapter 5 was driven
by this hypothesis and explores the effect of continuous Sirt6 activation on senescence induction and

osteoarthritis.

1.5 CONCLUSION

As discussed in the prior sections, research has begun to elucidate the connection between DNA
damage, senescence, and osteoarthritis progression. However, there is limited biological understanding
of (1) how senescence is stimulated within the joint space, (2) whether DNA damage accumulates in
chondrocytes, (3) how DNA repair is impacted with age in chondrocytes, and (4) the effect of continuous
activation of the DNA repair protein, SIRT6, on senescence induction and osteoarthritis development. The

following chapters provided in this dissertation will address these knowledge gaps.
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1.6 FIGURES
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Figure 1.1: Overview of the changes that develop with OA progression: Osteoarthritis initiates the
breakdown of articular cartilage, leading to synovial inflammation, osteophyte formation, subchondral
bone thickening, and degradation of the menisci and surrounding ligaments. Additionally, chondrocytes

begin to produce inflammatory molecules and enter a hypertrophic state.
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Figure 1.2: Biomarkers of Cellular Senescence. Senescent cells exhibit stable cell cycle arrest,
demonstrated by increased expression of cell-cycle arrest proteins, p16 and p21. Persistent DNA damage
is a common marker of senescence, identified by the presence of yH2AX and 53BP1 foci. A suite of
inflammatory molecules called senescent associated secretory phenotype (SASP) are secreted by
senescent cells. Other biomarkers of senescence include elevated lysosomal activity, alterations to the

chromatin and increased NF-kB signaling.
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Figure 1.3: A general overview of the various damaging agents, types of DNA damage, and the repair
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Figure 1.4: SIRT6 as a DNA Repair Agent. SIRTG6 facilitates DNA repair by opening the compact
chromatin of DNA and making it accessible for downstream repair factors. JNK-dependent
phosphorylation of SIRT6 assists in SIRT6’s recruitment to sites of DNA damage. DNA repair is initiated
by SIRT6 deacetylation of H3K9 and H3K56, followed by PARP1 ADP-ribosylation. Depending on the
type of DNA damage, SIRT6 will recruit the appropriate repair factors for NHEJ/HR (double strand

breaks) or BER (base damage). Figure created in Biorender.com.
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CHAPTER 2: THE COMBINATION OF MITOGENIC STIMULATION AND DNA DAMAGE INDUCES
CHONDROCYTE SENESCENCE'

2.1 INTRODUCTION

Osteoarthritis (OA) is a disease characterized by joint pain and progressive degradation of
articular cartilage and other tissues of the joint'2. As the most common chronic disease of the articular
joint, OA produces a substantial burden on society and the economy?+4. Despite increasing knowledge
about factors contributing to the progression of OA, there are no approved disease-modifying therapies?®,
leading to high rates of total joint replacement8. Risk factors for OA include obesity, joint injury, and
genetic predisposition, with the most dominant risk factor being aging”-8. Cellular senescence has been
described as a key phenotype associated with aging®, and there is mounting evidence that the
accumulation of senescent cells in the joint during both aging and in response to injury contributes to the
development of OA'%-14, Senescent chondrocytes likely contribute to tissue degradation by producing pro-
inflammatory and matrix-degrading molecules known collectively as the senescence-associated secretory
phenotype (SASP)'%16, Significant advances have begun to unravel the role of senescence in OA and the
therapeutic implications of such findings, including the potential for senolytic therapy as a potential
disease-modifying therapy'3'7. However, there has been less progress in understanding the underlying
biologic processes that drive the accumulation of senescent cells in the joint space. With clinical trials that
target senescent cells in the joint underway (e.g. NCT03513016), it is imperative to identify the
physiological contexts that promote senescence induction’®. The goal of this study was to investigate the
mechanisms of senescence induction in articular cartilage through the use of explants from healthy

equine and human cadaveric donors.

! The following chapter was published in Osteoarthritis and Cartilage.

Copp ME, Flanders MC, Gagliardi R, et al. The combination of mitogenic stimulation and DNA damage
induces chondrocyte senescence. Osteoarthritis and Cartilage. 2021;29(3):402-412.
doi:10.1016/j.joca.2020.11.004
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Senescent cells display stable cell cycle arrest even in an environment that would normally
promote cell division, which distinguishes the senescent phenotype from quiescence’®. Indeed, there is
evidence that a pro-growth environment — termed expansion signals to account for stimuli associated with
proliferation or cellular hypertrophy — drives senescence induction in cells harboring strong growth arrest
(reviewed in 29). The upregulation of metabolic processes associated with an ongoing stress response,
combined with absence of division, result in abnormally high lysosomal activity in senescent cells. This
feature has been used to identify senescence through detection of B-galactosidase activity at the sub-
optimal pH of 6.0 — the senescence-associated -galactosidase (SA-B-gal) assay?'-22. We recently used
cartilage explants from p16tTemato knock-in senescence reporter mice?® to show that transforming growth
factor beta (TGF-B1) and basic fibroblastic growth factor (bF GF), both of which are released from
cartilage tissue in response to injury and degradation, were potent inducers of senescence by the
measure of p16'"a promoter activity?*. In this study, we implement a quantitative flow-cytometry-based
assay of SA-B-gal activity to demonstrate that the combination of cellular damage (by irradiation) and cell-

expansion stimuli (through culture with growth factors) induces a senescent phenotype.

2.2 MATERIALS & METHODS
2.2.1 Acquisition of equine cartilage explants

Cartilage isolation was performed under IACUC approval at the North Carolina State University
College of Veterinary Medicine from donor horses that were euthanized for reasons outside of this study.
Horses were between 4 and 7 years of age and included 3 geldings and 4 non-parous mares. A series of
6 mm biopsy punches were taken from the femoral trochlear ridges of thoroughbred horses without
known patellofemoral disease or any macroscopic signs of cartilage damage.
2.2.2 Acquisition of human cartilage explants

Tali from cadaveric ankle joints were obtained from organ donors within 24 hours of death
through the Gift of Hope Organ and Tissue Donor Network (Itasca, IL). A tissue repository for donor
material supported by the Material Transfer Agreement has been established within the Department of
Pediatrics (Dr. Chubinskaya, Director) and has been approved by the Research and Clinical Trials

Administration Office at Rush University Medical Center (Chicago, IL), ORA 08082803IRB01AM2. An
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exemption for IRB approval was granted on February 15, 2016 according to the Deceased Subjects Rule.
Samples were shipped overnight with ice packs to the University of North Carolina at Chapel Hill. Ankle
tissue was used instead of knee tissue due to greater availability, but donor-matched comparisons of
chondrocytes from ankle and femoral cartilage have shown a similar response to stimuli in culture?s.
Donors had no history of joint disease and ankle tissue was screened with a modified Collins grade on a
4-point scale?®. Only ankle joints with grades of 0 — 2 (eliminating joints with evidence of erosion to the
subchondral bone in any region) were used to avoid the confounding factor of extensive cartilage
degeneration. Explants of 5 mm were taken from the talar surface for culture. Tissue was used from a
total of 31 donors — 22 males and 9 females ranging from 38 to 73 years of age. Donor information is
included in a table alongside the appropriate figures.
2.2.3 Explant culture for senescence induction

The experimental layout is provided as a schematic in Figure 2.1. Harvested equine explants
were allowed to recover in 6-well plates for 3-7 days in the following control medium: DMEM/F12 medium
(11330, Thermo Fisher Scientific, Waltham, MA), 10% fetal bovine serum (Seradigm 1500-500; VWR
International, West Chester, PA, USA), penicillin and streptomycin (15140; Thermo Fisher Scientific),
gentamicin (15750; Thermo Fisher Scientific), and amphotericin B (A2942; MilliporeSigma, Burlington,
MA, USA). Half of the explants from each horse donor were irradiated with 10 Gy using a RS2000
Biological Irradiator, with the other half remaining as experimental controls. Post irradiation, the explants
were cultured in the same control medium for 7 — 10 days before digestion for monolayer culture. Human
cartilage explants were cultured in the same way as with equine explants, with the exception that
mitogenic stimulation was included as an additional experimental factor. Mitogenic stimulus conditions
were applied immediately after irradiation and consisted of control medium with the addition of 1 ng/mL
TGF-B1 and 5 ng/mL basic fibroblastic growth factor (bFGF) (PHG9204 and PHG0264; Thermo Fisher
Scientific).
2.2.4 Monolayer culture of primary chondrocytes for maturation of senescent phenotype

Following senescence induction in explant culture, chondrocytes were isolated from cartilage by
enzymatic digestion with Pronase (1 hour) and subsequently with Collagenase P (overnight) as described

previously?’. The approximate yield was 100,000 cells per 5 mm diameter x ~1.5 mm depth explant.

38



Isolated chondrocytes were resuspended in 1 mL of media and plated in 12-well plates at a concentration
of 6.4x10* cells per cm2. All cells (including those from the growth factor treated explants) were cultured in
control medium, with media being changed every 2-3 days. The chondrocytes were cultured in monolayer
for 10 — 12 days without passaging before SA-B-Gal flow cytometry analysis. Images of chondrocytes at
the end of monolayer culture were taken with an EVOS FL microscope (Life Technologies, Carlsbad, CA).
2.2.5 Flow Cytometry Analysis of SA-B-gal

SA-B-gal activity in the chondrocytes after senescence induction and monolayer culture was
evaluated using the CellEvent™ Senescence Green Flow Cytometry Assay Kit (C10840; Thermo Fisher
Scientific). This kit utilizes the same principle as the traditional colorimetric SA-B-gal assay in that
excessive galactosidase activity is detected at the sub-optimal pH of 6.0. In this case, the CellEvent™
probe contains two galactosidase moieties and cleavage releases a fluorescent signal that is retained in
the cytoplasm for detection by flow cytometry. As consistent with the manufacturer recommendations, the
working solution was prepared by diluting the CellEvent™ Senescence Green Probe (1,000X) into the
CellEvent™ Senescence Buffer that had been warmed to 37°C. Chondrocytes to be analyzed were
washed twice with 1x PBS (14190136, Gibco), incubated at 37°C for 5 minutes in Trypsin-EDTA (T4174;
Sigma-Aldrich, St. Louis, MO), and neutralized with 50 ug/mL Soybean Trypsin Inhibitor (17075029,
Thermo Fisher Scientific) with EDTA (46-034-ClI, Corning, Corning, NY). The mixture was centrifuged at
800 xg for 6 minutes, washed with PBS, and fixed with 2% paraformaldehyde in PBS (1:1 volume of cells
in PBS and 4% solution made from 16% stock, 43368, Alfa Aesar, Haverhill, MA) for 10 minutes at room
temperature. Fixed cells were washed with 1% bovine serum albumin (A7906; Sigma Aldrich) in PBS and
resuspended in 100 uL of the working solution. The chondrocytes were incubated with the dye at 37°C for
2 hours at 300 rpm in a ThermoMixer C (Eppendorf, Hamburg, Germany). After incubation, the
chondrocytes were washed with 1 mL of PBS and resuspended in 200 pL of PBS. The stained cells were
filtered with a 30-um strainer to achieve a single-cell suspension. Flow cytometry analysis was performed
using an Attune NxT (Thermo Fisher Scientific) with a 488 nm laser, and analysis performed using FCS

Express 8 software (De Novo Software, Glendale, CA, USA).
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2.2.6 Immunofluorescence

After explant digestion, cells were plated into 8-well chamber slides (Nunc Lab-Tek Il, Thermo
Fisher Scientific 154534) at the same density as other monolayer cultures. After 12 days, cells were fixed
in 1% paraformaldehyde and permeabilized with 0.25% Triton X-100 to prepare for immunofluorescence.
Cells were blocked with a solution of 1% BSA, 0.1% Tween, and 22.5 mg/ml glycine and then incubated
overnight at 4°C with primary antibodies (p16: CINtec®, pre-diluted, Roche Diagnostics; yH2AX: sc-
517348, 1:100, Santa Cruz Biotechnology). The CINtec® p16 antibody has been extensively
characterized through its approved use in the evaluation of cervical biopsy specimens. Goat anti-mouse
secondary antibodies (Thermo Fisher Scientific R37120) and NucBlue™ nuclear stain (Thermo Fisher
Scientific R37605) were applied according to manufacturer recommendations. Quantification of p16 was
performed using Image J to calculate the corrected total cell fluorescence of 50 cells per condition per
donor. Briefly, the area of a cell is multiplied by the area integrated density of the fluorescence signal and
this value is normalized to a background region near each analyzed cell. Quantification of yH2AX foci was
performed using the “Find Maxima” tool in ImageJ. The number of foci were counted in approximately 100
nuclei per condition per donor. Following previous analysis strategies??, the percentage of cells with 3 or
more foci was calculated as a measure of cells with an ongoing DNA damage response.
2.2.7 Quantitative Polymerase Chain Reaction (QPCR)

After explant digestion, cells were plated into tissue culture plates for the purpose of subsequent
RNA isolation and gPCR. After 7-12 days of monolayer culture, cells were washed with PBS and RLT
buffer was directly added to lyse cells. RNA was isolated using RNeasy Mini columns (Qiagen 74104)
and reverse transcription was performed using qScript XLT cDNA SuperMix (VWR International 95161).
Tagman Universal Master Mix (Applied Biosystems 4304437) was used along with Tagman primer probes
for the following genes: matrix metalloproteinase 13 (MMP-13, Hs00942584_m1), interleukin-6 (IL6,
Hs00985639_m1), insulin-like growth factor binding protein 3 (IGFBP3, Hs00426289_m1), and C-C motif
chemokine ligand 2 / monocyte chemoattractant protein 1 (CCL2, Hs00234140_m1), with TATA box

binding protein (TBP, Hs00427620_m1) used as a housekeeping gene.
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2.2.8 Histology and Chondrocyte Cluster Analysis

Human cartilage explants from 7 male and 2 female donors were fixed at the end of explant
culture in 4% paraformaldehyde in PBS for 24 hours at 4°C and processed for paraffin embedding.
Additionally, tissues from two sources were immediately fixed without culture: “healthy” tissue (Collins
grade 0 or 1, 3 males and 3 females, average age 67.2 years) and de-identified OA waste tissue
procured from total knee replacements performed at University of North Carolina Hospitals (3 males and
4 females, average age 67.6 years). Individual donor information is provided in Figure 2.5C and 2.5E.
Sections of 5 um thickness were collected on Superfrost™ Plus slides (12-550-15; Thermo Fisher
Scientific). Slides were stained with Hematoxylin (nuclei) and Eosin (cytoplasm) to detect cell cluster
formation in explants. Representative bright field images were taken with an Olympus BX60 microscope.
Chondrocyte cluster analysis was assessed throughout the depth of cross-sectional histological sections
that began at the superficial zone and extended into the middle zone. The number of chondrocytes in
singlet, doublet, and triplet or more (triplet*) clusters were counted and quantified using ImageJ.
2.2.9 Statistical Analyses

Statistical analysis and plotting were performed using Prism 8 (GraphPad, La Jolla, CA, USA)
and flow cytometry data was processed with FCS Express 8 (De Novo Software, Glendale, CA, USA).
Data are plotted as individual points with the mean shown. The error bars indicate the 95% confidence
interval (Cl) and these values are noted in parentheses on the appropriate plots. Outliers were identified
using Grubbs test with a = 0.05 and were excluded from subsequent analysis. Data from individual
donors were excluded if the flow cytometry event count for any condition was less than 800 events.
Outliers and excluded data are noted in the figure legends. Mean fluorescence intensity (MFI) data were
normalized to the control condition for each donor to account for subtle differences in flow cytometry
settings between days. Normalized MFI data in each treatment group were analyzed using a one-sample
t-test against a hypothetical value of one and thus plots show a dotted line to represent this comparison.
The percentage of SA-B-gal high cells was determined by introducing a cutoff at the mean plus two times
the standard deviation of the control group. By Shapiro-Wilk test, these data were consistent with being
sampled from a Gaussian distribution. Thus, this outcome measure was analyzed using a paired

Student’s t-test (equine) or Two-Way ANOVA with Tukey’s Multiple Comparisons Test (human). Sample
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size was determined by analyzing preliminary data on three donors for the effect size and variability. It
was estimated that 5-10 equine donors and 10-20 human donors would be required to detect a doubling
in the main outcome measure (percentage of SA-B-gal high cells), which we determined to be biologically
meaningful. With this goal, we collected as many donors as feasible in the allocated experimental
timeframe. Using a post-hoc effect size calculation in SAS (POWER procedure), we determined the
minimum difference that could have been detected given the actual data (sample size, mean, standard
deviation) at 0.9 power and alpha = 0.05. The minimum detectable difference was 17.72 for comparison
of equine explants (control vs. irradiation) and 4.11 for comparison of human explants (control 10% vs.

irradiated with growth factors).

2.3 RESULTS

2.3.1 Induction of senescence in equine cartilage explants

Cartilage explants harvested from the equine stifle (patellofemoral joint) were induced to
senescence in explant culture with irradiation followed by culture in monolayer for maturation of the
senescent phenotype (overview of experimental design illustrated in Figure 2.1). Chondrocytes from
explants that had been irradiated revealed an enlarged and flattened morphology as compared to
chondrocytes from control explants (Figure 2.2A). Flow cytometry for SA-B-gal activity was used to
quantify the induction of senescence in the cartilage explants. A representative SA-B-gal flow plot from
one equine donor is included, showing the shift in SA-B-gal fluorescence between chondrocytes cultured
from the control and irradiated equine explants (Figure 2.2B). The region two standard deviations above
the control mean fluorescence intensity (MFI) was delineated on the SA-3-gal flow plot and was used in
this study to indicate the population of SA-3-gal high cells. Chondrocytes irradiated in explant culture had
significantly increased SA-B-gal activity as compared to chondrocytes from control explants (2.40-fold
increase, Cl 0.22 to 2.58; p = 0.027 by one-sample t-test compared to a hypothetical value of 1; Figure
2.2C). The percentage of cells with high SA-B-gal activity also significantly increased in the irradiated
condition as compared to control (mean difference: 21.57%, Cl 10.48 to 32.65%; p = 0.0031 by paired t-

test; Figure 2.2D). A table listing the age and sex of the equine donors is provided (Figure 2.2E).
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2.3.2 Induction of senescence in human cartilage explants

Unlike equine cartilage explants, preliminary studies indicated that irradiation alone was
insufficient to induce robust senescence in human articular cartilage explants. We hypothesized that
mitogenic stimulation of damaged chondrocytes would initiate the senescence phenotype and tested this
by supplementing the 10% FBS media with growth factors TGF-1 and bFGF after irradiation. Cartilage
explants harvested from cadaveric human ankles of 14 donors were cultured as described for the horse
explants, with the only difference being the inclusion of growth factors during explant culture as an
additional variable (Figure 2.1). As compared to control chondrocytes, cells digested from irradiated
explants cultured with growth factors showed an enlarged morphology and the presence of bi-nucleated
cells, which has been associated with senescence?® (Figure 2.3A). Experiments testing the incorporation
of EdU to mark cells in S phase showed that growth factor treatment during explant culture initiated cell
cycle entry that persisted in monolayer culture under control conditions (Supplemental Figure 2.1). A
representative SA-B-gal flow cytometry plot illustrates the robust shift in SA-B-gal fluorescence with both
irradiation and growth factor treatment (Figure 2.3B). Chondrocytes from irradiated explants treated with
TGF-B1 and bFGF showed significantly higher SA-B-gal MFI values as compared to the non-irradiated
10% FBS control (1.44 mean fold increase, Cl 1.26 to 1.63; p = 0.0002 by one-sample t-test compared to
a hypothetical value of 1; Figure 2.3C). By this measure, chondrocytes from irradiated explants without
growth factors also showed a moderate increase in SA-B-gal MFI values as compared to the non-
irradiated control (1.17 mean fold increase, Cl 1.03 to 1.31; p = 0.025). When the percentage of SA-B-gal
high cells was analyzed by Two-way ANOVA, both irradiation and media condition, as well as the
interaction, were significant factors in senescence induction. Using Tukey’s multiple comparison test, the
irradiated explants cultured with growth factors were significantly different than all other conditions
(p<0.005 to all conditions) (Figure 2.3D). A table listing the age and sex of the donors used in the
irradiation experiments is provided (Figure 2.3E).
2.3.3 Additional markers of the senescence phenotype

Chondrocytes isolated from explants cultured in all four conditions (control or irradiation, 10%
serum media or with the inclusion of growth factors) were plated in monolayer culture to perform

additional analysis of the senescence phenotype. Analysis of yH2AX foci by immunofluorescence
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indicated that both irradiation and TGF-31/bFGF treatment were required to initiate a persistent DNA
damage response (Figure 2.4A and B, 10.0% of cells with 3 or more foci, Cl 5.0. to 15.0., all other
conditions upper bound CI of £ 4.5.%). Quantification of p16 protein by immunofluorescence also showed
the highest signal with the combination of irradiation and growth factors (Figure 2.4C). The confidence
interval for this group did not overlap with the confidence interval of the baseline condition (Figure 2.4D,
Cl1 13.5 to 23.2 arbitrary units per cell compared to upper bound of 10.3). Finally, gPCR analysis for 4
SASP factors was used to compare the group with the highest senescence induction (irradiation with
growth factors) to the baseline control group of no irradiation with 10% serum media. This analysis
showed an average fold increase of 1.29, 2.19, 1.99, and 1.68 for MMP-13, IL6, IGFBP3, and CCL2,
respectively (Figure 2.4E). Of these genes, IGFBP3 and CCL2 had confidence intervals with lower
bounds above 1 (1.01 to 2.97 for IGFBP3 and 1.04 to 2.32 for CCL2).
2.3.4 Cluster formation in response to senescence-inducing conditions

H&E staining of cartilage at the end of explant culture revealed an increase in the presence of
chondrocyte clusters in conditions that also resulted in senescence induction — irradiation with growth
factor treatment (Figure 2.5A). There was a statistically significant increase in the percentage of
chondrocyte clusters in a triplet* formation for the irradiation plus growth factors group as compared to all
three of the other conditions (p<0.0005, Two-way ANOVA with Tukey’s multiple comparison test; Figure
2.5B). The same analysis of clusters was applied to uncultured healthy cartilage (Collins grade 0 or 1) or
waste OA tissue from total joint replacement. OA cartilage showed a significant increase in the
percentage of clusters that are in triplet* formation (28.49 with Cl 22.9 to 34.08 vs. 9.69 with CI 7.01 to

12.37, p=0.0006 by t-test; Figure 2.5D).

2.4 DISCUSSION

This study demonstrates that treatment of articular cartilage explants with mitogenic stimuli in the
context of DNA damage reliably induces high levels of SA-$ gal activity (summarized in Fig. 6). By
maintaining cell-matrix interactions, this approach provides a physiologically relevant setting to investigate
the initiation of senescence. Detailed characterization of the origins of cellular senescence within cartilage

may provide insight into why senescent cells accumulate to pathological levels in the joint space with age
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and in response to joint injury. Greater understanding of senescence induction will also support the
emerging therapeutic approach to target senescent cells with senolytics3%3', which has shown promising
results in animal models for post-traumatic and age-related OA'S.

The most widely used biomarker for senescence is SA-f3-gal, which distinguishes senescent cells
based on high lysosomal activity32. Traditionally, SA-B-gal activity is detected cytochemically using 5-
bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal) as a substrate and by discriminating negative from
positive cells by visualization of blue color in cell culture images33. This manual process means that only a
limited number of cells can be analyzed, and the readout is subjective and binary in nature. Conversely,
the SA-B-gal flow cytometry approach utilized in this study provides a quantitative readout that captures
the full range of lysosomal activity and is capable of analyzing tens of thousands of cells in a short time
frame. Prior studies using a related but distinct flow cytometry readout of 3-galactosidase activity revealed
enhanced sensitivity as compared to the more widely used cytochemical method33. We also performed
additional experiments to confirm that potential “false positive” signals due to confluency?*,
autofluorescence?’, or the presence of dead cell did not interfere with the reported conclusion that
irradiation and growth factor treatment increased true SA-B-gal activity (Supplemental Figure 2.2).

Full characterization of the senescent state incorporates numerous orthogonal biomarkers26.
Thus, we assayed the extent to which three additional features of senescence are present in
chondrocytes induced by the combination of DNA damage and mitogenic stimulation. First, the
combination resulted in an increased number of cells with widespread yH2AX foci at the end of the
monolayer culture period, indicating a persistent DNA damage response as consistent with some forms of
senescence induction. Note that 10 Gy irradiation initiates a strong acute DNA damage response in
chondrocytes (approximately 50% at 30-120 minutes after irradiation in monolayer culture, Supplemental
Figure 2.3), but growth factors are required to induce a stable DNA damage response in a substantial
percentage of the chondrocytes (approximately 10%). Second, we quantified the level of p16'NK4a protein
by immunofluorescence and showed that this senescence biomarker is highest in cells that are exposed
to irradiation and growth factors. This is consistent with our previous finding that human chondrocytes
have higher expression of p16'Nk4a with aging, although DNA damage was not explicitly measured in that

study®’. Third, we investigated whether our senescence-inducing conditions also resulted in higher SASP
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gene expression as compared to the control condition. While the specific components of the SASP vary
based on cell type and induction stimulus, we elected to analyze expression of 4 SASP factors that are
relevant to OA and had been examined in our previous work that treated murine cartilage with the same
growth factor cocktail?*. In that system, the senescence reporter allele p1619T°™ allows for separation of
senescent cells that enables a direct comparison to non-senescent cells from the same population.
Results from that study showed that senescent chondrocytes express have higher expression of Igfbp3,
Ccl2, and 116 (but not Mmp-13). Similarly, the current study showed an increase in IGFBP3 and CCL2,
with a trend towards increased IL6 and no change in MMP-13. The observed fold increase is modest,
likely because the bulk population was investigated and the SA-B-gal activity results indicate that only a
subset of chondrocytes become senescent in response to the applied conditions. It is important to
recognize that each of the four measures (SA-B-gal, yH2AX foci, p16 immunofluorescence, and SASP)
may not score the same subset of cells as “senescent” due to varied sensitivity of the assays and the
heterogeneity of senescent population®. However, when assessed across the population of cells derived
from each culture condition, these orthogonal measures provide support for the conclusion that the
mitogenic stimulation and DNA damage combine to induce senescence in human chondrocytes.

The cartilage utilized in this study originated from the equine stifle and from cadaveric human
cartilage explants. The horse is a representative model of naturally occurring human osteoarthritis due to
the similarities between human and equine articular cartilage and subchondral bone thickness38. Further,
spontaneous joint injury is common in horses and post-traumatic OA is an important challenge in
veterinary care340. In contrast to human explants, high levels of senescence were induced in equine
explants without the addition of growth factors, perhaps because the cartilage from relatively young
horses showed a significant mitogenic response to the serum-containing medium. It is possible that a
higher dose of irradiation would be sufficient to induce senescence in human explants without growth
factor stimulation, although this was not tested in the current study. The dose of 10 Gy was chosen based
on the induction of senescence in other cell types?8. Further, 10 Gy was shown to induce a level of DNA
damage in porcine chondrocytes that was similar to advanced OA*",

Cellular senescence was initially identified as an irreversible phenotype that cells entered upon

reaching the limit of normal cell proliferation*2. While chondrocytes divide in monolayer culture, this cell
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type is hypo-replicative when surrounded by healthy cartilage matrix in vivo*3, suggesting that replicative
senescence is unlikely to occur at a high rate during cartilage homeostasis. However, the growth factors
that are released from degrading matrix during early OA provide a potent mitogenic stimulus, as
evidenced by the emergence of chondrocyte “clusters”. Increased numbers and sizes of cell clusters are
characteristic of OA articular cartilage and these clusters are often localized in fissures and clefts of the
upper cartilage layer4-46, bFGF is released from damaged cartilage tissue and has been identified near
chondrocyte clusters#’. There is also evidence of an interactive effect with TGF-f in cluster formation“,
which is of particular interest given the finding that TGF-( is a key mediator of senescence in certain
contexts*°.

In this study, conditions that resulted in the highest rates of cluster formation in human explants
(irradiation plus growth factors) also showed the highest rates of senescence upon maturation of the
phenotype in monolayer culture. While further investigation will be required to determine the extent to
which cell cycle entry plays a causal role in senescence induction, our observations that mitogenic
stimulation of damaged chondrocytes induces senescence is consistent with the concept that cellular
senescence arises from the coordination of two conflicting processes — cell expansion and cell-cycle
arrest20:50.51 For example, studies in other quiescent and post-mitotic cell types show that the
accumulation of DNA damage may not result in dysfunction until cell division is initiated®2%3. Our analysis
of uncultured OA tissue demonstrated a similar frequency of clusters as found in explants cultured with
senescence-inducing stimuli. Thus, an important area of future investigation will be to determine the
extent to which cell cycle entry during OA progression initiates signaling pathways that result in
subsequent senescence. One recent finding illustrates this possibility by demonstrating that Cellular
Communication Network Factor 1 (CCN1, aka CYRG61) increases during OA and plays a functional role in
stimulating cluster formation, while inhibiting this pathway reduced the expression of senescence
markers®4.

There are currently no cures for OA, and the development of effective treatments has been
limited by an insufficient understanding of disease initiation and progression. This in vitro system
establishes a set of physiological cues that induces senescence within both equine and human cartilage

tissue, which will enable future mechanistic studies on senescence induction, the role of senescent
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chondrocytes in cartilage dysfunction, and the use of senolytic compounds to target senescent cells as a

potential treatment for OA.
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Figure 2.1: Experimental system schematic. Senescence was induced in healthy cadaveric cartilage by damaging explants with irradiation (10
Gy), culturing the explants for 7 to 10 days, followed by enzymatic digestion and culture in monolayer for an additional 10 to 12 days. For human
explants the effect of adding the growth factors TGF-B1 and bFGF was investigated. Senescence induction was assessed via SA- 3-gal flow

cytometry, gPCR, and immunofluorescence. Figure Created with BioRender.com.
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Figure 2.2: Quantification of senescence induction within equine explants. Equine explants were
divided into control and irradiated groups, cultured in explant form for 7 to 10 days, digested, and cultured
in monolayer for an additional 10 to 12 days in 10% FBS for maturation of the senescence phenotype. (A)
Morphology of control and irradiated chondrocytes from Equine Donor 3 after 12 days of monolayer
culture; scale bar = 200 ym. (B) Representative SA-B-Gal flow cytometry plot with the region two standard
deviations above control MFI marked (Equine Donor 3). (C) SA-B-Gal mean fluorescence intensity (MFI)
fold increase above control quantified; (*) indicates significance by one-sample t-test compared to a
hypothetical value of 1, p=0.0272. (D) SA-B-Gal flow quantified as percentage of cells SA-B-Gal high. SA-
B-Gal high cells delineated as those expressing SA-B-Gal fluorescence above 2 standard deviations from
the control MFI; (#) indicates significance by paired t-test, p=0.0031. (E) Information from equine donors

included in the analysis (n=7 thoroughbred horses), no horses excluded from analysis.
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Figure 2.3: Quantification of senescence induction within human explants. Human explants were
divided into control and irradiated groups, cultured in explant form for 7 days, then cultured in monolayer
for an additional 12 days in 10% FBS for maturation of senescence phenotype. Growth factors, 1 ng/mL
TGF-B1 and 5 ng/mL bFGF, were added to the 10% FBS in the explant culture to provide a mitogenic
stimulus. (A) Morphology of chondrocytes digested from control or irradiated cartilage (treated with or
without growth factors) after 12 days of monolayer culture in 10% FBS medium (Human Donor 14); scale
bar = 100 um; arrow indicates bi-nucleated cell. (B) Representative SA-B-Gal flow cytometry plot with the
region two standard deviations above control MFI marked (Human Donor 1). (C) SA-B-Gal MFI fold
increase above the control 10% condition quantified; (*) indicates significance by one-sample t-test
compared to a hypothetical value of 1, p=0.025; (***) indicates significance by one-sample t-test
compared to a hypothetical value of 1, p=0.0002. (D) SA-B-Gal flow quantified as the percentage of cells
SA-B-Gal high; (#) indicates significance to all other groups by 2-way ANOVA with Tukey’s multiple
comparison test, p<0.005. (E) Information from human cartilage donors included in the analysis (n=14);
three donors excluded due to too few cells (<800 events) in SA-B gal flow cytometry experiment and one

outlier identified by Grubbs test and removed from subsequent analysis.
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Figure 2.4: Verification of senescence induction. Control and irradiated explants were either treated
with 10% FBS or 10% FBS spiked with TGF and bFGF, then digested and plated in monolayer. (A)
yH2AX immunofluorescence was used to identify sustained DNA damage; scale bar = 25 ym. (B) The
yH2AX images were analyzed by quantifying the number of nuclei with three or more yH2AX puncta;
(***) indicates significance to all other groups by 2-way ANOVA with Tukey’s multiple comparison test,
p<0.005 (n=3) (C) p16 immunofluorescent images at the end of monolayer culture for each condition. (D)
The p16 corrected total cell fluorescence normalized to cell area was quantified for each condition. The
irradiation + TGF/FGF treated cells had a higher total cell fluorescence compared to the other groups
(n=3). (E) gPCR was performed to measure the SASP expression from the chondrocytes at the end of
monolayer culture. The fold change in gene expression in the irradiation + TGF/FGF group to the control
group for MMP13, IL-6, IGFBP3, and CCL2 is plotted; (*) indicates significance by one-sample t-test
compared to a hypothetical value of 1, p<0.05. (F) Human donor information. Note that donor numbering

and color coding do not match Figure 2.3.
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Figure 2.5: Chondrocyte clusters in cartilage explants. The chondrocyte clusters in the superficial and
middle zones for the control and experimental conditions were analyzed using ImagedJ. (A) H&E staining
on control and irradiated explants after explant culture for 7 days, with or without growth factors (Explant
Donor 7). H&E staining of healthy and osteoarthritic cartilage (Healthy Donor 4, OA Donor 7). (B) Cell
cluster analysis on cultured explants, with percentage of all clusters (including individual cells as a
cluster) in triplet* formation; (***) indicates significance by 2-way ANOVA with Tukey’s multiple
comparison test to all other groups, p<0.0005 (C) Table of the human cartilage donors included in the

analysis, (n=9). One outlier identified by Grubb’s test and removed from analysis. (D) Cell cluster analysis
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on healthy and OA cartilage; (***) indicates significance by unpaired t-test, p=0.0006 (E) Table of the
human osteoarthritis cartilage donors and healthy cartilage donors included in the analysis (n=6 healthy
donors, n=7 OA donors). Average age of healthy donors is 67.2 years (3 males, 3 females); average age

of OA donors is 67.6 years (3 males, 4 females). No outliers removed from analysis.
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Figure 2.6: Overview of the senescence induction process. The senescence induction phenotype is hypothesized to be a result of conflicting
cues from cellular damage stimuli and expansion stimuli. In the context of this study, the expansion stimulus was provided by 10% FBS (equine
model) and 10% FBS + bFGF + TGF-B1 (human model), while the cellular damage stimulus was provided by 10 Gy of irradiation. Figure created

with BioRender.com.
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Supplemental Figure 2.1: Validation of mitogenic stimulation by growth factor treatment. EdU
incorporation during subsequent monolayer culture in response to the growth factors TGF-B1 and bFGF
(during explant culture only). (A) EdU by AF555 at the end of monolayer culture. (B) Percentage of cells
with positive signal for EAU. The main effects of irradiation (p<0.01) and growth factors (p<0.05) provided

a significant source of variation by two-way ANOVA (n=3).

Supplemental Figure 2.1: Methods: To assess whether growth factor treatment during explant culture
results in greater subsequent S phase entry, a distinct set of cells from three donors were treated with 1
UM EdU (5-ethynyl-2’- deoxyuridine, Click-iT™ EdU, Thermo Fisher Scientific C10338) at each feed for
the duration of monolayer culture. Visualization of integrated EdU was obtained by imaging the

companion Alexa Fluor™ 555 with an EVOS M5000 imaging system (Thermo Fisher Scientific) and the
percentage of positive cells was quantified across 5 randomly selected images per condition per donor

using ImagedJ imaging software (Fiji).
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Supplemental Figure 2.2: Validation of SA- B-Gal flow cytometry readout. (A) Differing confluence
and cell morphology was achieved through 3 plating densities with and without growth factors (B)
Autofluorescence was tested by leaving out the fluorescent SA-B-gal substrate. Senescent cells
(Irradiation plus growth factors) were compared the control 10% group. In this experiment, 0.8% of cells
from the IR with TGF/FGF would have been deemed as SA-B-gal high based on autofluorescence alone.
(C) The default gating strategy did not use an explicit live/dead cell discriminator but applying a fixable
live/dead analysis (Thermo Fisher Scientific, L34962) showed that in this case 99.93% of cells reaching

analysis are live.
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Supplemental Figure 2.3: Acute DNA damage after irradiation. Primary human chondrocytes in
monolayer culture were treated with 10 Gy irradiation to initiate DNA damage. At 30, 60, and 120 minutes
after irradiation (or a no irradiation control), individual wells were fixed and analyzed by

immunofluorescence for yH2AX. The appearance of foci throughout the nucleus indicates a robust DNA

damage response.
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CHAPTER 3: COMET ASSAY FOR QUANTIFICATION OF THE INCREASED DNA DAMAGE BURDEN
IN PRIMARY HUMAN CHONDROCYTES WITH AGING AND OSTEOARTHRITIS'

3.1 INTRODUCTION

Osteoarthritis (OA) is a degenerative disorder characterized by joint pain and the progressive
degradation of articular cartilage and other tissues of the joint. Aging is the strongest risk factor for the
development of OA, but the mechanisms that drive this relationship remain unclear?. Previous studies have
shown that OA chondrocytes exhibit high levels of DNA damage and that this may contribute to
heterogeneous gene expression and dysfunction?3. However, the degree to which chondrocytes
accumulate DNA damage during “normal aging” has not been reported in the literature. Chondrocytes and
other hypo-replicative cells may be particularly susceptible to acquiring sites of persistent DNA damage
with age, as they cannot take advantage of the efficient and accurate DNA repair mechanisms that are
restricted to S phase*?. It is important to quantify this burden, as DNA damage is a central mediator of
numerous aspects of aging, including cell senescence®’. A widely established method for measuring DNA
damage in individual cells is the comet assay, which is sufficiently sensitive to serve as an effective
biomonitoring tool for assessing the effect of various environmental exposures®. The alkaline comet assay
uses gel electrophoresis of single nuclei and fluorescence microscopy to visualize damaged DNA in the
“comet tail” as compared to intact DNA in the “comet head™. The comet tail is caused by relaxation of
supercoiled DNA loops due to strand breaks, which results in greater migration through the agarose gel
when an electric field is applied. The alkaline comet assay detects single-stand breaks (SSBs) and double-
strand breaks (DSBs), as well as abasic sites and other forms of damage that can be converted into strand

breaks under alkaline conditions®. To gain additional information on the type of damage present in a given

! The following chapter was published in Aging Cell.
Copp ME, Chubinskaya S, Bracey DN, Shine J, Sessions G, Loeser RF, Diekman BO. Comet assay for

quantification of the increased DNA damage burden in primary human chondrocytes with aging and
osteoarthritis. Aging Cell. n/a: €13698.
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cell, a “two-tailed” version of the comet uses sequential electrophoresis steps in orthogonal directions under
neutral pH and then alkaline pH buffer conditions'. The goal of this study was to use the comet assay to
quantify the DNA damage present in chondrocytes obtained from cadaveric donors of a wide age range,
and to compare the extent of this damage to OA chondrocytes taken at the time of joint replacement. Lastly,
we treated chondrocytes from young donors with irradiation to identify the dose of DNA damage that was

required to recapitulate the baseline levels found in older donors.

3.2 RESULTS

3.2.1 DNA damage increases with age in primary human chondrocytes.

Cadaveric donors without a history of OA served as the source of normal cartilage from the ankle
(talus) and the knee (femur). Tissue was obtained from organ donors within 24 hours of death through the
Gift of Hope Organ and Tissue Donor Network (ltasca, IL) and shipped overnight to the University of North
Carolina at Chapel Hill (UNC). Tissue was graded according to the 0-4 point Collins scale and only cartilage
from regions that were macroscopically normal were used''. Cartilage was dissected away from the
underlying bone and chondrocytes were isolated by enzymatic digestion with Pronase for 1 hour and
subsequently with Collagenase P overnight'?, followed by plating at ~1x105 cells/cm? for a recovery period
of ~2-7 days before cryopreservation (12648010, ThermoFisher). Cryopreserved cells were thawed and
plated for ~2-3 days to recover before performing the comet assay in batches that represented all groups
being compared.

DNA damage in primary human chondrocytes from young (<45 years) and older (>70 years) donors
was assessed using the comet assay. Chondrocytes were trypsinized and 5x104 chondrocytes were mixed
with 1% Low Melting Agarose (A0701, MilliporeSigma) at a 1:10 volume ratio and applied to a Superfrost
slide (12-550-15, ThermoFisher) pre-coated with 1% normal melting agarose (20-240, Apex). The slides
were placed in the lysis solution (2.5 M NaCl, 0.1 M disodium EDTA, 10 mM Tris base, 0.2 M NaOH, 0.1%
sodium lauryl sarcosinate, 1% Triton X-1000, pH 10) overnight at 4 °C. After lysis, slides were immersed at
4 °C in an alkaline electrophoresis solution (200 MM NaOH, 1 mM disodium EDTA, pH > 13) for 45 minutes
followed by electrophoresis at 1 V/cm and 300 mA for 20 minutes. Samples were washed twice with dH20,

dried and stained with NucBlue™ nuclear stain (R37605, Thermo Fisher Scientific). Approximately 100
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randomly selected cells per condition were imaged under an EVOS M5000 microscope (AMF5000, Thermo
Fisher Scientific) and analyzed in ImageJ using the OpenComet plugin software. Representative wide-field
images of chondrocyte comets from young, older, and OA donors are provided in Supplementary Figure
3.1. Chondrocytes from older donors revealed a wide distribution in the percentage of DNA found in the
comet tail, whereas most chondrocytes from younger donors exhibited low or moderate levels of DNA
damage (Figure 3.1A). The driving factor in the distribution of tail DNA percentage was donor age, with a
Collins grade between 0-2 showing no effect on the tail DNA percentage (Figure 3.1A). The tail DNA
percentage was averaged across all cells for a given donor and grouped according to age, with the older
donors showing a significant increase in DNA damage compared to young donors (Figure 3.1B, unpaired
t-test p < 0.0001).

3.2.2 Two-tailed comet indicates that chondrocytes from older donors harbor damage in the form
of strand breaks.

We assessed the type of DNA damage in chondrocytes from three >70 year-old donors using a
two-tailed comet assay, where strand breaks are represented by a tail in the “x direction” due to a first
electrophoresis under neutral pH conditions, and base damage is represented by a tail in the “y direction”
due to a second electrophoresis with alkaline pH (the slide is rotated 90° between runs). We followed a
published protocol'®, with a modification to perform lysis Il at 37 degrees to avoid precipitation. A custom

7] “w

script was written using CellProfiler™ to calculate the “x” and “y” distance in pixels between the centroid of
the head and the centroid of all stained DNA. The DNA damage present in chondrocytes from older donors
is predominantly in the form of strand breaks rather than base damage (Figure 3.1C). While some
investigators suggest that neutral pH conditions detect only DSBs and not SSBs'%.13.14  here is strong
experimental and theoretical support for the interpretation that all strand breaks are detected at neutral pH
and alkali conditions additionally detect base damage'5-'7. The data from the IR control are consistent with
this latter interpretation, as the expected ratio of SSB:DSB is ~20:1'® and therefore the abundant SSBs
would bias the tails strongly towards the y-direction if neutral conditions only detected DSBs. As expected
given the complexity of damage in response to IR'®, 10 Gy did cause both strand breaks and base damage.

Other controls show that young chondrocytes treated with ellipticine have strand breaks as expected for

this DSB-inducing agent?°, methyl methanesulfonate (MMS) shows acute base damage due to direct
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alkylation?', and overnight recovery after MMS treatment reveals the SSBs that are generated during failed
base excision repair (BER)?'.
3.2.3 Osteoarthritis accelerates DNA damage as compared to age-matched normal donors.

OA cartilage was obtained from intact areas of the femur at the time of total knee replacement
surgeries performed at the UNC Medical Center. Tissue was handled in a manner consistent with the
cadaveric donors by storing in saline at 4 °C for 24-48 hours before dissociation and cell isolation. Using
donors between 50-60 years old, chondrocytes derived from OA cartilage showed higher levels of DNA
damage as compared to chondrocytes derived from femoral and ankle cartilage of cadaveric donors
(Figure 3.1D, Tukey’s multiple comparison test, p<0.0001; individual cell data in Supplementary Figure
3.2). Cadaveric tissue from both the knee and ankle were used to address the possibility that anatomical
site may alter the level of DNA damage, but there was no effect (Figure 3.1D).

3.2.4 Linear increase in DNA damage with age.

Compiling data from the comet assay on cadaveric talar chondrocytes from 25 donors between 34
and 78 years of age revealed a linear increase in the percentage of DNA in the comet tail (Figure 3.2A, R?2
= 0.865 by linear regression, p < 0.0001). OA chondrocytes plotted on the same figure fall above the
trendline (Figure 3.2A, red dots) and femoral chondrocytes from cadaveric donors fell slightly below the
trendline (Figure 3.2A, blue dots). Of note, the four cadaveric donors in which both ankle and femur
cartilage were available demonstrate a similar burden of DNA damage across these two anatomical sites.
3.2.5 High doses of irradiation are required to match the level of age-associated DNA damage.

Chondrocytes of young donors with low baseline levels of damage (39, 40, and 45 years of age)
were treated with increasing levels of irradiation: 0 Gy, 1.25 Gy, 2.5 Gy, 5 Gy, and 10 Gy. Cells cultured in
well plates were placed directly in a RS2000 Biological Irradiator. Following irradiation, the media was
replaced and the cells were allowed to recover to allow for repair of acute DNA damage, with the comet
assay performed after 48 hours to assess the persistent damage. The irradiated chondrocytes showed a
corresponding increase in the level of DNA damage as assessed by the percent of DNA in comet tails
(Figure 3.2B). The chondrocytes from these donors reached an average of 26.4 percent DNA in comet tail

at 10 Gy of irradiation. This level of damage is comparable to that found in chondrocytes from either OA
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donors between the ages of 50-60 years (mean of 28.5% DNA in comet tail) or cadaveric donors between

the ages of 70-80 years (mean of 29.9% DNA in comet tail).

3.3 DISCUSSION

This study quantified DNA damage in primary human chondrocytes, with a particular emphasis on
the effects of aging and OA. Our goal was to assess baseline damage and minimize the effects of acute
changes due to tissue isolation, storage, or enzymatic digestion. Thus, we plated chondrocytes in
monolayer to allow for recovery, which also removes dead or dying cells that are unable to successfully
plate down. Chondrocytes were then routinely cryopreserved and thawed in batches containing multiple
samples from each group (e.g. young and older; normal and OA) to facilitate direct comparisons, with trial
experiments confirming that cryopreservation did not significantly alter the level of DNA damage. The single
cell electrophoresis comet assay was sufficiently sensitive to detect increased DNA damage in older donors
as compared to young. Assessing the percentage DNA in the “comet tail” of donors between the ages of
34 and 78 showed a linear increase with age, although the progression to end-stage OA appears to
accelerate this process. The finding of significant DNA damage in OA chondrocytes is consistent with
previous studies in human and porcine cartilage?3. While the increased DNA damage with “normal” aging
has not been previously reported for chondrocytes, our results are consistent with studies in peripheral
blood mononuclear cells that have shown an increase of ~1% per year in damage by the comet assay?2.

lonizing irradiation was used to contextualize the extent of damage measured by the comet assay.
Remarkably, 10 Gy irradiation was required for young chondrocytes to reach the levels of DNA damage
found in aged and OA chondrocytes. This high level of baseline damage is likely to have phenotypic
consequences, as we have shown that 10 Gy irradiation is sufficient to induce senescence in human
chondrocytes when coupled with growth factor activation?3. Markers of senescence increase with age in
both human and murine chondrocytes?*, and the presence of senescent cells in the joint has been
implicated in OA pathophysiology?®. This is consistent with evidence in other tissue systems that supports
DNA damage as a key driver of the cellular dysfunction that emerges during aging®”. It will be important to
further dissect the mechanisms by which chondrocytes accumulate such high levels of damage. For

example, the relative contribution of increased susceptibility to damage and slower repair is unknown, but
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there is evidence in other cell types that aging results in a compromised capacity for repair?é. Further, hypo-
replicative cell types such as chondrocytes may downregulate global DNA repair and prioritize the

maintenance of genomic regions required for cell identity®27.28,
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Figure 3.1: DNA damage in chondrocytes with aging and osteoarthritis. (A) Percent DNA in comet tail
for chondrocytes from cadaveric donors of various ages with Collins grade shown. Dots are individual cells,
with the mean shown as blue bars. Example cells with given % DNA in tail shown, with wide-field images
in Supplemental Figure 3.2. (B) Donor mean % DNA in comet tail for those younger than 45 years of age
(mean: 7.7%) and older than 70 years of age (mean: 29.9%). Stats by t-test. (C) Two-tailed comet using
distance between centroid of comet head (green outline) and centroid of entire region including the tail (red
outline). Strand breaks show up in x direction under neutral conditions and base damage is detected under
alkaline conditions during the second electrophoresis (y direction). Chondrocytes from 49 yo serve as low
damage control and were treated to induce damage. Ellipticine: 1h with 1 yM; MMS acute: 30 min with 0.5
mM; MMS repair: treatment removed before overnight repair; IR: 10 Gy applied to cells in gel on comet
slide 15 min before lysis. Mean + SEM both directions. ~100 cells per group. (D) Cadaveric tissue from
donors with no clinical history of OA as compared to cartilage from end-stage OA at total knee replacement.
All donors between 50-60 years of age. Mean tail DNA percent in the normal ankle is 17.5%, in normal
femur is 13.9%, and in OA tissue is 28.5%. Stats by ANOVA with Tukey’s post-hoc. Single-cell analysis for

panel D shown in Supplemental Figure 3.2.

70



—
Q0
~—

40
Normal (Ankle) P °
Normal (Femur)

30 OA Donor (Femur) ™ o

®
[ ]
®

% of DNA in Comet Tail (Mean)
N
=)
]

[]
®
104 P < 0.0001
e R? = 0.865
0 I I I I I
30 40 50 60 70 80
Age of Donor
(b)
L ar
[ =
(5]
<
— 30 |- 45yo (G:1) u
ﬂ " ®
k) w _
£ 20 ® ®
(&} o
E o
% 10 F o '
0 | @ Mean of 3 donors
o
X } } i !
Con 125 25 5.0 10

Irradiation Dose (Gy)
Figure 3.2: Linearity of DNA damage increase with age and comparison to damage from irradiation.
(A) Linear regression for the 23 normal ankles, with p value and R? shown. OA donors (red) are plotted
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four donors. Data are from Figure 3.1B and 3.1D, with the addition of 4 donors: 45 yo (grade 1,2), 65 yo
(grade 0,1), 68 yo (grade 1,2), and 78 yo (grade 1). (B) DNA damage with increasing irradiation dose from
0 to 10 Gy. The average percent DNA in comet tail from the chondrocytes treated with 10 Gy of irradiation

was 26.4%.
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Young (34M) Older (77M) OA (58M)

Supplemental Figure 3.1: Representative wide-field images of chondrocyte comets. Chondrocytes
from young (34 y.o. male), older (77 y.o. male), and end-stage osteoarthritis (58 y.o. male) were analyzed
by alkaline comet assay. Images are representative of those used to quantify the % of DNA in tail in

Figure 3.1.
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Supplemental Figure 3.2: Individual cell analysis of donors aged 50-60 years. Percent DNA in comet
tails from chondrocytes derived from OA femur cartilage compared to cadaveric femur or ankle donors.
Age and Collins grade are shown for each donor (multiple numbers indicate a distinct score for the two
joints of a given donor, which were combined). The mean % of DNA in comet tail for each donor is plotted

in Figure 3.1D.
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CHAPTER 4: SIRT6 ACTIVATION RESCUES THE AGE-RELATED DECLINE IN DNA DAMAGE
REPAIR IN PRIMARY HUMAN CHONDROCYTES'

4.1 INTRODUCTION

Osteoarthritis (OA) is a chronic joint disease affecting approximately 13% of the US adult
population and is characterized by the degradation of articular cartilage, synovial inflammation, and
subchondral bone remodeling'-3. As no disease-modifying therapies for OA have been FDA approved to
date*, the main options available to OA patients are pain management and eventual total joint
replacement, leading to extensive societal and economic burdens®. While a number of risk factors have
been associated with OA — obesity, biological sex, joint injury, and genetics — the leading risk factor is
older age®. While progress continues to be made, the biological mechanisms linking aging and OA
prevalence remain largely unknown’.

Hypo-replicative cell types such as neurons, hematopoietic stem cells, and chondrocytes tend to
accumulate sites of persistent DNA damage during aging, due at least in part to the lack of access to
repair mechanisms that are only present in S phase®1'0. As measured by the alkaline comet assay''-12, we
showed that chondrocytes isolated from older cadaveric donors, despite no known history of OA or
macroscopic cartilage damage, harbor high levels of DNA damage'3. One objective of this study was to
determine whether a reduced efficiency of DNA damage repair with aging is one potential cause of DNA
damage accumulation.

Sirtuin 6 (SIRT6) is nuclear-localized NAD(+)-dependent deacetylase that has been shown to

play numerous important roles in cellular processes that become dysregulated with aging'#'7. SIRT6

! The following chapter was published on BioRxiv.

Copp ME, Shine J, Brown HL, et al. SIRT6 activation rescues the age-related decline in DNA damage
repair in primary human chondrocytes. Published online February 28, 2023:2023.02.27.530205.
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quickly localizes to sites of DNA damage and initiates chromatin remodeling to facilitate the recruitment
and activity of proteins involved in DNA repair'®-22, Prior work has indicated that SIRT6 is a critical factor
in joint tissue homeostasis?3-26, and the level and/or enzymatic activity of SIRT6 decreases with age and
in the context of OA2527. Small molecules can be used to either increase or decrease the deacetylase
activity of SIRT6: MDL-800 is an allosteric activator that increases activity by ~22-fold?8, whereas EX-527
is an inhibitor that stabilizes the closed conformation of sirtuins?® and blocks 67% of recombinant SIRT6
activity within 15 minutes?5. The second objective of this study was to examine how modulating SIRT6
activity impacts the repair of DNA.

Prior work completed in our lab has demonstrated that primary human chondrocytes accumulate
damage in a linear manner with age, predominantly driven by strand breaks to the DNA'3. The third
objective of this study was to determine the extent to which MDL-800 can reduce DNA damage that has
accumulated over decades in chondrocytes from older donors. Similarly, we investigated whether murine
chondrocytes show a similar increase in DNA damage with age and whether MDL-800 treatment is
sufficient to reverse damage in this important model species.

In this study, we use irradiation as an acute model of DNA damage to show that the DNA repair
efficiency of chondrocytes deteriorates throughout life but can be enhanced by activating SIRT6. Further,
SIRT6 activation was sufficient to reduce the accumulated DNA damage that arises with aging in human
and murine chondrocytes. These findings support DNA damage repair as one beneficial aspect of SIRT6

and promote the activation of SIRT6 as a possible point of intervention to mitigate age-related OA.

4.2 RESULTS:
4.2.1 Decreased DNA damage repair efficiency with aging in primary human chondrocytes

To investigate how aging impacts the repair capacity of chondrocytes, we used irradiation to
apply an acute bolus of damage to cells and monitored DNA damage by the comet assay at time points of
15, 30, 45, 60, 120, and 240 minutes after damage. This irradiation model allowed us to apply nearly
instantaneous damage to the cells and conduct a precise time-course study of repair by transferring the
slides directly to the lysis buffer (experimental approach in Figure 4.4). Importantly, chondrocytes from

distinct age ranges of young (<45 years old), middle (50-65 years old), and older (>70 years old) had a
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similar amount of DNA damage immediately after irradiation, indicating that this bolus of damage was
sufficient to overcome the background differences in accumulated damage. The ability of the
chondrocytes to resolve DNA damage from this equal starting point over the course of 4 hours was
impaired in the middle-aged and older donors as compared to the young donors (Figure 4.1A). The older
donors had a significantly higher percentage of DNA in comet tails as compared to the middle and/or
younger donors at 60, 120, and 240 minutes (p<0.05, multiple comparisons test). By 4 hours post-
irradiation, most of the damage was resolved in chondrocytes from younger donors, whereas the average
percentage of DNA in comet tails remained elevated for both middle-aged and older donors. Additional
insight can be gained by assessing the distribution of damage within individual cells for each donor, as
shown for representative young, middle, and older donors (Figure 4.1B). Of note, there was a bifurcated
response in the older donors, with a significant fraction of cells retaining very high levels of damage
(dotted line at 60% of damage in comet tails). When quantified across all donors, 27.6% of chondrocytes
in the older group retained this high level of damage at 4 hours, whereas this percentage was 12.5% and
2.6% for middle and younger donors, respectively (Figure 4.1C). Analysis of chondrocytes with <15%
DNA in comet tails at 4 hours showed that 68.7%, 49.6%, and 41.3% of cells from young, middle, and
older donors, respectively, repaired the damage from irradiation to near-baseline levels (Figure 4.5).
4.2.2 SIRT6 activation and inhibition affects the repair efficiency of chondrocytes.

As SIRT®6 is critical in the DNA repair process of cells, we sought to study how modulating SIRT6
activity impacts the repair of DNA. Using the same irradiation and comet assay system to study repair
efficiency, chondrocytes from middle-aged donors were pre-treated for 2 hours with MDL-800 (activator),
EX-527 (inhibitor), or DMSO (vehicle control). Following irradiation, the slides were placed back into
media baths with their respective treatments for recovery (15 to 240 minutes post-irradiation), such that
the cells were receiving SIRT6 activation/inhibition for the entirety of the study (experimental approach in
Figure 4.4). When assessed by repeated measures two-way ANOVA without consideration of EX-527
treatment, MDL-800 treated groups showed lower DNA damage as compared to DMSO in middle-aged
donors (Figure 4.1A, main effects p-value = 0.005). Similarly, when DMSO and MDL-800 were compared
in chondrocytes from older donors (>70 years), there was reduced damage with MDL-800 treatment at

30, 60, 120, and 240 minutes (Figure 4.6A). Further, MDL-800 reduced the percentage of cells with high
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damage (>60% DNA in comet tails) at 4 hours from 20.1% to 4.9% (Figure 4.6B). When EX-527 was also
considered in the ANOVA for middle-aged donors, this inhibitor showed strong effects with significantly
more DNA damage as compared to the DMSO and/or MDL-800 groups at baseline, 60, 120, and 240
minutes of repair (Figure 4.2A). The all-cell plot shows a striking increase in the percentage of individual
cells that retain high levels of DNA damage in the EX-527 group (Figure 4.2B) — at 4 hours, 37.2% of
cells still had greater than 60% of the DNA in comet tails. When comparing the percentage of cells with
low levels of DNA damage, MDL-800 treatment significantly increased the likelihood that cells are able to
restore near-baseline levels of damage at two- and four-hours post-irradiation (Figure 4.5B).

4.2.3 SIRT6 activation decreases DNA damage associated with older age.

Having shown that SIRT6 activity affects the repair capacity of chondrocytes in response to an
acute bolus of damage, we wanted to test whether MDL-800 could also repair long-standing naturally
accumulated damage. In previous studies, we have established that there is higher DNA damage in
chondrocytes from older donors, with a linear regression showing that donors at age 40 have ~10% DNA
in comet tails and donors at age 75 have ~27%"3. Here, we treated chondrocytes isolated from older
cadaveric donors for 48 hours with either 20 yM of MDL-800 or vehicle control (DMSO). The MDL-800
treated chondrocytes showed significantly lower levels of DNA damage (mean: 11.3% of DNA in comet
tails) as compared to the DMSO groups (21.3%) (Figure 4.3A, p=0.0031, paired t-test).

4.2.4 MDL-800 treatment reduces DNA damage in aged murine chondrocytes.

Mice are a commonly used model species for investigations of mammalian aging and thus we
sought to determine whether DNA damage also accumulates with age in murine chondrocytes.
Chondrocytes from the proximal femur were isolated and then treated with MDL-800 (20 uM) or DMSO
control for 48 hours before comet analysis. DNA damage increased in the DMSO-treated groups with
age, with the percentage of DNA in comet tails approximately doubling from 4 to 22 months of age
(Figure 4.3B). MDL treatment consistently lowered DNA damage in all age groups, with significant

reductions at 8, 14, and 22 months of age (Figure 4.3B, p<0.05, multiple comparisons test).
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4.3 DISCUSSION

In the present study, we found that (1) advanced age negatively impacts the ability of
chondrocytes to repair DNA damage, (2) modulating SIRT6 activity affects the repair capacity of
chondrocytes, and (3) activating SIRT6 with MDL-800 can aid in repairing DNA damage that had
accumulated over decades. The first two findings made use of irradiation to initiate a bolus of damage.
This system was particularly valuable in that the level of damage immediately following irradiation was
consistent across all ages and treatment groups, allowing us to directly compare the progressive
reduction in DNA damage over time.

There is growing evidence that the efficiency of DNA damage repair declines with age (reviewed
in 30 and 3"). Previous work has largely been performed in fibroblasts and lymphocytes, but the current
study confirms that aging also affects the repair of DNA damage in primary human chondrocytes. We
used the alkaline comet assay to provide a sensitive and quantitative measure of DNA damage levels.
Upon placement in a lysis solution, single strand breaks (SSBs), double strand breaks (DSBs), and other
forms of damage (i.e., abasic sites) relax the supercoiled DNA loops of the nucleus, enabling easier
movement of the DNA through the agarose gel when an electric field is applied'"-'2. As a result, damaged
DNA produces a “comet tail” while intact DNA remains in the “comet head”. One advantage of this assay
is the single-cell nature of the readout. This allowed us to observe that chondrocytes from older donors
had a larger percentage of cells that showed very little repair and instead retained a high damage burden
at four hours post-irradiation. This finding aligns with a previous study in lymphocytes that showed the
primary difference with age in response to irradiation was the increased subset of cells that retained high
damage®.

SIRT6 is involved in numerous biological processes with relevance to aging?3, including a role in
multiple DNA damage repair pathways'819.34-36_Given the selectivity of MDL-800 for SIRT6%8, we were
able to show that activation of SIRT6 is sufficient to repair approximately half of the accumulated damage
in chondrocytes from older human donors and from older mice. For human chondrocytes, 48 hours of
treatment with MDL-800 lowered the percentage of DNA in comet tails from 21.3% to 11.3%. Based on
the linear regression calculated from 25 donors ranging in age from 34 to 78 years old in Copp et al.'3,

MDL-800 treatment was able to eliminate the equivalent of ~34 years’ worth of damage is erased.
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Cellular senescence is a phenotypic state characterized by stable cell cycle arrest in response to
intrinsic or extrinsic stress®”. The accumulation of senescent cells has been associated with numerous
aging-related diseases and likely plays a role in OA pathogenesis383°, However, less is known regarding
the biological processes and environmental cues that prime chondrocytes to become senescent.
Evidence supports the notion that DNA damage is a potential causative factor that drives senescence and
other features of aging*®#', and other studies have linked DNA damage with chondrocyte dysfunction
during OA#2, Our previous work also supports a causal role for DNA damage in chondrocyte senescence,
as the application of 10 Gy irradiation (which recapitulates the level of DNA damage in older donors'3) is
capable of inducing senescence in cartilage explants when paired with a mitogenic stimulus*3. A recent
study demonstrated that Sirt6 deficiency exaggerated chondrocyte senescence and OA, while intra-
articular injection of adenovirus-Sirt6 or the introduction of nanoparticles releasing MDL-800 mitigated OA
caused by destabilization of the medial meniscus surgery?. When paired with the results of the current
study, an intriguing hypothesis for future work is that SIRT6 activation prevents senescence and OA
through enhanced DNA damage repair capacity.

In conclusion, the findings presented here support the hypothesis that the efficiency of DNA
damage repair declines with age in chondrocytes and that SIRT6 activation improves repair both in
response to an acute irradiation challenge and in the context of age-related damage accumulation. These
results emphasize the critical role of SIRT6 in DNA repair and support further studies investigating the
use of MDL-800 (or alternative SIRT6 activators) in mitigating senescence induction and ameliorating OA

development.

4.4 MATERIALS AND METHODS
4.4.1 Isolation and culture of primary human chondrocytes.

Primary human chondrocytes were isolated from the ankle cartilage of cadaveric donors without a
history of OA and with grades between 0 and 2 on the modified Collins grade*. For the study presented
in Figure 4.1, ages of donors were in three groups: younger (40, 44, 45 years old); middle-aged (56, 56,
63 years old); older (73, 75, 76 years old). For the study presented in Figure 4.2, the donors used were

middle-aged (51, 54, 54, 55, 56, 56, 60, 63). For the study presented in Figure 4.3A, the ages of the
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donors were 74, 75, 75, and 76. To isolate the primary chondrocytes, full-thickness cartilage shards were
digested with 2 mg/ml Pronase (1 hour) followed by overnight incubation with 3.6 mg/ml Collagenase P at
37°C in 5% serum media“S. The isolated chondrocytes were plated at a concentration of ~1x105 cells per
cm? in DMEM/F12 supplemented with 10% FBS, penicillin and streptomycin, gentamicin, and
amphotericin B to recover from isolation and frozen in Recovery™ Cell Culture Freezing Medium.
Chondrocytes were plated for ~2-3 days before harvest for resuspension in comet gels for irradiation.
4.4.2 Isolation of primary murine chondrocytes.

The cartilaginous head of the proximal femur (i.e., the femoral cap of the hip) was used as the
source of chondrocytes from C57BL/6 mice at various ages. Chondrocytes were isolated via pronase (2
mg/ml, 1 hour in serum-free media) and collagenase P (500 ug/ml, overnight in 10% serum) from mice
aged 4, 8, 14, and 22 months of age (n=3 each). Chondrocytes were cultured for ~3 days to recover
before treatment.

4.4.3 SIRT6 Activation and Inhibition Treatment.

The small molecule MDL-800 (Sigma) was used at a concentration of 20 uM to activate SIRT6.
Conversely, EX-527 (Selleck) was used at a concentration of 10 yM to inhibit SIRT6 activity. When
testing the effect of SIRT6 modulation on DNA repair following acute damage (Figure 4.2), primary
chondrocytes were pre-treated with either DMSO (vehicle control, concentration matching the DMSO
used with MDL-800), MDL-800, or EX-527 for 2 hours prior to harvest for irradiation experiments. For
experiments testing the reduction of accumulated DNA damage in chondrocytes from older cadaveric
donors and mice, cells were treated with DMSO or 20 yM MDL-800 for 48 hours.

4.4.4 Acute Irradiation Repair Model and Comet Assay Protocol.

A schematic depicting the irradiation repair model is shown in Figure 4.4. After trypsinization,
chondrocytes were prepared for the comet assay as described’3, with adjustments made to measure
DNA damage levels at specific time points following irradiation. Briefly, cells were mixed 1:10 with 1% low
melting agarose and coated onto a Superfrost slide. The slides were placed in a media bath and
irradiated with 10 Gy X-ray (RS2000 Biological Irradiator), with one slide not irradiated as a control group.
The slides were moved to an incubator with their appropriate media for various amounts of time for

recovery and then added to a lysis solution at the indicated time point — immediate (no recovery after IR),
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15 min., 30 min., 60 min., 120 min., and 240 min. The lysis solution was prepared by mixing 2.5 M NacCl,
0.1 M disodium EDTA, 10 mM Tris base, 0.2 M NaOH, 0.1% sodium lauryl sarcosinate, and 1% Triton X-
1000, and adjusting the solution to a pH of 10. After overnight incubation in the lysis solution at 4°C, the
slides were added to an alkaline electrophoresis solution (200 mM NaOH, 1 mM disodium EDTA, pH > 13)
for 30 minutes. Next, the slides were placed into an electrophoresis chamber and an electric field of 1
V/cm for 20 minutes was applied. Slides were washed with dH20 and stained with NucBlue™ (R37605;
Thermo Fisher Scientific). Fluorescence images were captured with an EVOS M5000 microscope
(AMF5000; Thermo Fisher Scientific). Image analysis and comet quantification were performed for
approximately 100 cells per condition using the OpenComet plugin software in ImageJ.
4.4.5 Statistical Analysis

Comet data were analyzed and plotted using GraphPad Prism 9. Statistical analysis was
performed using paired t-test, two-way ANOVA, or two-way repeated measures ANOVA. Multiple
comparison test used either Sidak’s (two treatment groups) or Tukey’s (three treatment groups) within

each time point.
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OA — osteoarthritis
SIRT6 — Sirtuin 6
DNA: deoxyribonucleic acid
DSB: double strand breaks
SSB: single strand breaks

IR: irradiation
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4.9 FIGURES
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Figure 4.1: Repair after acute DNA damage in chondrocytes from different aged donors. Primary

human chondrocytes from young (n=3, <45 years), middle-aged (n=4, 50-65 years), and older (n=3, >70

years) were prepared in gels on microscope slides and irradiated with 10 Gy(or not for control). Slides

were transferred to media for repair after irradiation and then lysis buffer at various time points. (A) The
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percentage of DNA in comet tails for all cells were averaged for each donor, and the mean of all donors
per age group is shown (mean + SEM). Repair time, age, and their interaction were significant sources of
variation (2-way repeated measures ANOVA). Significant differences between groups at each time point
(Tukey’s multiple comparisons test, p<0.05) are denoted by symbols: (*) = young vs. middle, (#) = young
vs. old, (&) = middle vs. old. (B) Plots showing all individual cells of representative young, middle, and
older donors. (C) The percentage of cells with high levels of DNA damage (>60% of DNA in comet tails).

Statistics same as in B.
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Figure 4.2: Effect of SIRT6 activation and inhibition on chondrocyte repair efficiency. Chondrocytes
from middle-aged donors were pre-treated with 20 yM MDL-800, 10 uM EX-527, or vehicle (DMSO) for 2
hours before trypsinization, gel encapsulation, and irradiation. Treatment continued during the repair
phase. (A) The percentage of DNA in comet tails for all cells were averaged for each donor, and the

mean of all donors per condition is shown (mean + SEM). Repair time, treatment, and their interaction
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were significant sources of variation (2-way repeated measures ANOVA). Significant differences between
groups at each time point (Tukey’s multiple comparisons test, p<0.05) are denoted by symbols: (*) =
DMSO vs. MDL, (#) = MDL vs. EX, (&) = DMSO vs. EX). (B) Plots show all individual cells of a
representative donor treated with DMSO, MDL-800, or EX-527. (C) The percentage of cells with high

levels of DNA damage (>60% of DNA in comet tails). Statistics as in B.
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Figure 4.3: SIRT6 activation in chondrocytes from older human donors and mice. (A) Chondrocytes
derived from cadaveric ankle cartilage of older donors (>70 years) were treated with 20 uM MDL-800 or
vehicle (DMSO) for 48 hours. Stats by paired t-test. (B) Chondrocytes from the proximal femur of mice
were isolated and treated for 48 hours with DMSO or 20 yM MDL-800. Analysis by two-way ANOVA
showed significant effects of age, treatment, and their interaction. Significant differences between groups
at each time point (Sidak’smultiple comparisons test, p<0.001) are denoted by # symbol, with differences

between treatments denoted by *.
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Figure 4.4: Experimental design for the results shown in Figure 4.2. For the data in Figure 4.1, there was no pre-treatment and steps 2-5 were

completed as shown (with 10% serum media used for the repair phase).
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Figure 4.5: Efficacy of chondrocytes to restore low levels of DNA damage after acute damage. (A)
Primary human chondrocytes from young, middle, and older donors prepared as described in Figure 4.1.
The percentage of cells with low levels of DNA damage (<15% of DNA in comet tail) were plotted and the
mean of all donors per age group is shown (mean + SEM). Repair time, age, and their interaction were
significant sources of variation (2-way repeated measures ANOVA). Significant differences between
groups at each time point (Tukey’s multiple comparisons test, p<0.05) are denoted by symbols: (*) =
young vs. middle, (#) = young vs. old, (&) = middle vs. old. (B) Chondrocytes from middle-aged donors
were pre-treated with 20 yM MDL-800, 10 yMEX-527, or vehicle (DMSO) for 2 hours before
trypsinization, gel encapsulation, and irradiation. The percentage of cells with low levels of DNA damage
(<15% of DNA in comet tails). Statistics similar toA, but with significant differences denoted by symbols:

(*) = DMSO vs. MDL, (#) = MDL vs. EX, (&) = DMSO vs. EX).
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Figure 4.6: Effect of SIRT6 activation and inhibition on older chondrocyte repair efficiency.
Chondrocytes from older donors (n=4, >70 years) were pre-treated with 20 yM MDL-800, 10 pMEX-527,
or vehicle (DMSO) for 2 hours before trypsinization, gel encapsulation, and irradiation. Treatment
continued during the repair phase. (A) The percentage of DNA in comet tails for all cells were averaged
for each condition, and the mean of all donors per age group is shown (mean + SEM). Repair time,
treatment, and their interaction were significant sources of variation (2-way repeated measures ANOVA).
Significant differences between groups at each time point (Tukey’s multiple comparisons test, p<0.05) are
denoted by symbols: (*) = DMSO vs. MDL. (B) The percentage of cells with high levels of DNA damage

(>60% of DNA in comet tails). Statistics as in A.
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CHAPTER 5: EFFECT OF CONTINUAL MDL-800 TREATMENT ON SENESCENCE INDUCTION IN
PRIMARY HUMAN AND MURINE CHONDROCYTES

5.1 INTRODUCTION

Cells can transition into a condition of stable cell cycle arrest, known as cellular senescence, in
response to various intrinsic and extrinsic stimuli. These may include an extended period of proliferation
in culture or in response to DNA damaging agents, such as irradiation, reactive oxygen species, or
chemotherapy agents'2. Despite the manner of induction, senescent cells share a common underlying
etiology — DNA damage?®. Advanced age has been associated with both the accumulation of senescent
cells*® and higher levels of DNA damage’8. Our group has previously shown that the combination of
mitogenic stimulation in addition to cellular damage reliably induces senescence in healthy human
articular cartilage®. In an alternate setting, prolonged growth factor treatment promotes the development
of senescent chondrocytes in young murine hip cartilage explants™©.

In the context of osteoarthritis (OA), senescent cells have been shown to contribute to disease
pathogenesis''-13, while the selective removal of senescent chondrocytes mitigates cartilage degradation
in mice'4. Although therapeutic approaches using senolytics have shown promise within murine models of
OA, translation into the clinical setting has not had the same success's. Alternative approaches aimed at
reducing DNA damage have the potential to prevent the accumulation of senescent cells within the joint
space and inhibit the development of OA. The primary objective of this work was to test whether
maintaining low levels of DNA damage in chondrocytes blocks senescence induction.

Studies have identified SIRT6 as a key regulator of DNA repair and cellular senescence'6.17,
Chapter 4 established that the efficiency of DNA repair declines with age in chondrocytes, but could be
restored with SIRT6 activation'®. MDL-800 — a selective small molecule allosteric activator of SIRT6'® —
was used for these studies and shown to be capable of reducing DNA damage accumulated over
decades of life'8. To evaluate the effect of lowering DNA damage on senescence induction, we used

several different model systems of senescence induction and assessed the impact of MDL-800 treatment
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on senescence burden. In two in vitro model systems using human cartilage explants® and murine hip
explants'?, treatment with MDL-800 provided a protective effect and minimized senescence induction
compared to DMSO vehicle control groups.

Mice are a frequently used model species for investigations of mammalian aging and
osteoarthritis. We sought to determine whether SIRT6 activation lowered DNA damage, inhibited
senescence induction, and prevented cartilage degradation in vivo by performing intra-articular (I1A)
injections of MDL-800 into p16t¢Temato reporter mice. This mouse strain has a tdTomato fluorescent protein
“knocked-in” to the endogenous p16'NK4a promoter, enabling the quantification of p16-high (senescent)
cells via flow cytometry?0. As this study was being conducted, another group demonstrated that Sirt6
deficiency exacerbated chondrocyte senescence and OA progression, while IA injection of either
adenovirus-Sirt6 or MDL-800 nanoparticles mitigated PTOA resulting from destabilization of the medial
meniscus (DMEM) surgery?'. In the present study, we show that repeated MDL-800 injection consistently
maintained low levels of DNA damage but did not significantly impact the percentage of senescent cells.

Osteoarthritis in humans and mice is associated with altered mechano-sensation in the form of
allodynia, a painful response to an innocuous stimulus?2. The gold standard method for evaluating this
change in sensitivity is via use of von Frey fibers?3. Using the von Frey assay, we show that repeated
MDL-800 treatment slightly increased the 50% pain threshold in mice, compared to control matched
limbs. Ongoing studies are using histological measures to quantify the effect of MDL-800 treatment on
cartilage degradation. Taken together, strategies that seek to activate SIRT6 in chondrocytes remain a

promising therapeutic option for treating OA but will require further investigation.

5.2 RESULTS

5.2.1 SIRT6 modulation alters the extent of senescence induction in a human cartilage explant
model.

To identify how SIRT6 modulation impacts the induction of senescence, we used the human
explant model described in Chapter 2° in conjunction with MDL-800 (activation) or EX-527 (inhibition)
treatment. This experimental design allowed us to investigate how SIRT6 activity altered senescent cell
accumulation in a physiologically relevant, and reliable, senescence induction model (experimental

approach in Figure 5.1A). The readout for senescence was SA-B-gal flow cytometry. Consistent with
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previous data, the irradiated groups (DMSO, MDL-800, EX-527) showed higher levels of SA-3-gal mean
fluorescent intensity (MFI) compared to their non-irradiated controls. While non-significant, MDL-800
exhibited a slight protective effect from irradiation, with the SA-B-gal MFI fold increase to the DMSO group
only increasing from 0.9 to 1.1 (Figure 5.1B), and the percent of cells SA-B-gal high increasing from 1.9%
to 3.7% (Figure 5.1C). Conversely, inhibiting SIRT6 activity significantly increased the senescence
readout compared to DMSO and MDL-800 groups. The percent of SA-B-gal high cells averaged to 10.0%
in the irradiation plus EX-527 condition, compared to 5.5% and 3.7% in the DMSO and MDL-800

conditions, respectively (Figure 5.1C, p < 0.05, Tukey’s multiple comparison test).

5.2.2 MDL-800 treatment reduces DNA damage and senescence induction in murine hip explant
model.

To explore the effect of MDL-800 treatment on DNA damage and senescence induction in murine
chondrocytes, our lab used a previously described'® mouse hip explant senescence induction model.
Over the course of three weeks, mouse hips cartilage explants were treated with growth factors (1ng/mL
TGF-B1 and 5ng/mL bFGF) and either (DMSO, vehicle control) or MDL-800 (20 uM). To address donor
variability, the two hip cartilage explants isolated from each mouse were split between treatment groups
to enable direct comparison between matched samples. At the end of explant culture, the mouse hips
were enzymatically digested, and the isolated chondrocytes analyzed by comet assay and flow cytometry
(n = 6 p169Tom reporter mice). The comet analysis revealed that MDL-800 treated hips showed a
significant reduction in DNA damage compared to DMSO treated hips (readout % DNA in comet tail, p <
0.05, paired t-test; Figure 5.2A). Flow cytometry showed a significant drop in % p16-positive in the MDL-
800 group (14.2%), compared to the DMSO control (21.0%) (p < 0.05, paired t-test; Figure 5.2B). To see
if DNA damage correlated with senescence induction, we plotted the % DNA in comet tail versus the %
p16-positive cells and found a positive correlation (R2=0.589, slope significantly non-zero, p=0.004;

Figure 5.2C).

5.2.3 Repeated IA injection of MDL-800 reduces DNA damage but does not impact senescence
levels.

With the in vitro data showing support for MDL-800 treatment mitigating senescence induction
and lowering DNA damage, we sought to evaluate the effect of in vivo SIRT6 activation in mice. To

confirm that MDL-800 reduced DNA damage within chondrocytes following intra-articular (1A) injection, we
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performed a single injection of either DMSO or MDL-800 (1ug in 10uL) in 4 mice and dissociated the
cartilage after 48 hours for comet analysis. The limbs injected with MDL-800 showed significantly lower
levels of % DNA in their comet tails (10.7%) than donor-matched DMSO limbs (17.4%) (p < 0.01, paired t-
test, Figure 5.3A). To investigate the effect of consistently lowering DNA damage on senescence burden,
we injected 4-month-old p16¥Tm reporter mice every 2 weeks with MDL-800 (left hindlimb) and DMSO
(right hindlimb) for a total of 8 injections. We also injected age-matched wildtype mice throughout this
period to confirm DNA damage was consistently lowered in MDL-800 limbs (experimental approach
depicted in Figure 5.3B). A week following the final injection, the chondrocytes from the p169To™ mouse
knees were analyzed by comet assay and flow cytometry. Across all time points — 2 injections, 4
injections, 6 injections, and 8 injections — the MDL-800 treated limbs demonstrated significantly lower
levels of DNA damage (p < 0.01, paired t-test). The effect of MDL-800 treatment was most notable after
the first two injections but remained significant in all proceeding injections (Figure 5.3C). Although
damage levels were consistently lowered, the population of senescent chondrocytes were not significantly
different between the MDL-800 and DMSO treated limbs. The mean % p16-high in the DMSO group was
6.12% and 5.51% in the MDL-800 group (n = 12, p = 0.33 (ns), paired t-test; Figure 5.3D).
5.2.4 Impact of repeated MDL-800 treatment on pain threshold.

To ascertain whether repeated MDL-800 injections protected against osteoarthritis-associated
pain, mice were subjected to the same injection protocol as described in the prior section. After the 8
injections, the pain threshold of the mice was tested using the Von Frey assay. Two weeks after the last
injection, mice were acclimated to the von Frey chambers and filaments on three separate days. The
mechanical sensitivity was evaluated using the protocol developed by Cano et al.23, with one hindlimb of
each mouse being tested before testing the other hindlimbs. The MDL-800 limbs showed a slightly higher
tolerance to pain (50% Pain Threshold of 1.0) compared to the DMSO treated limbs (0.8), but the effect

was not significant (n = 8, paired t-test; Figure 5.4B).

5.3 DISCUSSION

With confirmation that MDL-800 treatment improved DNA repair in both human and murine

chondrocytes (Chapter 4'8), the next question to address was whether keeping low DNA damage levels
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prevented cells from entering the senescent phenotype. Our lab has developed two reliable and
physiologically relevant in vitro senescence induction models using human cartilage® and mouse hip
explants'®. These models enabled us to evaluate the impact of SIRT6 activation (or inhibition) on
senescent cell accumulation, with two different readouts of senescence. In the human cartilage explant
model, the combination of growth factors (TGF-B1 and bFGF) and irradiation throughout explant culture
increased the percentage of cells with elevated expression of SA-B-Gal. SIRT6 activation during this
culture procedure slightly reduced SA-B-Gal induction (5.5% in control group to 3.7% in MDL-800 group),
while SIRT6 inhibition via EX-527 treatment significantly increased the percentage of SA-B-Gal high cells
(10.0%) (Figure 5.1). Although the results suggested a protective response of MDL-800 treatment on
senescence induction, the result was not significant. This may be due to the moderate increase in
senescence generated by the irradiation, which only provided a narrow dynamic range in which to see a
reduction.

As mice are widely used for translational studies, the next step involved testing this effect in a
murine senescence induction model. Previous work conducted in our lab has demonstrated that culture of
mouse hip cartilage explants for three weeks with TGF-$1 and bFGF dependably induces chondrocytes
to become senescent'®. The benefit of this model is that isolating two hips per mouse allows us to directly
test the effect of MDL-800 treatment on a matched control, overcoming donor variability. Using this
approach, we found the MDL-800 treatment during the 3 weeks of explant culture significantly reduced
DNA damage and limited the percentage of cells with high expression of p16 (Figure 5.2). Notably, the
positive correlation found between DNA damage and % p16-high (Figure 5.2C) was suggestive that
damage is implicated in the senescence induction process.

To investigate the impact of SIRT6 activation on DNA damage and senescence in vivo, we
injected MDL-800 into the joint space of p16tTomato reporter mice. After validating that a single intra-
articular (IA) injection of MDL-800 reduced DNA damage for 48 hours, we decided on a repeated
treatment approach in 4-month-old mice, with injections every two weeks for a total of 8 injections (~4
months treatment duration). Based on previous experiments, 8-month-old mice show increased levels of
DNA damage'® and p16-positive cells compared to 4-month-old mice (unpublished). By starting with

younger mice with low levels of baseline damage, we could identify whether age-accumulated damage

102



causes chondrocyte senescence. Although DNA damage was consistently lowered throughout the
treatment duration, senescence was not reduced in the MDL-800 treated limbs (Figure 5.3). This
contrasts with the findings of Ji et al.2' and Wu et al?*, who both showed a reduction of senescence in
response to Sirt6 overexpression. The primary differences between these studies and the one discussed
here are (1) the method of Sirt6 activation, and (2) the senescence induction model. The Wu et al. study
used lentiviral transfection of Sirt624, while the Ji et al. used MDL-800 developed nanoparticles2!. More
notable, both studies used DMM surgery to induce senescence within the joint. In our experimental
design, we were dependent on the DNA damage accumulated with age, rather than produced by
damage, to initiate the senescence phenotype. Over the 4-month time frame where we modified the DNA
damage levels, the increase in p16-positive cells was not nearly as large as that of the injury-induced
model. Thus, one explanation for the moderate effects in this study may be due to the limited dynamic
range of senescence induction with natural aging. Further iterations of the experimental design could
benefit from increasing the treatment duration from 4-months to 8 — 10 months, and thus expanding the
amount of time for age-associated senescence to accrue.

Another avenue that could influence the results of the in vivo study presented herein is the
dosage of MDL-800. In the experiments described in this chapter, 1ug of MDL-800 was delivered in 10uL
to the joint by IA injection. This dose was based on the amount used in the in vitro experiments, as well
as other studies that transitioned from in vitro to in vivo treatment. Understanding how drugs move into
and out of the joint, either through systemic or IA delivery, is an active area of research?52. |f repeated
injections prove to be an unsuitable approach, other strategies for consistent release of treatment can be
considered, such as nanoparticle formulations?! or slow-release delivery systems?”.

Sirt6 plays a role in metabolism and non-DNA repair processes?®. While beneficially lowering
DNA damage, continuous activation of these alternate pathways via MDL-800 treatment may lead to off-
target effects. The dichotomous nature of SIRT6 is exhibited in cancer, which can either be promoted or
suppressed by SIRT6 activation depending on the biological context?®. MDL-800 is among the most
potent and selective activators of SIRT6 discovered thus far and is specific for the deacetylase activity of

SIRT630. An alternative approach would be to use another confirmed DNA repair booster, such as
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nicorandil®' or cyanidian®?, in place of MDL-800. This would avoid the possible unintentional effects of
continuous activation of Sirt6.

While in vitro experiments demonstrated a reduction in senescence with MDL-800 treatment, the
initial in vivo experimental design did not significantly impact the levels of senescent cells. Further
alterations of the dosage and/or length of treatment duration will be essential to confidently determine
whether Sirt6 activation does, or does not, mitigate senescence induction. Von Frey assessment of these
mice demonstrated a mild increase in pain tolerance in the MDL-800 treated limbs, compared to the
DMSO limbs. Ongoing histological studies are investigating whether the MDL-800 treatment in the current
experimental design impacted cartilage degradation. Altogether, SIRT6 activation as a therapeutic option

for OA still has promise, but additional investigation in the translational setting will be critical.

5.4 MATERIALS & METHODS
5.4.1 Human cartilage explant senescence induction model

Primary human cartilage explants were obtained from the tali of cadaveric ankle joints as
previously described?®. For the study presented in Figure 5.1, the ages of the 8 donors used were 42, 44,
45, 45, 57, 60, 68, and 80 years old. All donors were male and had grades between 0 and 2 on the
modified Collins grade?®:. The experimental design is depicted in Figure 5.1A. Senescence was induced
as outlined in Chapter 2, with the addition of pre-feeding the explants with either MDL-800 (20 uM,
Sigma) or EX-527 (10 pM, Selleck) for 2 hours before irradiation, and including the SIRT6 treatment
during explant culture. At the end of explant culture, chondrocytes were enzymatically isolated, plated in
monolayer, and cultured for an additional 12 days in 10% chondrocyte media.
5.4.2 Murine hip explant senescence induction model

Murine hip cartilage explants were cultured for senescence induction as previously described
here'°. Briefly, 3-week-old mice were euthanized, and their hip cartilage explants isolated from the
proximal end of the femur. Explants were cultured for 3 weeks in 10% chondrocyte media with growth

factors (1 ng/mL TGF-B1 and 5 ng/mL bFGF), as well as either DMSO or 20 uM of MDL-800.
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5.4.3 Flow cytometry analysis

In the human cartilage explant model, SA-B-gal activity was assessed using the CellEvent™
Senescence Green Flow Cytometry Assay Kit (C10840; Thermo Fisher Scientific) as discussed in
Chapter 2. Flow cytometry analysis for tdTomato was the senescence readout for the murine hip explant
in vitro study (Figure 5.2) and the in vivo experiment (Figure 5.3). In both experiments, cartilage explants
were digested overnight with collagenase P and flow cytometry analysis conducted on unfixed cells mixed
with HBSS with 10 mM EDTA, and 1 pg/mL DAPI. Chondrocytes derived from wildtype mice were used
as gating controls. Data was collected with an Attune NxT (Thermo Fisher Scientific) using the 561 nm
laser and analyzed using FCS Express (De Novo Software).
5.4.4 Assessing DNA damage with the comet assay

The comet assay was conducted as previously described in Chapter 3 and Chapter 4.
5.4.5 Intra-articular injection of MDL-800

Intra-articular injections of 1 yg MDL-800 in 10 pL of PBS was performed on the left hindlimb
knee of p16tdTemato reporter and wildtype mice. The right hindlimb received intra-articular injections of an
equivalent dose of DMSO vehicle control in the same volume. The experimental overview of the intra-
articular injections is illustrated in Figure 5.3B. Mice were prepared for injection by inducing anesthesia
via isoflurane and laying the mouse in a custom-made holder that exposes the patellar tendon for
injection. The injection was considered successful when a slight lifting occurred within the joint following

injection of the treatment.

5.4.6 Evaluating mechano-sensitivity with the von Frey assay

Two weeks following the last intra-articular injection, mice were acclimated to the holding
chambers and von Frey filaments over the course of three separate days. Once the mice were
accustomed to the testing procedure, their response to filaments between 0.04 and 4 grams were
measured following the protocol previously described?3. Responses were recorded for all the MDL-800
treated limbs, mice were given a 30-minute period to settle, then the DMSO treated limbs were tested.

The 50% pain threshold was generated using the Up-Down Reader software provided here?3.
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5.4.7 Statistics

All data analysis and plotting were conducted using GraphPad Prism 9. Statistical analysis was
completed using paired t-test, two-way ANOVA, or two-way repeated measures ANOVA. Sidak’s multiple
comparison test was used when comparing two treatment groups, whereas Tukey’s was used when

evaluating three treatment groups.
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5.5 FIGURES
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Figure 5.1: SIRT6 modulation alters the extent of senescence induction in a human cartilage
explant model. (A) Schematic of experimental design. Explants were collected as full-depth squares from
thick ridges of cadaveric talar (lower grade used if available) and treated with 1 ng/mL TGF-B1 and

5 ng/mL bFGF throughout the explant culture (n=8, 42 — 80 years of age, all male donors). (B) SA-B-Gal
MFI fold increase above the Control DMSO condition quantified (mean + SEM). Treatment and irradiation
were significant sources of variation, but their interaction were not (2-way repeated measures ANOVA).
Significant differences between groups at each time point (Tukey’s multiple comparisons test, p<0.05) are
denoted by symbols: (*) = DMSO vs. MDL, (#) = MDL vs. EX, (&) = DMSO vs. EX). (C) SA-B-Gal flow
quantified as the percentage of cells SA-B-Gal high, calculating by gating the percent of cells that have an
SA-B-Gal MFI above 2 standard deviations from the Control DMSO mean. Treatment and irradiation were
significant sources of variation, but their interaction was not (2-way repeated measures ANOVA).

Significance indicated same as (B). Individual donors are represented by colored dots.
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% DNA in Comet Tail

Figure 5.2: Effect of in vitro treatment with MDL-800 on DNA damage and senescence induction in
mouse hip explant model. Murine hip cartilage explants were induced to senescence over 3-weeks with
TGF-B1 and bFGF. Hip explants were treated with either DMSO (vehicle control) or 20 yM MDL-800.
After 3 weeks, the chondrocytes were isolated by enzymatic digestion and analyzed via comet analysis
and flow cytometry. (A) Explants treated with MDL-800 throughout culture showed a significant reduction
in DNA damage compared to DMSO treated hips (paired t-test, p=0.02). (B) Hips treated with MDL-800
showed a significant reduction in p16tTomato positive cells (p=0.02, paired t-test). (C) There is a correlation

between the level of DNA damage and senescence induction (R?=0.589, slope significantly non-zero,

p=0.004).
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Figure 5.3: Effect of in vivo intra-articular MDL-800 treatment on DNA damage and senescence
induction. (A) One hindlimb of 12-month-old wildtype mice was injected with 1ug of MDL-800 in 10uL
and other injected with matched DMSO. Cartilage dissociated at 48hours for analysis by comet.
Chondrocytes isolated from the MDL-800 treated hindlimb showed a significant reduction in % DNA in
comet tails, compared to DMSO control (n=4, p=0.005, paired t-test). (B) Experimental design of the
repeated in vivo MDL-800 injections. One hindlimb of 4-month-old wildtype and p16tTomatc mice were

injected with 1ug of MDL-800 in 10uL and the other injected with matched DMSO, every 2 weeks, for a
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total of 8 injections. After every second injection, a subset of n=4 wildtype mice were euthanized, and
their knee chondrocytes analyzed for DNA damage by comet analysis. A week following the last injection,
the p16tTomato mice were harvested for comet and flow cytometry analysis. (C) MDL-800 significantly kept
DNA damage lower in the MDL treated limbs compared to their matched DMSO control limbs (2-way
ANOVA, sidak’s multiple comparison test, p<0.01 for all comparisons). (D) After 8 injections of MDL-800
(or DMSO), p16tdTomate mouse knees were isolated and chondrocytes harvested for flow cytometry. MDL-
800 treated limbs showed a moderate, but varied and insignificant, reduction in cells expressing high

levels of tdTomato (n=12, paired t-test, p=0.33).
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Figure 5.4: Effect of in vivo intra-articular MDL-800 treatment on pain threshold and OA
development. (A) Experimental design of the repeated in vivo MDL-800 injections. One hindlimb of 4-
month-old wildtype and p16t¢Tomate mice were injected with 1ug of MDL-800 in 10uL and the other injected
with matched DMSO, every 2 weeks, for a total of 8 injections. Two weeks following the last injection, the
pain threshold of the mice were evaluated using the Von frey assay and cartilage degradation measured
via joint histology (n=8 mice). (B) The 50% pain threshold of the MDL treated limbs were slightly higher

than the DMSO limb, but not significant (n=8, paired t-test, each colored dot represents a matched mouse

pair).
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CHAPTER 6: CONCLUSIONS
6.1 SUMMARY & FUTURE DIRECTIONS

In the past few decades, it has become abundantly clear that the etiology of osteoarthritis (OA) is
more complex than simple wear-and-tear. Prior work has begun to elucidate the role of aging and cellular
senescence in the development of OA, yet the mechanisms driving these relationships remain unknown.
The body of work presented in this dissertation provides valuable insight for this area of research by (1)
identifying the biological cues that initiate chondrocyte senescence, (2) confirming the increase in DNA
damage with aging and OA, (3) proving that SIRT6 activation can restore the decline in DNA damage
repair in advanced age, and (4) showing evidence that SIRT6 activation mitigates senescence induction
by lowering DNA damage. The following paragraphs summarize the findings presented in the prior
chapters, addresses how these results impact the OA and aging research fields, and identifies further
areas of research.

The work in Chapter 2: The Combination of Mitogenic Stimulation and DNA Damage Induces
Chondrocyte Senescence established a physiologically relevant human cartilage explant senescence
induction system. This study demonstrated that the combination of damage (10 Gy irradiation) and
mitogenic stimulation (growth factor treatment) was necessary to induce a robust senescent phenotype in
human chondrocytes. This finding is relevant in the context of OA as both TGF-81' and bFGF? are
released during matrix turnover, and 10 Gy of irradiation achieves a similar level of DNA damage seen in
advanced age®. Our observations are consistent with the hypothesis that senescence arises as a
response to the conflicting cues of expansion and cell-cycle arrest*. An important follow-up question to
this research is determining the extent to which cell cycle entry during OA pathogenesis stimulates
senescence induction, which can be answered using live-cell imaging.

In Chapter 3: Comet Assay for Quantification of the Increased DNA Damage Burden in Primary
Human Chondrocytes with Aging and Osteoarthritis, the comet assay was used to quantify the increase in

DNA damage that occurs with aging and OA. By assessing chondrocytes from cadaveric donors with no
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macroscopic joint damage between the ages of 34 and 78 years old, we found a linear increase in
damage with age. This was the first study to report on the increase in DNA damage in chondrocytes that
occurs with “normal” aging. Using a modified “two-tailed” comet assay, we were able to deduce that the
higher damage in older donors is due to strand breaks, rather than base damage. However, further
research will be needed to identify the specific type of DNA damage that accumulates with age in
chondrocytes. Based on research of other post-mitotic cell types?®, the bulk of DNA damage likely is
acquired by oxidative DNA damage and reactive oxygen species. The use of hOGG1 in the modified
comet assay® would be able to confirm whether DNA damage associated with advanced age is a result of
oxidative damage.

Chapter 4: SIRT6 Activation Rescues the Age-Related Decline in DNA Damage Repair in Primary
Human Chondrocytes used an irradiation challenge assay to show that chondrocyte’s capacity for
efficient DNA damage repair is compromised with age but can be improved by activating SIRT6. In the
context of age-related damage, MDL-800 treatment was able to significantly reduce DNA damage in older
primary human and mouse chondrocytes, proving its ability to repair damage accumulated over a long
period of time. The irradiation model system was valuable for this study as it generated a consistent bolus
of damage across all treatment groups and ages, enabling the direct comparison of DNA damage repair
over time. One limitation of this system is that irradiation is not a physiologically relevant damage in the
joint space. An alternate approach could make use of tert-butyl hydroperoxide (tBHP) to initiate DNA
damage, as this reagent is a known inducer of oxidative stress’.

The experiments detailed in Chapter 5: Effect of Continual MDL-800 Treatment on Senescence
Induction in Primary Human and Murine Chondrocytes encompass the translational components of this
doctoral work. The results of the preceding chapter led to the hypothesis that maintaining low levels of
DNA damage via SIRT6 activation would prevent senescence and OA development. Towards this end,
we demonstrate that Sirt6 activation in mouse hip cartilage explants lowered DNA damage and reduced
senescence, as measured by flow cytometry using our p1694Tom senescence reporter allele. Although
intra-articular injection of MDL-800 proved effective at lowering DNA damage, repeated injections over
the course of 4 months did not significantly lower the senescence burden in mouse knees. A probable

cause of this finding is that aging-itself did not provide a large enough increase in senescence over the

116



treatment duration to see a noticeable drop in senescence levels. To counteract this, we can either (1)
increase the treatment timeframe from 4 months to 12 months, or (2) induce senescence through surgical
means (i.e., destabilization of the medial meniscus). Alternatively, the treatment protocol and dosage of
MDL-800 can be optimized. As this was a pilot study, further experiments will be required to identify the
optimal time between doses and concentration of MDL-800 per injection. As DNA damage repair
encompasses a wide array of pathways, combinatorial therapies with other known DNA repair boosters,
like nicorandil®, may be a worthwhile avenue to pursue.

A subset of mice that received repeated MDL-800 injections underwent von Frey testing to
measure their mechano-sensitivity before their hindlimbs were isolated for histological testing. While not
significant, the von Frey assay suggested that MDL-800 treatment increased the 50% pain threshold of
mice, compared to the DMSO control limb. Ongoing work in the lab is measuring the cartilage
degradation in the mouse knees that were treated with MDL-800 (left hindlimb) or DMSO (right hindlimb).
Using histological means, we will be able to assess whether MDL-800 treatment affected the
development of OA in these mice. These results will provide clarity on the impact of SIRT6 activation on

OA progression.

6.2 CLOSING REMARKS

The work described in this dissertation has investigated two components of aging — DNA damage
and senescence — and how they play a role in the development of osteoarthritis. While significant
progress still needs to be made to fully understand the biological mechanisms leading to OA, the studies
included herein provide novel information linking DNA damage, senescence, and OA. By elucidating the
underlying cause of senescence and DNA damage within the joint, this work establishes a foundation for
the development of novel and impactful OA therapeutics. Based on the evidence, it is my hope that
further research continues to be conducted in the DNA damage repair and senolytic space with the end-

goal of preventing OA.
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