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Abstract

Articular cartilage has limited healing capability, resulting in cartilage injuries to often
progress into post traumatic osteoarthritis (PTOA), a painful debilitating disease. Adult human
mesenchymal stem cell (hMSC)-based tissue engineering strategies have been widely explored to
achieve functional cartilage repair due to their ability to differentiate into chondrocytes and secrete
cartilage matrix macromolecules collagen II and aggrecan. However, clinical application of MSC-
based cartilage repair strategies faces two significant challenges. First, upon chondrogenic
differentiation, MSC-derived chondrocytes (hMdChs) undergo hypertrophic maturation driven by
master transcription factor RUNX2. Second, the inflammatory environment of the injured joint,
established predominantly by pro-inflammatory macrophages, accelerates chondrocyte
hypertrophy and matrix degradation, a process also mediated by RUNX2 activity. Inflammatory
cytokines induce hMdChs to secrete further inflammatory and catabolic factors, establishing a
positive feed forward loop that sustains the joint inflammation. This results in matrix loss which
compromises the functionality of engineered cartilage.

The central objective of this thesis is to increase matrix accumulation and retention by
hMdChs under hypertrophic and inflammatory conditions to improve cartilage regeneration. We
hypothesize RUNX2 suppression can increase matrix accumulation by 1) maintaining the
production of cartilage structural proteins, 2) protecting the cells from hypertrophy and
inflammation induced matrix degradation by inhibiting matrix metalloproteinase (MMP)
expression and, 3) inhibiting the pro-inflammatory crosstalk between hMdChs and M1

macrophages. To evaluate these hypotheses, we used a synthetic gene circuit that induces

XV



autonomous and tunable RUNX2 suppression in hMdChs based on intracellular RUNX2
concentrations.

In Aim 1, I show that suppressing RUNX2 activity using our gene circuit increases matrix
accumulation and inhibits matrix mineralization under hypertrophic conditions. Moreover,
RUNX2 suppression stabilizes the expression of chondrogenic markers collagen II and aggrecan
and inhibits the expression of hypertrophic markers MMP13 and collagen X in hMdChs under
hypertrophic stimulus. These results indicate that the gene circuit increases the stability of hMdCh
chondrogenic phenotype.

In Aim 2, I show that RUNX2 suppression protects hMdChs from inflammatory cytokine
IL-1P induced cartilage matrix catabolism. Moreover, I show that under inflammatory stimulus,
RUNX2 suppression in hMdChs increases matrix retention by preserving the expression of
cartilage matrix macromolecules and inhibiting the expression of hypertrophic and catabolic
markers.

In Aim 3, using a conditioned media-based co-culture model to recapitulate the injured
joint environment, I show that RUNX2 suppression protects hMdChs from M1 conditioned media
(M1CM) induced matrix catabolism partly by inhibiting MMP13 expression. Moreover, RUNX2
suppression abates the pro-inflammatory response of hMdChs to MICM. Finally, pro-
inflammatory M1 macrophages treated with the secretome of RUNX2 suppressing hMdChs
exhibited downregulation of inflammatory markers and upregulation of anti-inflammatory
markers indicating a shift towards anti-inflammatory phenotype.

This thesis reveals that RUNX2 mediates many pathological features of PTOA
progression. Although the role of RUNX2 in mediating hypertrophy and cartilage matrix

catabolism is well known, I demonstrate the application of autoregulated gene circuits to study the
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RUNX2 mediated pro-inflammatory crosstalk between hMdChs and pro-inflammatory
macrophages that reinforces macrophage inflammation, resulting PTOA progression. As
demonstrated in this dissertation, the ability to concomitantly improve cartilage matrix
accumulation and resolve joint inflammation utilizing autoregulated gene circuits, is a significant
step towards clinical application of MSC-based tissue engineering strategies for cartilage

regeneration
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Chapter 1 Introduction

Articular cartilage, the connective tissue present at the end of long bones, facilitates
transmission of high loads during joint movement'. However, due to its avascular nature, articular
cartilage has limited healing capacity upon injury. Inadequate healing along with persistent
mechanical stress due to joint movement often result in progression of a cartilage defect towards
post-traumatic osteoarthritis (PTOA)??. Osteoarthritis is the 3rd most common musculoskeletal
disease and 11th highest contributor to disability. PTOA cases make up 12% of more than 300
million worldwide cases of OA*. Therefore, exogenous intervention is often necessary for repair
of injured/ damaged cartilage tissue. Furthermore, cartilage injury results in a hostile inflammatory
joint environment that impedes the clinical success of cartilage repair strategies®. Current treatment
options for cartilage defects, such as microfracture, subchondral bone transplantation or (matrix
assisted-) articular chondrocyte implantation (M/ ACI) have shown limited success and still do not
fully restore cartilage function®®. Therefore, tissue engineering- based strategies have been
explored to develop cartilage regeneration therapies’?.

Mesenchymal stem cells (MSCs) are an appealing cell source for cartilage tissue
engineering as they can differentiate into chondrocytes and produce cartilage matrix molecules’
"1 However, clinical application of MSC-based cartilage repair strategies faces significant
challenges. First, upon chondrogenic differentiation, MSC-derived chondrocytes (MdChs)
undergo hypertrophic maturation driven by the master transcription factor (TF) runt related

transcription factor 2 or RUNX2, which decreases the expression of cartilage matrix



macromolecules and increases expression of matrix degrading enzymes like matrix
metalloproteinases (MMPs)!?15. Therefore, there is a need for strategies that stabilize MdCh
phenotype and inhibit hypertrophic maturation. Second, the inflammatory environment of the
injured joint also accelerates, and exacerbates chondrocyte hypertrophy and matrix degradation by
further inducing RUNX2 expression'®!°. Macrophages are the predominant immune cell types in

the synovium that mediate inflammation?®23.

Inflammatory cytokines produced by pro-
inflammatory M 1-like macrophages also induce MdChs to further secrete more inflammatory and
catabolic factors, establishing a positive feed forward loop that sustains the joint
inflammation®>?!**, This results in matrix loss which compromises the functionality of the

engineered cartilage. Therefore, strategies that can protect hMdChs from inflammation induced

matrix loss while simultaneously attenuating inflammation are desirable.

1.1 Thesis Objectives

The overarching goal of this thesis is to improve MSC-based cartilage repair in complex
pathological environments. The role of RUNX2 in driving hypertrophic maturation and mediating
the catabolic effects of inflammation has been well established, making it an ideal target to achieve

this objective. The central hypothesis is that RUNX?2 suppression will increase cartilage matrix

accumulation by human MdChs (hMdChs) by stabilizing the chondrogenic phenotype and

inhibiting the expression of matrix degrading enzymes. Since RUNX2 is required for

chondrogenesis, our lab previously developed RNAI strategies to target RUNX2 expression in
hMdChs using synthetic gene circuits that allow temporal control over RUNX2 expression based
on intracellular RUNX2 concentrations®®. Using lentiviral transduction to modify MSCs with the

gene circuits, we tested our hypothesis in the following Specific Aims:



Aim 1: To determine the effect of RUNX2 suppression on hMdCh matrix accumulation
under hypertrophic conditions.

Studies have shown that T3 and BGP accelerate hypertrophic maturation of hMdChs and
induce matrix mineralization?®-2%. Therefore, in this aim we utilized a combination of T3 and BGP
to induce hypertrophic maturation in hMdChs. Utilizing unmodified WT and gene circuit modified
MSCs, the objective was to analyze the effect of low and high levels of RUNX2 suppression on
cartilage matrix accrual, matrix mineralization and expression of chondrogenic and hypertrophic

markers in hMdChs under hypertrophic stimuli.

Aim 2: To determine the effect of RUNX2 suppression in hMdChs on inflammation induced
cartilage matrix catabolism.

Inflammation is a key contributor towards progression of PTOA and multiple studies have
implicated the inflammatory cytokines IL-1p and TNF-a in PTOA pathogenesis>2°. The objective
of this study was to analyze the effect of RUNX2 suppression in hMdChs on the catabolic and
hypertrophic effects of IL-1p and TNF-a. WT and gene circuit modified cells were treated with
IL-1B or TNF-a and the effect on RUNX2 activity, cartilage matrix accumulation and expression

of chondrogenic and hypertrophic markers was analyzed.

Aim 3: To determine the effect of RUNX2 suppression in hMdChs on pro-inflammatory
crosstalk between hMdChs and M1 macrophages.

Pro-inflammatory M1 macrophages are the predominant immune cells that mediate
inflammation in the knee joint post injury. These cells engage in pro-inflammatory crosstalk with
chondrocytes, creating a vicious cycle that sustains joint inflammation®?*. The objective of this
aim is to analyze the effect of RUNX2 suppression in hMdChs on their pro-inflammatory response

towards macrophage inflammation. First, we investigated the effect RUNX2 suppression on matrix



accumulation and expression of chondrogenic, hypertrophic and inflammatory markers in hMdChs
upon treatment with conditioned media from inflammatory M1-like macrophages. Second, we
investigated the effect of the double conditioned media from M1CM treated hMdChs on the
inflammatory macrophage phenotype to analyze the role of RUNX2 in mediating pro-

inflammatory crosstalk between hMdChs and pro-inflammatory macrophages.

1.2 Preview of Thesis

This thesis is designed to provide a comprehensive background and motivation for the
overall project followed by the background, methods, results, discussion, and conclusions for each
specific aims. Finally, the overall conclusions and description of future directions for this work are
laid out the final chapter. A summary of the chapters are as follows:

Chapter 2 provides a broad background of articular cartilage architecture, function,
inadequate repair post injury and pathology of osteoarthritis. This chapter discusses the limitation
of current treatments for articular cartilage repair and explores advancement in tissue engineering
based articular cartilage repair strategies. Specifically, this chapter focuses on predominant
challenges towards clinical application of MSC-based cartilage repair strategies, namely
hypertrophic maturation, and inflammation. Furthermore, this chapter describes current
approaches to address those challenges and proposes synthetic gene circuits as a viable method to
improve MSC-based cartilage regeneration by simultaneously inhibiting hypertrophy and
inflammation induced matrix catabolism.

Chapter 3 (Aim 1) investigates the effect of low and high levels of autoregulated RUNX2
suppression on hypertrophic maturation of hMdChs. This study revealed that both low and high
levels of autoregulated RUNX2 suppression increases cartilage matrix accumulation by hMdChs

under hypertrophic conditions. Moreover, RUNX2 suppression inhibited mineral deposition and



downregulated the expression of hypertrophic markers. This chapter demonstrates that synthetic
gene circuits are a viable approach to regulate stem cell phenotype to achieve desirable cartilage
tissue engineering outcomes.

Chapter 4 (Aim 2) investigates the effect of autoregulated RUNX2 suppression on matrix
degradation by hMdChs indued by the inflammatory cytokines IL-1B and TNF-a. This study
revealed that treatment with either IL-1B or TNF-a increase RUNX2 activity, which induced
matrix catabolism in hMdChs. I show that autoregulated RUNX2 suppression in hMdChs
successfully inhibited RUNX2 activity and increased matrix retention. Moreover, cells containing
RUNX2 suppressing gene circuits also resisted IL-1B- induced increases in hypertrophic marker
expression and maintained higher expression of chondrogenic markers. This chapter demonstrates
the efficacy of autoregulated RUNX2 suppression to partially protect hMdChs from inflammation
induced matrix catabolism and IL-1f induced hypertrophic maturation.

Chapter 5 (Aim 3) employs a condition media-based co-culture model to investigate the
effect of RUNX2 suppression in hMdChs on the pro-inflammatory crosstalk between hMdChs and
inflammatory M1 macrophages. This study revealed that M1 conditioned media (M1CM) induces
RUNX2 activity and neocartilage degradation which was successfully resisted by RUNX2
suppression in hMdChs. Moreover, double conditioned media from M1CM-treated RUNX2
suppressing hMdChs attenuated macrophage inflammation and induced a pro-inflammatory to
anti-inflammatory phenotype switch.

Chapter 6 summarizes the findings of this dissertation and describes the future directions
for the utilization of synthetic gene circuits for cartilage repair. This chapter describes how the
work done in this thesis addresses the significant challenges towards clinical application of MSC-

based cartilage repair strategies. Although this thesis makes a compelling case for application of



autoregulated RUNX2 suppression to improve MSC-based cartilage regeneration invitro, future
studies are needed to validate these findings using in vivo models of cartilage defect repair and
PTOA.

Overall, this dissertation demonstrates that autoregulated RUNX2 suppression not only
stabilizes hMdCh phenotype and protects hMdChs from inflammation induced matrix catabolism,
but also inhibits the pro-inflammatory crosstalk between hMdChs and M1 macrophages to
attenuate macrophage inflammation, creating an environment conducive to MSC-based cartilage

healing.



Chapter 2 Background

Articular cartilage is the connective tissue present at the end of long bones that provides a
smooth, low friction surface to facilitate the transmission of load during joint movement!. This
load bearing function of articular cartilage is enabled by its unique extracellular matrix comprising
of collagen II and aggrecan, which is deposited by native cartilage cells called chondrocytes (Fig
2-1). Collagen II is the predominant type of collagen found in cartilage ECM and creates a dense
fibril network that maintains mechanical integrity of the tissue by providing the tensile strength
required to resist swelling and tensile loads during joint movement!**. Aggrecan is made up of
negatively charged sulfated glycosaminoglycan side chains which attract water molecules from
the synovial fluid to build up osmotic pressure required to resist compressive loads exerted on

cartilage during regular joint movements'-°.
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Figure 2-1 Schematic representation of chondrocyte embedded in cartilage ECM. Created with Biorender.com.



In addition to ECM composition, the zonal architecture of articular cartilage also
contributes to its mechanical strength and function®!. Articular cartilage is divided into four zones
namely superficial, intermediate, deep, and calcified zones (Fig. 2-2). Each zone has specific
cellular and ECM organization that protects chondrocytes from loading stresses and allows smooth
transmission of loads during joint movement. Superficial zone consists of elongated flattened
chondrocytes and thinner collagen fibers running parallel to the articulating surface. This zone
provides tensile strength to resist shear forces experienced during joint movement!**>2. The
intermediate zone is comprised of thicker collagen fibers oriented randomly with circular
chondrocytes embedded at relatively lower density. This zone provides resistance to compressive
forces experienced during joint movement'-*>3!. The deep zone contains thickest collagen fibers
arranged perpendicularly to the articulating surface with columnar arrangement of chondrocytes
parallel to collagen fibers. This zone provides maximum resistance to the compressive forces

t1,30,31

during joint movemen . Finally, the calcified zone anchors the collagen fibers to the

subchondral bone to provide smooth integration thereby securing articular cartilage in place!-*°,

Articular Cartilage Organization
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Figure 2-2 Schematic representation of the zonal organization of articular cartilage. Created with Biorender.com



2.1 Articular cartilage injury and pathology of PTOA

The synovial joint is comprised of multiple tissues like articular cartilage, meniscus,
subchondral bone and synovium, which work together to maintain healthy joint function®.
Articular cartilage is avascular and non-innervated with low cell density, resulting in limited
healing capability during traumatic injuries™**. Cartilage injury leads to release of degraded
cartilage ECM fragments and cellular stress signals into the synovial fluid, which interact with the
synovium to initiate inflammation. Synovial inflammation plays an important role in mediating
PTOA progression. The synovial membrane lines the joint cavity and its main function is to secrete
synovial fluid to lubricate joint movement. Upon injury, these degraded ECM molecules act as
danger associated molecular patterns (DAMPs) and bind to the pathogen recognition receptors
(PRRs) on synovial macrophages resulting in their activation into pro-inflammatory phenotype®*
24,3536

Classically, macrophages were broadly classified into either pro-inflammatory M1 or anti-
inflammatory M2 phenotype. However, multiple studies in various disease contexts have shown
that macrophages phenotype exists on a spectrum instead of these binary extremes. Exposure to
inflammatory stimulus like lipopolysaccharides (LPS) or, interferon gamma (IFNy)*’. results in
polarization of macrophages towards pro-inflammatory (M1-like) phenotype which secrete pro-
inflammatory and catabolic mediators whereas anti-inflammatory (M2-like) macrophages are
responsible for resolution of inflammation and promote tissue repair/healing response®’-%. As
mentioned before, this M1/M2 classification defines the extreme ends of a spectrum of phenotypes
that can be acquired by macrophages in response to the environmental conditions®>*’. Therefore,
a ratio of inflammatory and anti-inflammatory markers is utilized to accurately identify

macrophage phenotype state (Fig 2-3).
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Figure 2-3 Pro-inflammatory and anti-inflammatory macrophage phenotype and markers. Macrophage
phenotype can be determined by analyzing the expression of pro-inflammatory and anti-inflammatory markers. Image
created using Biorender.com.

Activation of PRRs, especially toll like receptors (TLRs) by DAMPs results in pro-
inflammatory polarization of synovial macrophages, which then secrete a cocktail of inflammatory
cytokines such as IL-1, TNF-a and IL-6, chemokines like MCP-1, and catabolic mediators like
MMPs that act via autocrine and paracrine signaling to maintain joint inflammation?!**¢. These
inflammatory cytokines reinforce pro-inflammatory macrophage polarization and activate
fibroblast-like synoviocytes to also produce inflammatory cytokines, nitric oxide, prostaglandins,
and metalloproteinases*! ™. Secretion of these factors by fibroblast like synoviocytes has been
positively correlated with the severity of OA and result in cartilage degradation and inflamed

synovium or synovitis*.
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These pro-inflammatory and catabolic mediators secreted by inflammatory M1-like
macrophages and activated fibroblasts act on chondrocytes (Fig. 2-4), inducing them to secrete
more inflammatory cytokines and matrix degrading enzymes®>**®. This persistent cartilage
degradation reinforces pro-inflammatory polarization of synovial macrophages, causing continued
secretion of inflammatory cytokines, thereby creating a positive feed forward loop that sustains

joint inflammation, resulting in the onset and progression of PTOA 2*4748(Fig. 2-5).
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Figure 2-4 Pathology of post-traumatic osteoarthritis. Activation of synovial macrophages, fibroblast-like
synoviocytes and chondrocytes into pro-inflammatory states after cartilage injury, ultimately causing joint
inflammation and cartilage degradation. Image created using Biorender.com.

The balance of pro-inflammatory/anti-inflammatory macrophages is skewed towards pro-
inflammatory phenotype during PTOA progression and studies have shown a therapeutic effect of
macrophage ablation in animal models of PTOA due to reduced secretion of inflammatory
354649

cytokines and matrix metalloproteinases resulting in lesser and delayed cartilage damage

Other studies investigating treatment with corticosteroids reported reduced cartilage damage and
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osteophyte formation in PTOA models due to increased infiltration by anti-inflammatory
macrophages>*>*. Since macrophages are the predominant immune cell type in the synovial joint
that mediates inflammation, therapies that repair injured cartilage as well as help regain the healthy
pro-inflammatory/anti-inflammatory ratio in the joint could be a successful strategy to delay if not

prevent the onset of PTOA3%,

Pro-inflammatory feed-forward loop in injured joint
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Figure 2-5 Joint injury establishes a pro-inflammatory feed-forward loop. Macrophages, fibroblast-like
synoviocytes and chondrocytes secrete cytokines and chemokines that act via autocrine and paracrine mechanisms to
sustain joint inflammation, thereby causing PTOA progression. Image created using Biorender.com.

2.2 Current treatment strategies for articular cartilage injuries
Three surgical treatment strategies are currently employed to repair articular cartilage focal
defects, microfracture, osteochondral implantation and autologous chondrocyte implantation.
Microfracture: This procedure is commonly utilized to repair small cartilage defects (<
2cm?). During this procedure, the defects are debrided, and subchondral bone is drilled through to

create channels between cartilage and underlying bone marrow to facilitate recruitment of bone
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marrow derived multipotent stem cells for cartilage repair®. Although this process is simple,
economical, and has low recovery time, it often leads to formation of fibrocartilage instead of
hyaline cartilage, which causes mismatch of mechanical properties as fibrocartilage is less stiff
than hyaline cartilage®>%>’. The inferior mechanical properties of this tissue compromises it’s load
bearing function, ultimately leading to progression of PTOA.

Osteochondral transplantation: Also known as mosaicplasty, this procedure is used for
small to intermediate defects®. Autograft or allograft osteochondral plugs are utilized to replace
damaged cartilage. If autograft, single or multiple osteochondral plugs comprising of cartilage and
subchondral bone are harvested from non-load bearing region of patient’s own joint and implanted
at the defect site®®. However, this process causes donor site morbidity and can be limited by
insufficient donor tissues. Furthermore, there is limited integration between the implant and the
native tissue®’. For larger defects (> 3cm?), allografts are used for repair. Allografts are also
associated with challenges as they can initiate immune response in the host, cause disease
transmission and result in thickness mismatches®%°.

Autologous chondrocyte implantation: This is a twostep cell-based procedure often used
to repair large cartilage defects. During first surgery, small pieces of healthy cartilage are harvested
from non-load bearing region of patient’s knee. The isolated cartilage is then digested to remove
chondrocytes, which are then expanded invitro. A second surgery is carried out to inject the
expanded chondrocytes into the defect and a periosteal patch is placed on top to contain cells in
place®. Although this technique has shown positive long-term outcomes in younger patients, the
regenerative potential of chondrocytes from aged patients varies significantly®>. Moreover, ACI
requires multiple invasive procedures and chondrocytes have been shown to dedifferentiate during

in vitro expansion®. The use of periosteal patch has been linked with complications such as
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hypertrophy and calcification. Therefore, matrix assisted autologous chondrocyte implantation
(MACI) was developed to overcome some of these challenges®’%*. During MACI, a scaffold
embedded with expanded chondrocytes is implanted at defect site using fibrin glue. However, this
procedure has similar limitations to ACI, as it also requires multiple invasive procedures and
invitro expansion of chondrocytes, which causes their dedifferentiation and can result in formation
of fibrocartilage instead of hyaline articular cartilage after implantation®’.

As discussed in this section, current treatment strategies for cartilage injuries do not fully
restore cartilage function or resolve inflammation. Therefore, there is a need to develop cartilage
repair strategies that restore cartilage function and serve as disease modifying treatment to prevent

the onset of PTOA.

2.3 Tissue engineering based articular cartilage repair

Current clinical cartilage repair strategies are associated with significant challenges as
described above. To overcome these challenges, tissue engineering strategies have been proposed
as an appealing approach for cartilage regeneration®*®. By utilizing a combination of cells,
scaffolds and growth factors, researchers have generated neocartilage tissues comprising of
collagen II and aggrecan with similar structural and mechanical properties to articular cartilage®®’.

Articular chondrocytes are the gold standard and the only FDA approved cell type for
cartilage tissue engineering as they are currently used for ACI and MACI®*%, However, limited
availability of chondrocytes necessitates invitro expansion to achieve cell numbers suitable for
repair. Expansion in monolayer causes chondrocyte dedifferentiation resulting in downregulation
of cartilage specific collagen II expression as well as proteoglycans like aggrecan and elevated

63,68-70

collagen I expression . Moreover, high variability in the regeneration potential of
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chondrocytes isolated from younger vs. older patients limits their success for tissue engineering®?,
as it restricts the application of chondrocyte-based engineered neocartilage to young patients.
Adult human mesenchymal stem cells (hMSCs) are an appealing cell source for cartilage
tissue engineering applications as they can differentiate into chondrocytes and produce cartilage
macromolecules collagen II and aggrecan’!7*. Moreover, these cells are more abundant than
chondrocytes as they can be isolated from multiple tissues in the body such as bone marrow, and
adipose tissue, and they have higher proliferation potential that allows in vitro expansion. These
cells can differentiate into multiple musculoskeletal lineages, such as bone, cartilage, muscle and

adipose tissues!%-’>7

. hMSCs have been widely studied for cartilage tissue engineering
applications and several growth factors and culture conditions have been explored to achieve
chondrogenic differentiation to generate neocartilage tissues. Growth factors like bone
morphogenic proteins (BMP)*7>"7-7 transforming growth factor beta (TGF-B)’?%7*4? and insulin
like growth factor (IGF)3! have been shown to induce hMSC chondrogenesis and the accumulation
of cartilage macromolecules by inducing the expression of SOX9, the master transcription factor
for chondrogenesis. Moreover, supplementation with fibroblast growth factor (FGF-2) during
hMSC expansion phase has been shown to improve chondrogenesis and cartilage matrix
accumulation by hMSC derived chondrocytes (hMdChs)®*%3. Strategies employing various
combinations of scaffolds and growth factors have been also explored to achieve and maintain
hMSC chondrogenesis. Scaffolds made from synthetic polymers like polyethylene glycol (PEG),
poly lactic acid (PLA), and poly glycolic acid (PGA) and natural materials like agarose, gelatin,
collagen, chitosan as well as decellularized articular cartilage matrix have been employed to

support MSC chondrogenesis®>3488,
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In addition to scaffolds and growth factors, different culture conditions have also been
explored to induce hMSC chondrogenesis and improve cartilage matrix accumulation. Hypoxia
has been shown to promote chondrogenic differentiation of hMSCs activating HIF1a signaling,
which upregulates SOX9 expression® . Mechanical stimulation of hMSCs via dynamic loading
and shear stress also promotes chondrogenic differentiation of hMSCs via activation of YAP/TAZ

pathway®*s and activation of TRPV4 ion channels” .

2.4 Challenges towards MSC-based cartilage repair

Although a promising candidate for tissue engineering-based cartilage regeneration,

clinical application of hMSC-based cartilage repair is impaired by two major challenges:

2.4.1 MSC-derived chondrocytes undergo hypertrophic maturation

While hMSCs can undergo chondrogenic differentiation and produce cartilage matrix
macromolecules, the unstable chondrogenic phenotype of hMdChs is a major challenge. Upon
chondrogenic differentiation, once hMSCs commit to chondrogenic lineage and differentiate into
hMdChs, they continue down the endochondral ossification pathway by undergoing maturation
into pre-hypertrophic and hypertrophic chondrocytes'® as shown in Fig 2-6. During hypertrophic
maturation, hMdChs downregulate SOX9 expression thereby downregulating the production of
collagen II and aggrecan and start producing collagen type X!°*1%2. Moreover, hypertrophic
hMdChs initiate the expression of matrix degrading enzymes like matrix metalloproteinase-13
(MMP13) and a disintegrin and metalloproteinase with thrombospondin motifs-4/5 (ADAMTS
4/5), causing neocartilage degradation and compromising the integrity of engineered tissue!*%192,

Loss of collagen IT and aggrecan via MMP activity leads to lower compressive and tensile strength

of the engineered tissue, which compromises its function. This ECM remodeling lays the
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foundation for cartilage matrix mineralization and blood vessel infiltration, preparing the tissue
for vascularized bone formation!®. This process is driven by runt related transcription factor 2
(RUNX2), the master transcription factor that drives chondrocyte hypertrophy during
development. RUNX2 is the transcriptional regulator of hypertrophic markers and directly binds
to the promoter region of COLI0al, MMPI3 and VEGF to initiate their transcription during
hypertrophic maturation!®!3:101:104,

Therefore, inhibition of hMdCh hypertrophy is a pre-requisite for successful clinical

application of MSC-based cartilage repair strategies.
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Figure 2-6 MSC chondrogenesis follows endochondral ossification pathway. H&E staining of articular cartilage
and growth cartilage sections. Comparison of hMdCh hypertrophic maturation to corresponding growth cartilage
phenotypes.

2.4.2 Inflammation induced neocartilage degradation

Traumatic joint injury leads to activation of synovial macrophages into the pro-inflammatory
phenotype, which mediates the onset and progression of PTOA. Inflammatory cytokines, like IL-

1B, TNF-0, and IL-6, inhibit hMSC chondrogenesis by suppressing SOX9 expression'®® and
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induce hypertrophic maturation in hMdChs by upregulating RUNX2 expression, thereby
upregulating MMP13 expression and causing cartilage matrix degradation®"'®°. Moreover, like
chondrocytes, these cytokines induce hMdChs to also produce inflammatory and catabolic
mediators to sustain joint inflammation?3-36--106,

Therefore, successful application of hMSC-based cartilage repair necessitates the
ability to resist the catabolic and pro-inflammatory influence of the inflamed joint and
inhibition of the pro-inflammatory crosstalk between hMdChs and M1 macrophages.

The central objective of this thesis is to enhance the cartilage matrix accumulation by
hMdChs under hypertrophic and inflammatory conditions for cartilage defect repair. Since the
transcription factor RUNX2 regulates chondrocyte hypertrophy and mediates the pro-
inflammatory and catabolic response of hMdChs to inflammatory cytokines, we hypothesize that

suppression of the RUNX2 pathway in hMdChs can increase cartilage matrix accumulation by

inhibiting hypertrophy and preventing inflammation-induced matrix catabolism.

2.5 Synthetic gene circuit to improve MSC-based cartilage regeneration

RNA interference (RNAi1) allows suppression of target genes without treatment with
chemical inhibitors, hence reducing potential off-target effects mediated by broad-spectrum
delivery of these factors '%7. RNAI utilizes small interfering RNA (siRNA), microRNA (miRNA)
or short hairpin RNA (shRNA) with sequence complimentary to the mRNA of interest, which
results in binding of siRNA to mRNA resulting in formation of dSRNA which activates the RNA-
induced silencing complex (RISC)!®. This results in either cleavage of target mRNA or inhibition
of target mRNA translation by forming a “stuck” RISC, ultimately suppressing target protein

synthesis.
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Utilizing a doxycycline inducible vector to induce RUNX2 suppression, our lab has
previously shown that RUNX?2 is required during early chondrogenesis and constitutive RUNX2

suppression inhibits chondrogenesis by downregulating collagen II and aggrecan expression®

(Fig. 2-7).
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Figure 2-7 Constitutive RUNX2 silencing inhibits chondrogenesis. (a) Alcian blue staining for sGAG accumulation
and (b) Col2al and Can gene expression in wildtype (control) and constitutively RUNX2 suppressing ATDCS cells
after 21-day chondrogenic culture. Figure modified with permission from Kaur G et.al., bioRxiv 2021.

To control the timing and level of RUNX2 suppression, our lab designed a gene circuit
which targets RUNX2 by synthetically inducing a negative feedback loop in chondrogenic cells,
to reduce the negative effect of hypertrophy without interfering with MSC chondrogenesis (Fig.
2-8). The circuit consists of an engineered COL10A1-like promoter with variable numbers of
RUNX2 binding sites (cis-enhancers) upstream of the basal promoter to tune the sensitivity of the
gene circuit. A shRNA targeting RUNX2 is placed downstream of the COL10A 1-like promoter
thereby allowing cells to regulate RUNX2 activity based on intracellular RUNX2 concentrations.
We also added a luciferase reporter to track RUNX2 activity as a measure of luciferase activity in
our circuits. Transduction controls were created by replacing the shRUNX2 sequence with a

scrambled sequence that does not target any mRNAs?.
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Figure 2-8 Biosynthetic strategy to regulate hMdCh phenotype. The endogenous intracellular process of RUNX2
transcription, translation, and DNA binding (1—5) is hijacked to activate a RUNX2-silencing gene circuit using an
engineered Coll0al-like promoter to drive shRNA expression (i—iii).

To tune the sensitivity of the gene circuit, we created circuits containing 1,2 or 3 cis-
enhancer sequences (Fig. 2-9a). We then tested the efficacy of the gene circuits to induce RUNX2
suppression in the ATDCS5 chondroprogenitor cell line. We showed that based on the number of
cis-enhancer sequences, we achieved RUNX2 suppression ranging from 18% in 1-cis circuit, 30%

in 2-cis circuit to 77% in 3-cis circuit (Fig. 2-9b).
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Figure 2-9 Tunable sensitivity of engineered autoregulatory RUNX2 suppressing gene circuit. (a) Map of
RUNX2 suppressing gene circuits made of either 1, 2 or 3 cis-enhancer sequences. COL10al basal promoter provides
chondrocyte specificity and number of cis enhancers provide tunability of the circuit to RUNX2 concentration.
Luciferase provides reporter activity and miRNA30 sequences flanking the shRNA help in post transcriptional
processing of shRNA. Downstream of Ubc constitutive promoter, there is puromycin selection marker. (b)
Suppression of RUNX2 activity via gene circuits containing 1, 2 or 3 cis-enhancer sequences measured using
luciferase reporter. Figure modified with permission from Kaur G et.al., bioRxiv 2021.

In this dissertation, we tested the efficacy of low and high levels of autoregulated RUNX2
suppression to increase chondrogenic phenotype stability and promote cartilage matrix
accumulation by hMdChs under hypertrophic and inflammatory environments. We utilized gene
circuits containing 1 and 3 cis-enhancers to achieve low and high levels of RUNX2 suppression

respectively in hMdChs.
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Chapter 3 Autoregulated RUNX2 suppression inhibits hMdCh hypertrophy

3.1 Abstract

Focal defects in articular cartilage often progress into post traumatic osteoarthritis (PTOA).
Human mesenchymal stem cell (hMSC)-based tissue engineering is an appealing approach for
treating cartilage defects due to their ability to differentiate into chondrocytes and secrete cartilage
matrix macromolecule. However, their inability to maintain a stable chondrogenic phenotype
remains a significant challenge and limit their potential for defect repair. Upon chondrogenic
differentiation, hMSC derived chondrocytes (hMdChs) undergo hypertrophic maturation driven
by master transcription factor (TF) RUNX2, which decreases the expression of cartilage matrix
macromolecules and increases expression of matrix degrading enzymes like MMPs. This results
in matrix loss which compromises the functionality of the engineered cartilage. We hypothesized
that suppression of RUNX2 can increase matrix accumulation by hMdChs under hypertrophic
stimuli by 1) maintaining the production of cartilage structural proteins and 2) reducing expression
of proteases that degrade cartilage matrix. Using synthetic gene circuits that allow autonomous
RUNX2 suppression in hMdChs, we investigated the effect of varying magnitudes of RUNX2
suppression on the response to hypertrophic stimuli hMSC chondrogenic pellets cultures. We show
that RUNX2 suppression increases cartilage matrix accumulation, inhibits mineral deposition by
hMdChs. Moreover, RUNX2-suppressing hMdChs retain higher expression of chondrogenic

markers and resist the upregulation of hypertrophic markers compared to controls under
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hypertrophic stimuli. This study demonstrates that synthetic gene circuits are a viable tool to

regulate cell phenotype and improve MSC-based cartilage regeneration outcomes.

3.2 Introduction

Articular cartilage has limited healing capability, causing traumatic cartilage injuries to
often progress into post-traumatic osteoarthritis (PTOA), a painful debilitating disease. Although
treatment strategies exist for articular cartilage repair like microfracture, osteochondral
implantation and (matrix assisted) autologous chondrocyte implantation, current treatments still
do not fully restore cartilage function!®. In recent years, tissue engineering and regenerative
medicine community has made significant progress towards engineering articular cartilage. Efforts
have included utilizing different cell types, scaffolding materials, growth factors and culture
conditions either alone or in combination®>#7-11% However clinical application of engineered
articular cartilage still faces numerous challenges.

Articular chondrocytes are the primary cell type found in articular cartilage and are gold
standard for cartilage tissue engineering. However, these cells tend to dedifferentiate during in-
vitro expansion and chondrogenic capabilities of articular chondrocytes can vary greatly
depending on donor age, presence of co-morbidities etc 7°. Therefore, additional cell types that
have articular cartilage regeneration potential are highly desirable.

Adult mesenchymal stem cells (MSCs) have been extensively explored in the tissue
engineering field as they can differentiate down multiple lineages, including osteoblasts,
adipocytes, and chondrocytes. Therefore, adult MSCs are an appealing cell source for articular
cartilage regeneration since they have the capability to undergo chondrogenesis and produce the
desired cartilage extracellular matrix macromolecules, like aggrecan and collagen II which are

important for cartilage function®’>’*. However, MSCs are limited in their ability to maintain a
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stable chondrogenic phenotype. As MSCs undergo chondrogenesis they differentiate into MSC
derived chondrocytes (hMdChs), a phenotype similar to articular chondrocytes in their ability to
produce aggrecan and collagen II. However, hMdChs continue down the endochondral ossification

pathway and undergo hypertrophic maturation®10%11!

, a process orchestrated by runt-related
transcription factor 2 (RUNX2)!LU21IB " the master transcription factor for chondrocyte
hypertrophy. During hypertrophic maturation, RUNX2 downregulates the expression of collagen
IT and aggrecan and drives the expression of matrix metalloproteinases like MMP13 and
aggrecanases like ADAMTS4,5. This results in neocartilage degradation which compromises the
mechanical integrity of engineered cartilage'*®!!*,

The ability to maintain chondrogenic phenotype is one of the predominant challenges
towards clinical application of adult MSC-based cartilage regeneration. Decades of research by
regenerative community has explored different strategies to stabilize hMdCh phenotype and
increase cartilage matrix accumulation. In tibial explants, hypoxia has been shown to increase
cartilaginous epiphysis, length of resting zone and increase the expression of chondrogenic
markers!'>. In MSC derived chondrocytes as well as osteoarthritic chondrocytes, hypoxia was
shown to inhibit hypertrophic maturation and reduce calcification by downregulating the
expression of hypertrophic markers and upregulating expression of chondrogenic markers’%%>!16-
120 Additionally, mechanical loading has been shown to improve MSC chondrogenesis and
decrease matrix metalloproteinase expression. Furthermore, dynamic loading of engineered
cartilage constructs during chondrogenesis has been shown to improve matrix accumulation and

retention®>%. However, all these methods have had limited success in stabilizing chondrogenic

phenotype of hMdChs.
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Since RUNX2 is the master transcription factor that drives chondrocyte hypertrophy, we
hypothesized that RUNX2 suppression can enhance cartilage accumulation by hMdChs by
stabilizing their chondrogenic phenotype and downregulating expression of matrix
metalloproteinases. However, RUNX2 is required for MSCs to undergo chondrogenesis and
constitutive RUNX2 suppression has been shown to inhibit MSC chondrogenesis. Therefore, we
required a sophisticated system that allows spatial-temporal control over RUNX?2 expression. To
address this, we developed a gene circuit that allows the cells to suppress RUNX2 based on
intracellular RUNX2 concentrations by creating a negative feed-back loop inside the cells*. In
this study we test the efficacy of RUNX2 suppressing gene circuits to increase the stability of

hMdCh’s chondrogenic phenotype and increase cartilage matrix accumulation.
3.3 Methods

3.3.1 Synthesis of gene circuits

All vectors were constructed as previously described® and incorporated into lentiviruses
by the University of Michigan Vector Core. The shRNA sequence for shBRUNX2 was selected
from the Hannon Elledge library (RNAi codex). Using the pINDUCER plasmid!?!, a Tet-on
inducible system was modified to synthesize tet-on-Luc-mir30-shRUNX2. Next, the COL10al
basal promoter (-220 to 110 bp) and cis-enhancers (-4296 to- 4147) were synthesized using IDT
technology using gBlocks gene fragments service and assembled into pLenti-CM Vtight-Egfp-
Puro vector!®!. Finally, the Tet-on promoter in pINDUCER was replaced by COL10al promoter
containing varying number of cis-enhancers to obtain 1cis-luc-mir30-shRUNX2 and 3cis-luc-
mir30-shRUNX2. Scramble controls were created by using the same gene circuit backbone and
scrambling shRUNX2 sequence to create a non-specific oligonucleotide sequence which doesn’t

target any genes.
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3.3.2 Cell culture

Cell Expansion: Human bone marrow derived mesenchymal stem cells (hMSCs) were
obtained from our collaborators at Case Western Reserve University and expanded in Low Glucose
DMEM with 10% Fetal Bovine Serum and 10ng/ml FGF-2%3.

Lentiviral Transduction: hMSCs were plated at density of 10,000 cells/cm? and transduced
with lentiviruses containing low and high RUNX2 suppressing gene circuits at moieties of
infection (MOI) = 5. Twenty-four hours post-transduction, media was replaced with expansion
media described above. Transduced cells were selected by treatment with 1pg/ml Puromycin
treatment.

MSC chondrogenesis: Wildtype and gene circuit transduced hMSCs were trypsinized using
0.05% Trypsin-EDTA and resuspended in chondrogenic media at 125000 cells/ml. Chondrogenic
media consisted of High Glucose DMEM (Gibco, Cat # 11965-092), supplemented with 1 % (v/v)
insulin-transferrin-selenium (Corning, Cat # 354350), 1 % (v/v) non-essential amino acids (Gibco,
Cat # 11-140-050) 40 pug/mL L-proline (Sigma, cat # P-0380), 50 ug/mL L-ascorbic acid-2-
phosphate (Sigma, Cat # A8960), 0.1 uM dexamethasone (Sigma, Cat # D4902), and 10 ng/mL
TGF-f1 (Shenandoah Biotechnology, cat # 100-39). hMSC pellets were formed by dispensing
200ul of cell suspension per well of 96 well plate followed by centrifugation at 1640 rpm for 5
minutes. Cells were incubated at 37°C, 5% COz, 95% humidity and allowed to condense into tight
pellets for 3 days after which fresh chondrogenic media was supplied every other day.

Hypertrophic induction: To induce hMdCh hypertrophy, we utilized the protocol
developed by Tuan et.al. by treatment with T3 and beta-glycerophosphate®!%2. Thyroid hormone
T3 is a precursor for thyroxine (T4) which has been shown to promote chondrocyte hypertrophy

by downregulating SOX9 expression and upregulating expression of hypertrophic markers COLX
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and ALP?62%122_ Beta-glycerophosphate has previously been shown to induce hypertrophic
maturation of hMdChs?*!2, Both TGF-B1 and dexamethasone has been shown to inhibit
chondrocyte hypertrophy?®7980:102.122 hence after 14 days of chondrogenic stimulation, they were
removed from hypertrophy induction medium.After 14 days of chondrogenic culture, human MSC
derived chondrocytes (hMdChs) were treated with hypertrophic media for one week to induce
hypertrophic maturation. Hypertrophic media consisted of chondrogenic media without TGFf1
and dexamethasone, supplemented with 10nM tri-iodo-thyronine (T3) and 10mM beta-
glycerophosphate (BGP)?®. hMdChs treated with chondrogenic media without TGFp1, and
dexamethasone were used as controls. A schematic representing the experimental outline is shown

below.

Experiment Outline

Day 0 Day 14 Day 21

Hypertrophic

\ Chondrogenesis - induction

Hypertrophic Induction:

WT or gene circuit 2.5 x 105cells/well 10 nM triiodothyronine +
modified hMSCs 10mM beta-glycerophosphate

Experiment Outcomes

RUNX2 activity: Luciferase assay

sGAG quantification: Dimethylmethylene blue assay
DNA quantification: Picogreen assay

sGAG visualization: Alcian Blue staining

Mineral Deposition: Alizarin red staining

Gene expression: qPCR

Protein expression: Immunofluorescence

Figure 3-1 Hypertrophic induction of hMSC derived chondrocytes. Created using Biorender.com.

3.3.3 RNA extraction and gPCR
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RNA extraction: After completion of treatments, hMdCh pellets were washed with PBS
and flash frozen in liquid nitrogen and stored at -80°C till ready for processing. For RNA
extraction, frozen pellets were homogenized using pestles in Trizol. Following homogenization,
bromoanisol was added for phase separation and RNA was precipitated using isopropanol. Purified
RNA was resuspended in Ultrapure DI water and concentration was quantified using nanodrop.

cDNA synthesis and gPCR: Following RNA extraction, cDNA was synthesized using High
Capacity cDNA Reverse Transcription kit (Applied Biosystems, Cat # 4368814) using lug
RNA/sample and following the manufacturer’s protocols. Gene expression of chondrogenic
(ACAN, COL2A1, SOX9) and hypertrophic (COL10A1, RUNX2, MMP13) markers was
analyzed using Fast SyBr Green master mix (Applied Biosystems, Cat # 4385612) on Applied
Biosystems real time 7500 Fast qgPCR machine. Primers sequences of the genes are listed in Table
3.1 below. GUS and TBP were used as housekeeping genes. Relative expression was calculated

using AAC; method and fold change was calculated as 2722,

Table 1 Primer sequences for gPCR

Gene Forward Primer Reverse Primer

GUSB GACTGAACAGTCACCGACGA | ACTTGGCTACTGAGTGGGGA
TBP GTGGGGAGCTGTGATGTGAA | TGCTCTGACTTTAGCACCTGT
ACAN GGAGTGGATCGTGACCCAAG | AGTAGGAAGGATCCCTGGCA
COL2A41 CTCCAATGGCAACCCTGGAC | CAGAGGGACCGTCATCTCCA
SOX9 GCTCTGGAGACTTCTGAACGA | CCGTTCTTCACCGACTTCCT
RUNX2 CCGGAATGCCTCTGCTGTTA AGCTTCTGTCTGTGCCTTCTGG
COLI10A41 GAACTCCCAGCACGCAGAATC | TGTTGGGTAGTGGGCCTTTT
MMP13 TTGCAGAGCGCTACCTGAGA | CCCCGCATCTTGGCTTTTTC
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Abbreviations: GUSB, glucuronidase beta; TBP, tata binding protein; ACAN, aggrecan; COL2A,
collagen II; SOX9, SRY-Box transcription factor 9; RUNX2, runt related transcription factor 2;
COL10ALI, collagen X; MMP13, matrix metalloproteinase 13

3.3.4 Biochemical Analysis

Samples were digested in papain buffer made of papain, EDTA and sodium phosphate,
overnight at 65°C. Dimethyl methylene blue (DMMB) assay was used to quantify sGAG
concentrations as previously described®’. Standard curve was generated using known
concentrations of chondroitin-6-sulfate. 10pl of sample was added per well followed by 200 pl of
DMMB dye. After adding the dye, absorbance was immediately read using Synergy H1 plate
reader at 425nm and 495nm. sGAG concentrations were normalized to DNA content using
PicoGreen DNA assay kit (Thermo Fisher). 10ul of samples and ADNA standards were added to
black 96 well plate followed by Picogreen dye. Fluorescence was measured using Synergy H1
plate reader at excitation wavelength of 498nm and emission wavelength of 528nm and compared

to the standard curve.

3.3.5 Histological Analysis

hMdCh pellets were washed with Phosphate Buffered Saline (PBS) and fixed using 10%
Neutral Buffered Formalin for 30 minutes. After fixing cells were washed with PBS and stored in
70% ethanol until ready to process. hMdCh pellets were then dehydrated using graded series of
ethanol (70-100%), cleared with Xylene, embedded in paraffin wax and sectioned into 7um thick
sections. The sections were then cleared in Xylene, rehydrated, stained with alcian blue (1% in 3%
acetic acid, Poly Scientific) and counter stained with Nuclear Fast Red (Electron Microscopy
Sciences) to visualize SGAG deposition. To visualize mineral deposition, rehydrated sections were

stained with 2% alizarin red solution.
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3.3.6 Immunofluorescence

The hMdCh pellet sections were cleared and rehydrated as explained above. Peroxidase
activity of the pellets was blocked using 3% hydrogen peroxide followed by antigen retrieval using
BD Retreivagen Antigen Retrieval kit (Thermofisher). Samples were permeabilized using
0.5%Triton-X-100 in TBS and incubated with blocking buffer consisting of 10% goat serum and
1% (w/v) bovine serum albumin in 0.1% TBS-TX100 (1XTBS with 0.1% Triton-X-100). Samples
were then incubated overnight with primary antibody of ACAN (AbClonal, A8536, 1:500), COLX
(AbClonal, A6889,1:100), RUNX2 (AbClonal, A2851, 1:100), MMP13 (AbClonal, A16920,
1:100) or COLII (Abcam, ab34712, 1:150) at 4°C. Samples were then stained with secondary
antibody (IgG anti-rabbit, 488, 1:500, Invitrogen, A11034) for one hour followed by 5-minute
incubation with 4°, 6-diamidino-2-phenylindol (DAPI, Sigma, 300 nM). Anti-fade was used to

coverslip the slides and images were taken on a Olympus microscope.

3.3.7 Statistical Analysis

All the data is presented as mean + standard deviation (SD). All statistical analysis is
performed using GraphPad Prism 8.3 software (GraphPad, San Diego, CA). One-way or two-way
ANOVA was used with Tukey’s multiple comparison post-hoc test. P-value <0.05 was considered

statistically significant.

3.4 Results

3.4.1 RUNX2 suppressing gene circuit does not inhibit chondrogenesis

As previously shown by our lab in mouse chondroprogenitor ATDCS cells, we observed
that 3cis-shRUNX2 gene circuit causes higher inhibition of RUNX2 activity (~70%) compared to

Icis-shRUNX2 gene circuits (~30%) as measured via luciferase activity (Fig.3-2a). Hence, we
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labelled 3cis-shRUNX2 as high suppression and 1cis-shRUNX2 as low suppression circuits for
the rest of this study. We observed that both low and high level of RUNX2 suppression did not
inhibit chondrogenesis as observed by abundant matrix accumulation in SGAG quantification
assay (Fig. 3-2b) as well as sGAG staining (Fig. 3-2c). Histological staining also shows that the
number of hypertrophic cells in pellet cultures is reduced with either levels of RUNX2 suppression

as highlighted in red (Fig. 3-2c¢).
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Figure 3-2 Effect of autoregulated RUNX2 suppression on MSC chondrogenesis. (a) Relative RUNX2 activity
of gene circuit modified hMdChs over 21 days under chondrogenic culture (n=3-4) (b)Quantification of sGAG
accumulation using DMMB assay demonstrating that gene circuit does not affect cartilage matrix accumulation (n =3-
4) (c) RUNX2 immunofluorescence (green) to visualize RUNX2 protein expression and alcian blue staining (blue) of
hMdCh pellet sections to visualize SGAG accumulation after 21-day chondrogenesis. Scale bar: 50um
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3.4.2 RUNX2 suppression promotes cartilage matrix accumulation under hypertrophic stimuli

Under hypertrophic stimuli, hMdChs pellets with both low and high levels of RUNX2
suppression accumulated significantly higher amount of SGAG compared to WT or scramble
controls (Fig 3-3a,b). Upon analyzing mineral deposition using alizarin red staining, we observed
no mineral deposition in untreated hMdCh pellets as there is no source of phosphate in the media.
However, in hypertrophic induction group, we observed lower mineral deposition by RUNX2
suppressing hMdCh pellets compared to controls (Fig. 3-3¢). This data indicates that both low and
high levels of RUNX2 suppression significantly increases cartilage matrix accumulation and

reduced mineral deposition under hypertrophic stimuli.
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Figure 3-3 RUNX2 suppression increases cartilage matrix accumulation under hypertrophy. Visualization of
(a) sGAG deposition via alcian blue staining (b) quantification of sSGAG accumulation via DMMB assay (n=3-4) and
(c) mineral deposition via alizarin red staining by control and hypertrophy induced WT and gene circuit modified
hMdCh pellets. Scale bar: 50um. The graphs are represented as mean + S.D where significance is indicated by *p<0.05
and **p<0.01.
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3.4.3 RUNX2 suppression increases expression of chondrogenic markers

Gene expression analysis revealed a significant downregulation of ACAN and COL2A1
expression in WT hMdChs. However, both low and high level RUNX2 suppressing hMdChs
retained higher levels of ACAN and COL2A1 (Fig. 3-4a, b). Similarly, hypertrophic induction
significantly downregulated SOX9 expression in WT hMdChs whereas RUNX2 suppressing
hMdChs exhibited no changes in SOX9 expression (Fig. 3-4c). Immunofluorescence analysis
revealed higher ACAN protein expression in hMdChs with both low and high levels of RUNX2
suppression compared to controls under hypertrophic stimuli (Fig. 3-4e). Similarly, higher protein
expression of COLII was also observed in RUNX2 suppressing hMdChs compared to WT and

scramble controls (Fig. 3-4d).
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Figure 3-4 Effect of auto regulated RUNX2 suppression on chondrogenic marker expression in hMdChs. (a-c)
gqPCR gene expression analysis of chondrogenic markers ACAN, COL2A1 and SOX9 in hypertrophy induced
hMdChs. Gene expression is normalized to day 0 for each cell type. Immunufluorescence analysis of (d) Collagen II
(green) and (e) Aggrecan (green) protein expression in control and hypertrophy induced hMdCh pellets. Inset is
merged image with counterstain DAPI (blue). Scale bar: 50um. The graphs are represented as mean + S.D where
significance is indicated by *p<0.05 , **p<0.01 and ****p<0.001.
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3.4.4 RUNX2 suppression decreases expression of hypertrophic markers

While hypertrophic induction did not change the COL10A1 gene expression, hypertrophy
induced WT and scramble hMdCh pellets showed higher COLX protein expression than both low
and high level RUNX2 suppressing hMdChs (Fig. 3-5a). Hypertrophic induction significantly
increased both gene and protein expression of MMP13 in WT pellets which was successfully
resisted by RUNX2 suppressing hMdChs (Fig. 3-5b). Interestingly, hypertrophic induction
appears to upregulate RUNX2 gene expression in RUNX2 suppressing hMdChs (Fig. 3-5c).
However, immunofluorescence analysis revealed successful inhibition of COLX, MMP13 and
RUNX2 protein expression in both low and high level RUNX2 suppressing hMdChs while their
expression is upregulated in both WT and scramble hMdChs upon hypertrophic induction (Fig. 3-

5d-f).
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Figure 3-5 Autoregulated RUNX2 suppression inhibits hypertrophic marker expression. (a-c) Gene expression
analysis of hypertrophic markers COL10A1, MMP13 and RUNX2 in hypertrophy induced hMdChs (n=3). For each
cell type, gene expression is normalized to respective day 0 values. Immunofluorescence for protein expression of
hypertrophic markers (d) COLX (green), (¢) MMP13 (green) and (f) RUNX2 (green) in hMdChs. Insets contain merge
images with counterstain DAPI (blue). Scale bar: 50pum. The graphs are represented as mean + S.D where significance
is indicated by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.001.

3.5 Discussion

Increasing the stability of hMdCh’s chondrogenic phenotype has been a long-standing goal
of cartilage regeneration community towards clinical application of MSC-based therapies for
cartilage repair. Although RUNX2 drives hypertrophic maturation of hMdChs, we have previously
shown that RUNX2 is also essential for early chondrogenesis, thus inhibiting chondrogenesis if
suppressed constitutively?’. In this study we show that auto regulated RUNX2 suppression via our
gene circuits does not inhibit MSC chondrogenesis. Moreover, we demonstrate that both low and
high levels of RUNX2 suppression increases cartilage matrix accumulation by hMdChs under
hypertrophic stimuli of T3 and BGP. Additionally, both low and high levels of RUNX2 suppression
successfully inhibit mineral deposition by hMdChs upon hypertrophic induction. We further show
that RUNX2 suppressing hMdChs retained higher expression of chondrogenic markers under
hypertrophic induction compared to WT hMdChs. Finally, we demonstrate that RUNX2
suppressing hMdChs successfully suppress the expression of hypertrophic markers compared to
WT and scramble controls under hypertrophic induction. Taken together, this data suggests that
auto regulated RUNX2 suppression in hMdChs successfully attenuates hypertrophy and increases
cartilage matrix accumulation upon treatment with hypertrophic stimuli.

Since majority of RUNX2 suppression starts to occur when cells have successfully
undergone chondrogenesis and are in pre-hypertrophic stage, our gene circuit can successfully
suppress RUNX2 without compromising chondrogenesis. Moreover, considering the
heterogeneous nature of human MSCs, the gene circuit allows each cell to self-regulate RUNX2

expression based on intracellular RUNX2 concentrations by establishing a negative feedback loop,
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without the need for any exogenous interference. Luciferase reporter verified the low and high
levels of RUNX2 activity suppression with 1cis-shRUNX2 and 3cis-shRUNX2 gene circuits
respectively. Although 1cis-shRUNX2 gene circuits successfully suppressed RUNX2 activity
compared to Icis-scramble, the RUNX?2 activity was consistently higher than 3cis-shRUNX2 gene
circuits throughout chondrogenesis. This data is parallel to our previous observations in mouse
chondroprogenitor ATDCS5 cell line?.

Hypertrophic maturation of hMdChs is similar to that of growth plate chondrocytes?®.
Although one week of hypertrophic induction does not seem to affect cartilage matrix
accumulation in wildtype and scramble hMdChs, both low and high RUNX2 suppressing hMdChs
accumulated higher cartilage matrix upon treatment with hypertrophic stimuli. This suggests a
synergistic effect of RUNX2 suppression and treatment with T3 and BGP on hMdChs matrix
accumulation. Previously, our lab has shown the biphasic effect of phosphate on cartilage matrix
accumulation by ATDCS cells where moderate Pi abundance enhanced chondrogenic markers and
cartilage matrix production during early chondrogenesis while inducing hypertrophy during late
chondrogenesis®’. Here, treatment with PGP combined with RUNX2 suppression seems to favor
the pro-chondrogenic function of Pi while inhibiting hypertrophy induction, validated by increase
in sGAG accumulation and inhibition of mineral deposition.

During hypertrophic maturation, the expression of chondrogenic markers is downregulated
and RUNX2 drives the expression of hypertrophic markers COL10 and MMP13. In present study,
although treatment with T3 and BGP did not significantly downregulate ACAN gene expression,
low level RUNX2 suppressing hMdChs retained higher ACAN protein expression compared to
WT and scramble hMdChs. Moreover, hMdChs with high level RUNX2 suppression retained

significantly higher COL2A1 expression compared to controls under hypertrophic induction.
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Consistent with previously studies?®, hypertrophic stimuli caused significant downregulation of
SOX9 expression in wildtype hMdChs. Although hypertrophic induction did not change SOX9
gene expression both scramble and RUNX2 suppressing hMdChs, gene circuit modified hMdChs
generally expressed lower levels of SOX9 compared to WT.

Analysis of hypertrophic markers reveals interesting patterns. While hypertrophic
induction does not change COL10A1 gene expression, we observed a distinct increase in COLX
protein expression in wildtype and scramble hMdChs which was successfully resisted by both low
and high RUNX2 suppressing cells. Hypertrophic induction also led to a significant increase in
MMP13 gene expression on wildtype hMdChs which was not observed in either scramble or
RUNX2 suppressing hMdChs. However, both wildtype and scramble hMdChs showed increase in
MMP13 protein expression upon hypertrophic induction while both low and high level RUNX?2
suppressing hMdChs resisted this increase. Since cartilage accumulation is the net sum of cartilage
matrix production and degradation, inhibition of MMP13 expression provides additional
justification for higher cartilage matrix accumulation by RUNX2 suppressing hMdChs under
hypertrophic stimuli. Interestingly, RUNX2 suppressing hMdChs showed highest levels of
RUNX?2 gene expression compared to WT and scramble controls. However, immunofluorescence
analysis showed successful suppression of RUNX2 protein expression by both low and high
RUNX2 suppressing hMdChs while increase in RUNX2 expression in wildtype and scramble
hMdChs upon chondrogenic induction. Our gene circuit utilizes RNA interference to induce
RUNX2 suppression which can occur via either incorporating RISC complex to cause mRNA
cleavage or by causing translational inhibition followed by exonucleotic decay!?”-198:123:124 " Thjg
data indicates that our gene circuit affects the post-transcriptional processing of RUNX2, causing

translational inhibition, where lack of RUNX2 protein under hypertrophic stimuli causes increased
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transcription of RUNX2 mRNA while it’s translation is continually blocked by the sShRUNX2 gene
circuit. While this data successfully demonstrates the efficacy of the gene circuit to inhibit RUNX2
protein expression, future studies investigating RNA interference pathways employed by the gene
circuit would be important to understand it’s function.

There does not appear to be a significant difference between the efficacy of low and high
RUNX2 suppressing hMdChs to resist T3 and PGP induced hypertrophic maturation. Both low
and high RUNX2 suppressing hMdChs accumulated similar amounts of cartilage matrix and
deposited lower mineral under hypertrophic induction. Moreover, both low and high RUNX2
suppressing hMdChs showed increased expression of chondrogenic markers and decreased
expression of hypertrophic markers under hypertrophic induction. This study suggests that low
levels of RUNX2 suppression is sufficient to increase the stability of hMdChs chondrogenic
phenotype and increase cartilage matrix accumulation under hypertrophic stimuli. In addition to
matrix accumulation, zonal architecture of articular cartilage is also important for its optimal
function. Therefore, future studies that incorporate attaining articular cartilage architecture along
with increasing matrix accumulation are important. Furthermore, the efficacy of our auto regulated
RUNX2 suppressing gene circuits need to be tested in vivo to validate our results in animal models

of cartilage defect repair.

3.6 Conclusion

Clinical application of MSC- based cartilage repair strategies is dependent on the ability of
hMdChs to resist hypertrophic maturation and continue producing cartilage extracellular matrix.
In this study, we demonstrate the applicability of synthetic biology tools like autoregulated gene
circuits to improve MSC-based cartilage regeneration. We show that auto regulated RUNX2

suppression does not affect MSC chondrogenesis and inhibits T3 and BGP induced hypertrophic
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maturation, with RUNX2 suppressing hMdChs showing higher chondrogenic activity than
unmodified wildtype cells. We also found that low levels of RUNX2 suppression is sufficient to
increase the stability of hMdCh chondrogenic phenotype. Our results exhibit that synthetic gene
circuits are a valid approach to regulate and determine cell fate without the need for exogenous

cues that can have potential off-target effects.
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Chapter 4 RUNX2 suppression protects hMdChs from inflammation-induced matrix

catabolism and hypertrophic maturation

4.1 Abstract

There is evidence that inflammatory factors like interleukin-1 (IL-1) and tumor necrosis
factor o (TNF-a) increase in the joint following traumatic cartilage injury. These cytokines cause
degradation of cartilage matrix by inducing expression of catabolic enzymes like MMP13 through
upregulation of RUNX2, the master transcription factor that orchestrates chondrocyte hypertrophy
during endochondral ossification. Exposing human mesenchymal stem cells (hMSCs) to
inflammatory cytokines drives their hypertrophy, thereby decreasing accumulation of extracellular
matrix (ECM) components and the mechanical properties of engineered cartilage and resulting in
subpar repair of cartilage injuries. We hypothesized that suppressing RUNX2 activity would
protect nascent cartilage tissue produced by MSC derived chondrocytes (hMdChs) from catabolic
effects of inflammatory cytokines. However constitutive silencing of RUNX2 has been shown to
inhibit chondrogenesis. To control the timing and level of RUNX2 suppression, we created a gene
circuit which targets RUNX2 by synthetically inducing a negative feedback loop in chondrogenic
cells to reduce the negative effect of hypertrophy without interfering with MSC chondrogenesis.
We investigated the effect of RUNX2 suppression on the response to inflammatory factors in
hMSC chondrogenic pellets cultures. We show that autoregulated RUNX?2 protects hMdChs from
inflammation-induced hypertrophy, increases cartilage matrix retention and increases expression

of chondrogenic markers under inflammatory stimuli.
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4.2 Introduction

Articular cartilage is avascular, resulting in limited healing ability which often causes
traumatic cartilage injuries to progress into post-traumatic osteoarthritis. Inflammation is a key
mediator of osteoarthritis and one of the fundamental challenges towards successful cartilage
repair?®#’. Within hours of traumatic injury, the levels of inflammatory cytokines like IL-1f, IL-
la, IL-6, TNFa etc. and catabolic mediators begin to increase in the joint milieu!?. Current
treatment strategies for cartilage injury result in sub-optimal repair and do not resolve
inflammation. Microfracture, a method to bring progenitor cells to the defect site for healing results
development of fibrocartilage as compared to hyaline cartilage, resulting in a mismatch of

mechanical properties, which compromises joint function'®

. Use of osteochondral allografts is
limited by donor site morbidity and insufficient donor tissue!S. In autologous chondrocyte
implantation (ACI), chondrocytes are isolated, expanded in vitro and implanted at the defect site
to heal the defect. Although it provides good clinical outcomes, harvesting chondrocytes without
further damaging the tissue is a challenge. Furthermore, the inconsistency in chondrocyte quality
in younger vs. older patients makes it harder to use for all patients®>!'?’. Therefore, tissue
engineering-based strategies have been widely explored to repair articular cartilage and prevent
progression of injury towards PTOA.

Adult human mesenchymal stem cells (hMSC) are an appealing cell source to engineer
cartilage due to their ability to differentiate into chondrocytes’!2. This process is carried out by
chondrogenic transcription factor SOX9'?%13! Like chondrocytes, hMSC-derived chondrocytes
(hMdChs) can produce the articular cartilage matrix macromolecules collagen II and aggrecan,

which are important for supporting the compressive loading on articular cartilage. Collagen 11

forms the fibrillar network and provide tensile strength while negatively charged sulfated
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glycosaminoglycan (sGAG) molecules in aggrecan attract water molecules to generate osmotic
pressure and provide compressive strength®®. However, the chondrogenic phenotype of hMdChs
is unstable which limits the applicability of MSC based repair of cartilage defects. As discussed in
the previous chapter, following chondrogenesis, hMdChs undergo hypertrophic maturation
orchestrated by the master transcription factor of RUNX2 and follow developmental pathway of
endochondral ossification'®?%1%!, RUNX2 decreases the expression of cartilage macromolecules
collagen II and aggrecan and increases the expression of collagen X, altering matrix composition.
Moreover, RUNX2 induces expression of matrix degrading enzymes like MMP13 and ADAMTS
4/5 which degrade collagen II and aggrecan and compromise the hydrostatic loading capability of
the engineered cartilage!'>»'°""!32, Various methods have been employed to increase matrix

accumulation by hMdChs like growth factor treatments, mechanical loading®>”¢

, induction of
hypoxia®®!!>133 However, these methods have had limited success in preventing cartilage matrix
loss in long term cultures.

Inflammation further abrogates the applicability of hMdChs for cartilage repair.
Inflammatory cytokines (IL-1, TNF-a, IL-6 etc) inhibit MSC chondrogenesis by activating of
NFkB pathway causing suppression of SOX9!'9>134  Furthermore, activation of NFkB pathway
upregulates RUNX2 in already differentiated hMdChs'”!%. These cytokines also upregulate
MEF2C expression'®!!! which is a TF that drives RUNX2 expression, hence activating RUNX2
expression via multiple signaling pathways, resulting in cartilage matrix degradation due to
expression of catabolic enzymes like MMPs. Therefore, to successfully engineer viable cartilage,
hMdChs need to be protected from inflammation-induced matrix catabolism. Multiple studies have

been performed aiming to resolve inflammation. Researchers have used 3D scaffolds to deliver

anti-inflammatory drugs, however it is difficult to achieve sustained release for prolonged time
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periods>*!3¢. Genetic engineering approaches have been employed to induce expression of IL-1
receptor antagonists to prevent IL-1 induced response, but it does not protect cells from other
inflammatory factors®*%%137-139 Hence there is a need for novel strategies to prevent inflammation
induced matrix catabolism in hMdChs.

The primary objective of this project is to increase matrix accrual by hMdChs under
inflammatory conditions to generate mechanically functional cartilage tissue for focal defect
repair. As mentioned before, RUNX2 plays a pivotal role in mediating the catabolic effects of
inflammatory cytokines by increasing the expression of matrix degrading enzymes like MMP13
and ADAMTS4/5. Therefore, we hypothesized that silencing RUNX2 in hMdChs would decrease
matrix catabolism and increase accretion of cartilage matrix macromolecules under inflammatory
conditions. This would be due to both reduction in protease expression that causes matrix
degradation and maintenance of chondrogenic marker expression that produces these matrix
macromolecules. Using a novel closed loop gene circuit previously developed in our lab, we
induced RUNX?2 suppression and analyzed the effect on hMdChs cartilage matrix accumulation

under inflammatory conditions.
4.3 Methods

4.3.1 Synthesis of gene circuits

All vectors were constructed as previously described® and incorporated into lentiviruses
by the UM Vector Core. The shRNA sequence for siIRUNX2 was selected from the Hannon
Elledge library (RNAi codex). Using the pINDUCER plasmid'?!, a Tet-on inducible system was
modified to synthesize tet-on-Luc-mir30-shRUNX2. Next, the COL10al basal promoter (-220 to
110 bp) and cis-enhancers (-4296 to- 4147) were synthesized using IDT technology using gBlocks

gene fragments service and assembled into pLenti-CMVtight-Egfp-Puro vector!®!. Finally, the
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Tet-on promoter in pINDUCER was replaced by COL10al promoter containing varying number
of cis-enhancers to obtain 1cis-luc-mir30-shRUNX2, 2cis-luc-mir30-shRUNX2 and 3cis-luc-
mir30-shRUNX2. Scramble controls were created by using the same gene circuit backbone and
scrambling shRUNX2 sequence to create a non-specific oligonucleotide sequence which doesn’t

target any genes.

4.3.2 Cell culture

Cell Expansion: Human bone marrow derived mesenchymal stem cells (hMSCs) were
obtained from our collaborators at Case Western Reserve University and expanded in Low Glucose
DMEM with 10% Fetal Bovine Serum and 10ng/ml FGF-2%3.

Lentiviral Transduction: hMSCs were plated at density of 10,000 cells/cm? and transduced
with lentiviruses containing low and high RUNX2 suppressing gene circuits at moieties of
infection (MOI) = 5. Twenty-four hours post-transduction, media was replaced with expansion
media described above. Transduced cells were selected by treatment with 1pg/ml Puromycin
treatment.

MSC chondrogenesis: Wildtype and gene circuit transduced hMSCs were trypsinized using
0.05% Trypsin-EDTA and resuspended in chondrogenic media at 125000 cells/ml. Chondrogenic
media consisted of High Glucose DMEM (Gibco, Cat # 11965-092), supplemented with 1 % (v/v)
insulin-transferrin-selenium (Corning, Cat # 354350), 1 % (v/v) non-essential amino acids (Gibco,
Cat # 11-140-050) 40 pg/mL L-proline (Sigma, cat # P-0380), 50 pug/mL L-ascorbic acid-2-
phosphate (Sigma, Cat # A8960), 0.1 uM dexamethasone (Sigma, Cat # D4902), and 10 ng/mL
TGF-f1 (Shenandoah Biotechnology, cat # 100-39). hMSC pellets were formed by dispensing

200ul of cell suspension per well of 96 well plate followed by centrifugation at 1640 rpm for 5
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minutes. Cells were incubated at 37°C, 5% COz, 95% humidity and allowed to condense into tight
pellets for 3 days after which fresh chondrogenic media was supplied every other day.
Inflammation treatment. After 21 days of chondrogenic culture, human MSC derived
chondrocytes (hMdChs) were treated with individual inflammatory cytokines for 72 hours to
provide inflammatory stimulus. The culture media consisted of chondrogenic media without
TGFB1 and dexamethasone, supplemented with either 0.1ng/ml IL-1B or 0.1ng/ml TNF-a.
hMdChs maintained in chondrogenic media without TGFB1, and dexamethasone were used as

controls.

4.3.3 Biochemical Analysis

Samples were digested in papain buffer made of papain, EDTA and sodium phosphate,
overnight at 65°C. Dimethyl methylene blue (DMMB) assay was used to quantify sGAG
concentrations as previously described®’. Standard curve was generated using known
concentrations of chondroitin-6-sulfate. 10l of sample was added per well followed by 200 pl of
DMMB dye. After adding the dye, absorbance was immediately read using Synergy HI1 plate
reader at 425nm and 495nm. sGAG concentrations were normalized to DNA content using
PicoGreen DNA assay kit (Thermo Fisher). 10ul of samples and ADNA standards were added to
black 96 well plate followed by Picogreen dye. Fluorescence was measured using Synergy H1

plate reader at excitation wavelength of 498nm and emission wavelength of 528nm.

4.3.4 Histological Analysis

hMdCh pellets were washed with Phosphate Buffered Saline (PBS) and fixed using 10%
Neutral Buffered Formalin for 30 minutes. After fixing cells were washed with PBS and stored in

70% ethanol untill ready to process. hMdCh pellets were then dehydrated using graded series of
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ethanol (70-100%), cleared with Xylene, embedded in paraffin wax and sectioned into 7um thick
sections. The sections were then cleared in Xylene, rehydrated, stained with alcian blue (1% in 3%
acetic acid, Poly Scientific) and counter stained with Nuclear Fast Red (Electron Microscopy

Sciences) to visualize sSGAG deposition.

4.3.5 Immunofluorescence

The hMdCh pellet sections were cleared and rehydrated as explained above. Peroxidase
activity of the pellets was blocked using 3% hydrogen peroxide followed by antigen retrieval using
BD Retreivagen Antigen Retrieval kit (Thermofisher). Samples were then incubated overnight
with primary antibody of ACAN (AbClonal, A8536, 1:500), COLX (AbClonal, A6889,1:100),
RUNX2 (AbClonal, A2851, 1:100), MMP13 (AbClonal, A16920, 1:100) or COLII (Abcam,
ab34712, 1:150) at 4°C. Samples were then stained with secondary antibody (IgG anti-rabbit, 488,
1:500, Invitrogen, A11034) for one hour followed by 5-minute incubation with 4°, 6-diamidino-2-
phenylindol (DAPI, Sigma, 300 nM). Anti-fade was used to coverslip the slides and images were

taken using Olympus microscope.

4.3.6 Luciferase Analysis

RUNX2 activity in hMdChs was measured using luciferase reporter in the gene circuit. Six
hours after treatment with inflammatory cytokines, D-luciferin was added to the culture media.
After 20-minute incubation period, luminescence was measured using Synergy H1 plate reader.
Following luciferase measurement, fresh culture media was added to the wells and plates were put

back in incubators.

4.3.7 Statistical Analysis
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All the data is presented as mean + SD. All statistical analysis is performed using GraphPad
Prism 8.3 software (GraphPad, San Diego, CA). One-way or two-way ANOVA was used with

Tukey’s multiple comparison post-hoc test. P-value < 0.05 was considered statistically significant.

4.4 Results

4.4.1 shRUNX2 modified hMdChs inhibit inflammation-induced increase in RUNX2 activity

Treatment with IL-1f increased RUNX2 activity in scramble hMdChs while shRUNX2
hMdChs were successfully able to resist this increase (Fig. 4-1a). Treatment with TNF-a also
induced a significant increase in RUNX2 activity in scramble hMdChs, while shRUNX2 hMdChs
resist this increase (Fig. 4-1b). This data successfully demonstrates that treatment with

inflammatory cytokines upregulate RUNX2 activity in hMdChs which is successfully suppressed

by shRUNX2 hMdChes.
a b
* scramble © scramble+ IL-1p e scramble o scramble + TNFa
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Figure 4-1 Treatment with inflammatory cytokines increase RUNX2 activity in hMdChs. RUNX2 activity of
scramble and shRUNX2 modified hMdChs after six hour treatment with (a) 0.1ng/ml IL-1B (n=3-4) (b) 0.1ng/ml
TNF-a (n=3-4) measured as relative luminescence units (RLU). The graphs are represented as mean + S.D where
statistical significance was determined using one way ANOVA and indicated by *p<0.05 and **p<0.01.

4.4.2 RUNX2 suppression protects hMdChs from inflammation-induced cartilage matrix loss

Next, we analyzed the effect of RUNX2 suppression on inflammation mediated
neocartilage degradation in hMdChs. Treatment with IL-1f induced significant matrix loss in

hMdChs however shRUNX2 hMdChs retained higher amounts of sGAG compared to WT or
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scramble controls (Fig. 4-2 a,b). shRUNX2 hMdChs also retained higher amounts of sGAG upon
treatment with TNF-a (Fig. 4-2 a,b). Taken together, this data suggests that RUNX2 at-least
partially mediates the catabolic effects of pro-inflammatory cytokines and RUNX2 suppression in

hMdChs increases cartilage matrix retention upon treatment with IL-1.

a b WT scramble ShRUNX2

o WT ® scramble @® shRUNX2

Control

SGAG/DNA (1g/ug)
IL-18

(RN RN AR

TNF-a

Control IL-1B8 TNFa

Figure 4-2 RUNX2 suppression decreases inflammation-induced neocartilage degradation in hMdChs. (a)
sGAG quantification (n=3-4) and (b) alcian blue staining for sGAG visualization by wildtype, scramble and shRUNX2
modified hMdChs after 72-hour treatment with IL-1 or TNF-a. Scale bar: 50um. The graphs are represented as mean
+ S.D where significance is indicated by *p<0.05 and **p<0.01.

4.4.3 RUNX2 suppressing hMdChs maintain expression of chondrogenic markers under

inflammation

To determine how RUNX2 suppression increases sGAG retention in hMdChs, we analyzed
the protein expression of chondrogenic markers in hMdCh pellets treated with 0.1ng/ml IL-1
using immunofluorescence. shRUNX2 hMdChs retained higher expression of chondrogenic
markers ACAN (Fig. 4-3a) and COLII (Fig. 4-3b) when treated with IL-1p while considerable loss

was observed in WT and scramble hMdChs.
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Figure 4-3 RUNX2 suppression protects hMdChs from inflammation induced downregulation of chondrogenic
markers. Immunofluorescence analysis of chondrogenic markers (a) ACAN, green and (b) COLII, green untreated

(control) and IL-1p treated hMdCh pellets. Insets are merged images of protein of interest and nuclear stain DAPI
(blue). Scale bar: 50pum.

4.4.4 RUNX2 suppression attenuates inflammation-induced hypertrophy in hMdChs

Treatment with IL-1f increased RUNX2 protein expression in WT and scramble hMdChs
which was suppressed by shRUNX2 hMdChs (Fig. 4-4a). IL-1p also increased the expression of
hypertrophic marker COLX in both WT and scramble pellets which was also suppressed by
shRUNX2 hMdChs (Fig. 4-4b). Moreover, IL-1f induced expression of catabolic marker MMP13

in WT and scramble pellets while shRUNX2 hMdChs resisted this increase (Fig. 4-4c).
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Figure 4-4 RUNX2 suppression inhibits IL-1B-induced increase in hypertrophic marker expression in hMdChs.
Immunofluorescence analysis wildtype, scramble and shRUNX2 modified hMdChs either untreated (control) or
treated with 0.1ng/ml IL-1p for the expression of hypertrophic proteins (a) RUNX2 and (b) Collagen type X, and
catabolic marker (c¢) MMP13. Insets represent merged images with protein of interest in green and nuclear stain DAPI
in blue. Scale bar: 50pum.

IL-1B

4.5 Discussion

Inflammation mediates the progression of cartilage injury towards PTOA?%!40:141

Furthermore, the catabolic effects of inflammatory cytokines in the joint milieu present a major

challenge towards clinical application of MSC-based cartilage repair strategies'*>!43, In this study
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we found that treatment with inflammatory cytokines IL-1p and TNF-a increases RUNX2 activity
in hMdChs, which is successfully suppressed by shRUNX2 modified hMdChs. IL-1p induced
significant neocartilage degradation in hMdChs and we found that RUNX2 suppression protected
hMdChs from IL-1p mediated cartilage matrix catabolism. Upon further investigating the effect
of IL-1B on hMdChs, we observed that treatment with IL-1p increased the protein expression of
hypertrophic markers RUNX2, COLX and MMP13 and decreased the expression of chondrogenic
markers ACAN and COLII in WT as well as scramble modified hMdChs, which was resisted by
shRUNX2 modified hMdChs.

Inflammatory cytokines are important signaling molecules that act in autocrine and
paracrine fashion to influence a multitude of physiological processes. There is little evidence that
immune cells infiltrate into the cartilage tissue upon injury'**, indicating that pro-inflammatory
function of immune cells is primarily mediated by the secretome of immune cells in the synovium,
predominantly via cytokines and chemokines'*1%®, IL-1B and TNF-a are the most well studied
cytokines known to mediate progression of post-traumatic osteoarthritis, hence we chose these
cytokines to mimic joint inflammation. Since inflammatory cytokines act via multiple pathways,
we decided to utilize 3cis-shRUNX2 gene circuits which induces maximum RUNX2 suppression
to investigate the role of RUNX2 in mediating the effect of inflammatory cytokines. In line with
previous studies'®>147148 we observed that treatment with both IL-1p and TNF-o increase RUNX2
activity in hMdChs as measured by luciferase reporter. Furthermore, we demonstrate that
shRUNX2 gene circuits successfully suppress RUNX2 activity in both IL-1p and TNF-a treated
hMdChs indicating that the gene circuit is active and responds predictably to these exogenous cues.
Furthermore, we observed that treatment with IL-1f induced significant neo-cartilage degradation

in hMdCh pellets, where RUNX2 suppressing hMdChs retained significantly higher amounts of
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matrix compared to WT and scramble controls when treated with IL-1. This result indicates that
the catabolic effects of IL-1p are at least partially mediated by RUNX2. Interestingly, treatment
with TNF-a did not cause matrix loss in either WT or shRUNX2 modified hMdChs but caused
significant matrix loss in scramble hMdChs. Although the concentrations of these cytokines were
chosen based on the synovial fluid concentrations of osteoarthritis knees'#>!*14°0.1n/ml TNF-a
might be insufficient to induce cartilage degradation in 72 hours. Therefore, future studies with
higher concentrations and longer treatment times would be useful to conclusively determine the
role of RUNX2 in mediating the catabolic and pathological effects of TNF-a on articular cartilage.

IL-1PB has been shown to induce cartilage matrix degradation by inducing the expression
of matrix metalloproteinases, and transcription factor RUNX2 is a known inducer of hypertrophic
and catabolic markers like COLX and MMP13 in chondrocytes. Since RUNX2 suppression
partially rescued hMdChs from IL-1f induced matrix catabolism, we analyzed the expression of
hypertrophic, catabolic and chondrogenic markers in hMdChs to understand its mechanism. As
expected, treatment with IL-1f increased the expression of RUNX2 and its downstream targets
COLX and MMP13 in wildtype and scramble hMdCh pellets. However, shRUNX2 modified
hMdChs successfully resisted this increase in RUNX2 protein and inhibited COLX and MMP13
expression. Moreover, protein expression analysis of chondrogenic markers revealed that
shRUNX2 hMdChs retained higher expression of aggrecan and collagen II upon treatment with
IL-1B compared to wildtype and scramble hMdChs. Since collagen II and proteoglycans like
aggrecan are degraded by MMP13, it appears that RUNX2 suppression protects the neocartilage
from inflammation-induced matrix catabolism by downregulating MMP13 expression, resulting

in enhanced cartilage matrix retention.
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This study provides important evidence towards the efficacy of auto regulated RUNX2
suppression to improve clinical application of MSCs for cartilage defect repair under
inflammation. However, the inflammatory microenvironment in the injured joint is highly
complex, comprising of multiple cell types interacting via autocrine, paracrine, and direct cell-cell
contact>!*’. As a result, utilizing individual cytokines like IL-1p and TNF-a does not completely
recapitulate the complex pathological environment of the injured joint. Therefore, future in vitro
studies that capture the complex multicellular interactions in the injured joint as well as in vivo
studies using cartilage defect repair, and PTOA models are highly desirable to validate the efficacy

of the gene circuit to improve MSC based cartilage repair.

4.6 Conclusion

Inflammation-induced hypertrophic maturation of hMdChs and neocartilage degradation
is a major challenge towards clinical application of MSC-based cartilage repair strategies. In this
study we demonstrate that auto regulated RUNX2 suppression improves MSC-based cartilage
regeneration under inflammatory environments. We show that RUNX2 suppression via our gene
circuit supported chondrogenic activity of hMdChs and inhibited hypertrophic maturation under
inflammatory stimulus. Overall, this study demonstrates the application of synthetic biology tools
like closed loop gene circuits to improve tissue engineering outcomes under hostile culture

environments.

55



Chapter 5 Autoregulated RUNX2 suppression modulates crosstalk between hMdChs and

pro-inflammatory macrophages

5.1 Abstract

Macrophages, the predominant inflammatory cell in the joint, secrete a cocktail of
inflammatory cytokines to induce cytokine and proteinase secretion by chondrocytes in injured
cartilage in the joint. These cytokines synergistically increase inflammation in both cell types
creating a positive feedforward loop and maintaining a high level of inflammation that drives early
osteoarthritis (OA) onset. Although adult human mesenchymal stem cell (hMSC) based cartilage
regeneration therapies could be used for cartilage repair, inflammatory cytokines in injured joint
inhibit their ability to undergo chondrogenesis and induce hypertrophic maturation in hMSC
derived chondrocytes (hMdChs). This process is orchestrated, in part, by upregulation of RUNX2,
the master transcription factor of chondrocyte hypertrophy, which decreases the expression of
cartilage matrix molecules and increases the expression of cartilage degrading metalloproteinases
(MMPs). We hypothesize that RUNX2 suppression in hMdChs can 1) increase cartilage matrix
accumulation by protecting engineered tissue from catabolic effects of inflammatory cytokines
and 2) disrupt the pro-inflammatory crosstalk between hMdChs and inflammatory macrophages.
Using a conditioned media-based co-culture model, we show that autoregulated RUNX?2
suppression not only protects hMdChs from M1 conditioned media (M1CM) induced hypertrophy
and cartilage matrix catabolism but also inhibits the pro-inflammatory crosstalk between hMdChs

and pro-inflammatory macrophages, resulting in attenuation of macrophage inflammation.
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5.2 Introduction

Inflammation is a key contributor towards progression of traumatic cartilage injury into
post traumatic osteoarthritis (PTOA), a painful debilitating disease’®. Macrophages, the
predominant immune cells present in the synovium, are the primary contributor towards
inflammation post joint injury.?"!'*’ Traumatic cartilage injury initiates the release of damage
associated molecular patterns (DAMPs) like SI00AS8, SI00A9 and HMGB-1 which interact with
toll like receptors (TLRs) on macrophage surface to induce pro-inflammatory M1-like phenotype
via activation of NFkB and STAT1 pathways??!*¢. These pro-inflammatory macrophages are
responsible for protecting the body from invading pathogens and recruiting progenitor cells to
initiate healing. In other tissues of the human body, the inflammation phase then transitions into
the remodeling phase due secretion of anti-inflammatory cytokines and growth factors like 1L-4,
IL-10, and TGF which causes trans differentiation and/or recruitment of anti-inflammatory or
inflammation resolving M2-like macrophages®’*®. However, inadequate healing of articular
cartilage and continued use of the injured joint causes sustained release of DAMPs in the synovial
fluid resulting in persistent pro-inflammatory polarization of synovial macrophages?'.

Inflammatory macrophages produce a cocktail of inflammatory cytokines that activate
fibroblast like synoviocytes to secrete inflammatory cytokines, chemokines, and
prostaglandins?*!>*, Furthermore, inflammatory macrophages secrete a combination of matrix
degrading enzymes like matrix metalloproteinases (MMPs) resulting in articular cartilage
degradation which leads to sustained release of DAMPs, reinforcing pro-inflammatory phenotype
in macrophages. This disturbs the intricate pro-inflammatory/anti-inflammatory macrophage
balance in the synovium, resulting in OA propagation®’. The cytokines secreted by inflammatory

macrophages also induce chondrocytes to produce more inflammatory cytokines and MMPs,
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hence establishing a feed-forward loop that sustains joint inflammation, ultimately causing
progression of the injury into PTOA2%-21:36:49:30 Therefore, success of cartilage repair strategy relies
on the ability to regenerate cartilage under hostile environmental conditions. Current cartilage
repair strategies like microfracture, osteochondral implantation and (matrix assisted) autologous
chondrocyte implantation are focused on repairing cartilage tissue, but do not resolve
inflammation.

Adult human mesenchymal stem cell (hMSC)-based cartilage regeneration is an appealing
strategy due to their ability to differentiate into chondrocytes and produce cartilage matrix
molecules like collagen II and aggrecan. However, the inflammatory cytokines secreted by pro-
inflammatory macrophages impair the regeneration potential of hMSCs. These inflammatory
cytokines suppress MSC chondrogenesis by inhibiting SOX9'%°, the master transcription factor for
chondrogenesis. Moreover, inflammatory cytokines induce hypertrophy in MSC-derived
chondrocytes (henceforth called hMdChs) by inducing expression of RUNX2 (runt related
transcription factor 2), which results in cartilage matrix degradation by upregulation of matrix

metalloproteinases in hMdChs!®!7,

Therefore, strategies that can overcome joint-wide
inflammation and hypertrophic maturation of hMdChs will drastically improve their efficacy as a
repair method for cartilage injury, as well as a PTOA preventative measure. Genetic modification
of stem cells and chondrocytes to regulate phenotype and target inflammation gives us the
opportunity to overcome these limitations by simultaneously targeting multiple aspects of OA
onset.

In the present study, we employ autoregulated gene circuits to improve hMSC-based

cartilage repair and attenuate macrophage inflammation. Since inflammatory cytokines appear to

induce cartilage matrix catabolism partially by upregulating RUNX2 expression in hMdChs, we
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hypothesized that by suppressing RUNX2 expression, we can engineer hMdChs that are resistant
to inflammation mediated matrix degradation and disrupt their pro-inflammatory crosstalk with
pro-inflammatory M1-like macrophages. We investigated the effect of RUNX2 suppression on
hMdChs matrix accumulation in conditioned media-based co-culture with THP-1 derived pro-
inflammatory M1-like macrophages. We show that RUNX2 suppressing hMdChs resist M1
conditioned media (M1CM)- induced RUNX2 activity and that high levels of RUNX2 suppression
is necessary to resist M1CM- induced matrix catabolism. Moreover, we show that treatment of
pro-inflammatory macrophages with secretome of RUNX2 suppressing hMdChs attenuates

macrophage inflammation and induces a shift towards anti-inflammatory phenotype.
5.3 Methods

5.3.1 Synthesis of gene circuits

All vectors were constructed as previously described® and incorporated into lentiviruses
by the UM Vector Core. Briefly, the sShARNA sequence for shRUNX2 was selected from the
Hannon Elledge library (RNAi codex). Using the pINDUCER plasmid!?!, a Tet-on inducible
system was modified to synthesize tet-on-Luc-mir30-shRUNX2. Next, the COL10al basal
promoter (-220 to 110 bp) and cis-enhancers (-4296 to- 4147) were synthesized using IDT
technology using gBlocks gene fragments service and assembled into pLenti-CM Vtight-Egfp-
Puro vector!®!. Finally, the Tet-on promoter in pINDUCER was replaced by COL10al promoter
containing varying number of cis-enhancers to obtain 1cis-luc-mir30-shRUNX2 and 3cis-luc-
mir30-shRUNX2. Scramble controls were created by using the same gene circuit backbone and
scrambling shRUNX2 sequence to create a non-specific oligonucleotide sequence which doesn’t
target any genes. Luciferase reporter was used to monitor RUNX2 activity in the scramble and

shRUNX2 modified cells.
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5.3.2 Cell culture

Cell Expansion: Human bone marrow derived mesenchymal stem cells (hMSCs) were
obtained from our collaborators at Case Western Reserve University and expanded in Low Glucose
DMEM with 10% Fetal Bovine Serum and 10ng/ml FGF-2%3.

THP-1 monocytic leukemia cell line was obtained from ATCC (Cat# TIB-202) and
maintained in THP-1 growth media comprising of ATCC modified RPMI (Gibco, Cat# A1049101)
supplemented with 10% Fetal Bovine Serum and 0.05 mM betamercaptoethanol (Sigma, Cat#
M3148).

Lentiviral Transduction: hMSCs were plated at density of 10,000 cells/cm? and transduced
with lentiviruses containing low and high RUNX2 suppressing gene circuits at moieties of
infection (MOI) = 5. Twenty-four hours post-transduction, media was replaced with expansion
media described above. Transduced cells were selected by treatment with 1pg/ml Puromycin
treatment.

MSC chondrogenesis: Wildtype and gene circuit transduced hMSCs were trypsinized using
0.05% Trypsin-EDTA and resuspended in chondrogenic media at 125000 cells/ml. Chondrogenic
media consisted of High Glucose DMEM (Gibco, Cat # 11965-092), supplemented with 1 % (v/v)
insulin-transferrin-selenium (Corning, Cat # 354350), 1 % (v/v) non-essential amino acids (Gibco,
Cat # 11-140-050) 40 pug/mL L-proline (Sigma, cat # P-0380), 50 ug/mL L-ascorbic acid-2-
phosphate (Sigma, Cat # A8960), 0.1 uM dexamethasone (Sigma, Cat # D4902), and 10 ng/mL
TGF-f1 (Shenandoah Biotechnology, cat # 100-39). hMSC pellets were formed by dispensing
200ul of cell suspension per well of 96 well plate followed by centrifugation at 1640 rpm for 5
minutes. Cells were incubated at 37°C, 5% COz, 95% humidity and allowed to condense into tight

pellets for 3 days after which fresh chondrogenic media was supplied every other day.

60



THP-1 differentiation and polarization: THP-1 cells were differentiated into macrophages
using treatment with 150 nM phorbol 12-myristate 13-acetate (PMA, Sigma, P8139) for 24 hours

followed by 24-hour incubation in THP-1 growth media!®!

. Differentiated macrophages were then
polarized into pro-inflammatory M1 macrophages by treatment with 10pg/ml lipopolysaccharide
(LPS, Sigma, Cat# L7770) and 20ng/ml interferon gamma (IFN-y, Biolegend, Cat# 713906) for
24 hours!'®!. M1 polarized macrophages were then washed with PBS and maintained in THP-1
growth media for conditioned media collection. M1 conditioned media (M1CM) was collected
every 24 hours for 72 hours total post M1 polarization.

Inflammatory challenge: After 21 days of chondrogenic culture, human MSC derived
chondrocytes (hMdChs) were treated with M1CM for 72 hours, with fresh media supplementation
every 24 hours to provide inflammatory stimulus and double conditioned media was collected at
every media change. The culture media consisted of equal parts chondrogenic media without
TGFB1 and dexamethasone, and M1CM. hMdChs maintained in chondrogenic media without
TGFp1, and dexamethasone were used as controls.

hMdCh-M1 macrophage crosstalk: THP-1 cells were differentiated and polarized into pro-
inflammatory M1-like macrophages as described above. M1 macrophages were then treated with
DCM from M1CM treated WT and gene circuit modified hMdChs for 72 hours with fresh DCM

provided every 24 hours. After treatment, samples were processed for gene expression or

immunofluorescence analysis.
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Figure 5-1 Experiment plan for conditioned media-based co-culture to study crosstalk between hMdChs and
pro-inflammatory macrophages. Image created using Biorender.com.

5.3.3 Biochemical Analysis

Samples were digested in papain buffer made of papain, EDTA and sodium phosphate,
overnight at 65°C. Dimethyl methylene blue (DMMB) assay was used to quantify sGAG
concentrations as previously described?’. Standard curve was generated using known
concentrations of chondroitin-6-sulfate. Sample absorbance were read using Synergy H1 plate
reader at 425nm and 495nm. sGAG concentrations were normalized to DNA content using
PicoGreen DNA assay kit (Thermo Fisher. Fluorescence was measured using Synergy H1 plate
reader at excitation wavelength of 498nm and emission wavelength of 528nm. DNA

concentrations were determined by comparing to the standard curve.

5.3.4 Histological Analysis

hMdCh pellets were washed with Phosphate Buffered Saline (PBS) and fixed using 10%
Neutral Buffered Formalin for 30 minutes. After fixing cells were washed with PBS and stored in
70% ethanol until ready to process. hMdCh pellets were then dehydrated using graded series of

ethanol (70-100%), cleared with xylene, embedded in paraffin wax and sectioned into 7um thick
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sections. The sections were then cleared in xylene, rehydrated, stained with Alcian Blue (1% in
3% acetic acid, Poly Scientific) and counter stained with Nuclear Fast Red (Electron Microscopy

Sciences) to visualize sSGAG deposition.

5.3.5 Immunofluorescence

The hMdCh pellet sections were cleared and rehydrated as explained above. Peroxidase
activity of the pellets was blocked using 3% hydrogen peroxide followed by antigen retrieval using
BD Retreivagen Antigen Retrieval kit (Thermofisher). Samples were then permeabilized using
0.5%Triton-X-100 in TBS and incubated with blocking buffer consisting of 10% goat serum and
1% (w/v) bovine serum albumin in 0.1% TBS-TX100 (1XTBS with 0.1% Triton-X-100). Samples
were then incubated overnight with primary antibody of ACAN (AbClonal, A8536, 1:500), COLX
(AbClonal, A6889,1:100), RUNX2 (AbClonal, A2851, 1:100), MMP13 (AbClonal, A16920,
1:100), COLII (Abcam, ab34712, 1:150) at 4°C. Samples were then stained with secondary
antibody (IgG anti-rabbit, 488, 1:500, Invitrogen, A11034) for one hour followed by 5-minute
incubation with 4°, 6-diamidino-2-phenylindol (DAPI, Sigma, 300 nM). Anti-fade was used to
coverslip the slides and images were taken using Olympus microscope. For macrophage
immunofluorescence, THP-1 cells were polarized in 8-well chamber slides and given appropriate
treatments. Cells were then fixed using 10% neutral buffered formalin and permeabilized using
0.3% Triton-X-100 in PBS (PBS-T). After blocking the samples in 10% goat serum in PBS-T for
one hour, they were incubated with the primary antibody for CD68 (AbClonal, A6554, 1:100),
iNOS (AbClonal, A14031, 1:100) or CD206 (AbClonal, A8301, 1:100) at 4°C overnight. Samples
were then washed thrice with 0.05% Tween20 in PBS and incubated with secondary antibody at
room temperature for 1 hour. Finally, samples were counterstained with DAPI nuclear stain,

coversliped using anti-fade and imaged.
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5.3.6 Luciferase Analysis

RUNX2 activity in hMdChs was measured using luciferase reporter in the gene circuit. Six
hours after treatment with inflammatory cytokines, D-luciferin was added to the culture media.
After 20-minute incubation period, luminescence was measured using Synergy H1 plate reader.
Following luciferase measurement, fresh culture media was added to the wells and plates were put

back in incubators.

5.3.7 RNA sequencing Analysis

Total cellular RNA of pooled samples (n=2) was isolated using the Total RNA Purification
Plus Kit (Norgen) for mRNA sequencing. Library construction and sequencing was be performed
by LC Sciences. Poly(A) RNA sequencing library was prepared following Illumina’s TruSeq-
stranded-mRNA sample preparation protocol. RNA integrity was checked with Agilent
Technologies 2100 Bioanalyzer. Poly(A) tail-containing mRNAs were purified using oligo-(dT)
magnetic beads with two rounds of purification. After purification, poly(A) RNA was fragmented
using divalent cation buffer in elevated temperature. Quality control analysis and quantification of
the sequencing library were performed using Agilent Technologies 2100 Bioanalyzer High
Sensitivity DNA Chip. Paired-ended sequencing was performed on Illumina’s NovaSeq 6000
sequencing system. Firstly, Cutadapt and perl scripts in house were used to remove the reads that
contained adaptor contamination, low quality bases and undetermined bases'*?. Then sequence
quality was verified using FastQC. HISAT2 was used to map reads to the genome of homo
sapiens'>>. The mapped reads of each sample were assembled using StringTie'>*. Then, all
transcriptomes were merged to reconstruct a comprehensive transcriptome using perl scripts and
gffcompare. Matrix count files were uploaded to the pcaExplorer Shiny application!*® for principle

component analysis to identify outliers in data. After these outliers are removed, count files of data
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from two experimental conditions and their associated conditional matrix files were input into the
DESeq2'°® R package version 1.33.452 to identify differentially-expressed genes (DEGs, padj <
0.05, based on Wald test with BH-adjustment) between conditions by calculating FPKM
(FPKM=[total exon_ fragments / mapped reads (millions) X exon length (kB) ). Various
combinations of conditions will be compared using this method. Lowly-expressed genes (row
sums < 10) were removed prior to running the DESeq function. Gene IDs and log 2-fold change
values from DESeq results were input into the Panther Classification System!>”!%% to compute
differential gene ontologies (GOs). GOs were identified according to the Panther statistical
enrichment test with the GO biological process complete annotation set. Select GOs from this

analysis were represented in figures generated with other R packages.

5.3.8 RNA extraction and qPCR

RNA extraction: After completion of treatments, hMdCh pellets were washed with PBS
and flash frozen in liquid nitrogen and stored at -80°C till ready for processing. For RNA
extraction, frozen pellets were homogenized using pestles in Trizol. Following homogenization,
bromoanisol was added for phase separation and RNA was precipitated using isopropanol. Purified
RNA was resuspended in Ultrapure DI water and concentration was quantified using nanodrop.
For macrophages, cells in monolayer were lysed using Trizol and RNA was isolated as described
for pellets.

cDNA synthesis and qPCR: Following RNA extraction, cDNA was synthesized using
High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Cat # 4368814) using 1ug
RNA/sample and following the manufacturer’s protocols. Gene expression of inflammatory (IL-
6, IL-1B, TNF-0, NFxB) and catabolic (MMP13) markers was analyzed using Fast SyBr Green

master mix (Applied Biosystems, Cat # 4385612) on Applied Biosystems real time 7500 Fast
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gPCR machine. Primers sequences of the genes are listed in Table 3.1 below. GUS and TBP were

used as housekeeping genes. Relative expression was calculated using AAC; method and fold

change was calculated as 2724,

Table 2 Primer sequences for gPCR

Gene Forward Primer Reverse Primer

GUS GACTGAACAGTCACCGACGA | ACTTGGCTACTGAGTGGGGA
TBP GTGGGGAGCTGTGATGTGAA | TGCTCTGACTTTAGCACCTGT
IL-1p ACGATGCACCTGTACGATCA | TCTTTCAACACGCAGGACAG
TNF-a CCAAAGTAGACCTGCCCAGA | AACCTCCTCTCTGCCATCAA
NFkB GGCTACTCTGGCGCAGAAAT | CTGTACCCCCAGAGACCTCA
1L-6 TTCGGTCCAGTTGCCTTCTC TACATGTCTCCTTTCTCAGGGC
MMP13 TTGCAGAGCGCTACCTGAGA | CCCCGCATCTTGGCTTTTTC

Abbreviations: GUSB, glucuronidase beta; TBP, tata binding protein; IL-1p, interleukin 1 beta;
TNF-a, tumor necrosis factor alpha; NF«B, nuclear factor kappa B; IL-6, interleukin 6; MMP13,
matrix metalloproteinase 13

5.3.9 Statistical Analysis

All the data is presented as mean + SD. All statistical analysis is performed using GraphPad
Prism 8.3 software (GraphPad, San Diego, CA). One-way or two-way ANOVA was used with

Tukey’s multiple comparison post-hoc test. P-value < 0.05 was considered statistically significant.

5.4 Results

5.4.1 Successful polarization of THP-1 cells into pro-inflammatory macrophages

Both non-polarized MO macrophages as well as pro-inflammatory M1-like macrophages
stained positively for macrophage marker CD68 (Fig 5-2a) indicating successful differentiation.

Moreover, pro-inflammatory M1-like macrophages exhibited upregulated IL-6 gene expression
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compared to MO macrophages (Fig 5-2b). We also analyzed the protein expression of
inflammatory marker inducible nitric oxide synthase (iNOS) and observed upregulated iNOS
expression in M1-like macrophages compared to MO controls. Taken together, this data suggests

successful polarization of THP-1 monocytes into pro-inflammatory macrophages.
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Figure 5-2 Differentiation and polarization of THP-1 cells into pro-inflammatory macrophages.
Immunofluorescence analysis for (a) macrophage marker CD68 and (b) M1 marker iNOS in non-polarized MO and
M1-like macrophages. Merged images are an overlay of protein of interest (green) and DAPI (blue) nuclear stain.
Scale: 50pum (c) IL-6 gene expression in MO and M1-like polarized macrophages (n=3). Significance is indicated by
*#%p<0.001 analyzed using two tailed t-test.

5.4.2 RUNX?2 suppression protects hMdChs from M1CM-induced matrix catabolism

After 21-day chondrogenic culture, WT and gene circuit modified hMdCh pellets were
treated with M1CM for 72 hours. MICM upregulated RUNX2 activity in scramble hMdChs while
hMdChs modified with both low and high level RUNX2 suppressing gene circuits resisted this
increase (Fig. 5-3a). Moreover, treatment with M1CM also induced significant cartilage matrix
catabolism in WT and scramble hMdChs as seen by both sGAG quantification and Alcian Blue
staining. hMdChs modified with low RUNX2 suppressing gene circuits also showed significant
cartilage matrix loss, however, hMdChs modified with high RUNX2 suppressing circuits resisted
MI1CM-induced matrix catabolism (Fig 5-3b, c), suggesting that high levels of RUNX2

suppression is required to resist M1 macrophage induced neocartilage degradation.
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Figure 5-3 RUNX2 suppression protects hMdChs from M1CM-induced cartilage matrix catabolism. (a)
RUNX2 activity in M1CM treated scramble or shRUNX?2 modified hMdChs measured using the luciferase reporter
(n=3-4). (b) sGAG quantification (n=3-4) and (c) Alcian blue staining for sGAG in WT, low and high shRUNX2 and
scramble hMdChs treated with M1CM for 72 hours. Scale bar: 50pm. Significance is indicated by * p<0.05, **p<0.01,
**%*p<0.001 and ****p<0.0001 analyzed using one way ANOVA with tukey’s multiple comparison.

5.4.3 M1CM induces pro-inflammatory and hypertrophic response in hMdChs

We analyzed the expression of inflammatory, catabolic, and hypertrophic markers to
understand the effect of RUNX2 suppression on the response of hMdChs towards M1CM
treatment. Since high RUNX2 suppressing gene circuit protected hMdChs from matrix loss, we
proceeded with WT and high RUNX2 suppressing hMdChs for this analysis. Gene expression
analysis revealed upregulation of IL-6 and NF«B expression in WT hMdChs upon treatment with

MI1CM which was successfully resisted by RUNX2 suppressing cells (Fig. 5-4). Moreover, M1CM
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also induced expression of catabolic marker MMP13 in WT hMdChs but not in RUNX2

suppressing hMdChs (Fig. 5-4).
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Figure 5-4 M1CM induced the expression of inflammatory and catabolic markers in hMdChs. Gene expression
analysis for WT and high RUNX2 suppressing hMdChs for inflammatory markers IL-6 and NFkB, and catabolic
marker MMP13 upon treatment with M1CM (n=3). Significance is indicated by * p<0.05, **p<0.01, analyzed using
one way ANOVA with tukey’s multiple comparisons.

Treatment with M1CM also upregulated protein expression of hypertrophic markers RUNX2 (Fig.
5-5a), COLX (Fig. 5-5b) and MMP13 (Fig. 5-5¢) in WT and scramble hMdChs, which was

suppressed by RUNX2 suppressing hMdChs.
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Figure 5-5 M1CM induces expression of hypertrophic markers in hMdChs. Immunofluorescence analysis for
protein expression of hypertrophic markers (a) RUNX2, green (b) Collagen X, green (¢c) MMP13, green in untreated
(control) and M1CM treated hMdChs. Insets are merged images of protein of interest (green) with nuclear stain DAPI
(blue). Scale: 50pum.
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5.4.4 RUNX2 suppression stabilizes the expression of chondrogenic markers under MI1CM

treatment

To further understand how RUNX2 suppression protects hMdChs from M1CM induced
matrix catabolism, we analyzed the expression of chondrogenic markers. Immunofluorescence
analysis revealed that M1CM induces downregulation of ACAN and COLII expression in WT and
scramble hMdChs. However, RUNX2 suppressing hMdChs were able to maintain the expression

of ACAN and COLII when treated with M1CM (Fig. 5-6).
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Figure 5-6 RUNX2 suppressing hMdChs retain higher expression of chondrogenic markers upon M1CM
treatment. Immunofluorescence analysis for protein expression of chondrogenic markers (a) Aggrecan (green) and
(b) Collagen II (green) in WT, scramble and high shRUNX2 hMdChs treated with MICM for 72 hours. Insets are
merged images of protein of interest (green) and nuclear stain DAPI (blue). Scale bar: S50pm.
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5.4.5 Double conditioned media from RUNX2 suppressing hMdChs attenuates macrophage

inflammation

Next, analyzed the effect of RUNX2 suppression in hMdChs on the pro-inflammatory
crosstalk between hMdChs and inflammatory M1-like macrophages. To address this, pro-
inflammatory macrophages were treated with double conditioned media (DCM) collected from
MICM treated hMdCh pellets for 72 hours. Treatment of pro-inflammatory macrophages with
DCM from RUNX2 suppressing hMdChs (shRX2 DCM) decreased the expression of
inflammatory marker iNOS compared to WT DCM (Fig. 5-7a). Moreover, pro-inflammatory
macrophages treated with shRX2 DCM exhibited increased expression of anti-inflammatory

marker CD206 compared to WT DCM (Fig. 5-7b).
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Figure 5-7 DCM from shRUNX2 hMdChs attenuates macrophage inflammation. (a) Immunofluorescence for
protein expression of inflammatory marker iNOS and (b) anti-inflammatory marker CD206 in DCM treated pro-
inflammatory M1-like macrophages. Merged images are an overlay of the protein of interest (green) and nuclear stain
DAPI (blue). Scale bar: 50um.

5.4.6 DCM from shRUNX2 hMdChs induces macrophage phenotype shift

To further investigate this phenotype shift in macrophages, we performed RNAseq analysis
of control and shRX2 DCM-treated inflammatory M1-like macrophages. Gene ontology analysis
revealed downregulation of GO terms corresponding to inflammatory response, chemotaxis, and
innate immune response inflammatory macrophages treated with shRX2 DCM (Fig. 5-8a).
Moreover, we observed significant downregulation in FPKM values of genes involved in
macrophage chemotaxis, inflammation and catabolic markers and upregulation in expression of
anti-inflammatory markers in shRX2 DCM treated inflammatory macrophages (Fig. 5-8b). Gene
expression analysis via qPCR also revealed a significant downregulation of NFkB and TNF-a
expression in shRX2 DCM treated inflammatory macrophages. IL-13 expression was also

downregulated but was statistically insignificant (Fig. 5-8c).
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Figure 5-8 Treatment with shRUNX2 DCM downregulates inflaimmation and induces anti-inflammatory
response from inflammatory macrophages. (a) Gene ontology analysis of ShARUNX2 DCM treated inflammatory
M1-like macrophages compared to control inflammatory macrophages (b) RNAseq FPKM analysis for expression of
catabolic, inflammatory, chemotaxis and anti-inflammatory markers in control and shRUNX2 DCM treated pro-
inflammatory M1-like macrophages (c) qPCR analysis for gene expression of inflammatory markers NFkB, IL-1 and
TNF-a in control and shRX2 DCM treated inflammatory M1-like macrophages. Significance is indicated by * p<0.05,

**p<0.01, analyzed using two tailed t-test.
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5.5 Discussion

Pro-inflammatory macrophage-mediated inflammation is a key contributor towards PTOA
pathogenesis. Therefore, clinical success of MSC-based cartilage repair requires not only
increasing cartilage matrix accumulation under inflammation, but also resolving inflammation to
create a conducive joint environment that allows for cartilage healing. In this study we show that
MICM increases RUNX2 activity in hMdChs which is successfully suppressed by hMdChs
modified with either low or high RUNX2 suppressing gene circuits. As expected, treatment with
MI1CM caused significant cartilage matrix catabolism in hMdCh pellets and we found that high
levels of RUNX2 suppression is required to protect hMdChs from M1CM induced neocartilage
degradation. Moreover, MICM induced expression of inflammatory markers IL-6 and NF«B, and
catabolic markers MMP13 in WT hMdChs but failed to do so in RUNX2 suppressing hMdChs.
RUNX2 suppressing hMdChs also maintained higher expression of chondrogenic markers ACAN
and COLII and inhibited the expression of hypertrophic markers RUNX2 and COLX compared to
WT hMdChs. Finally, we found that RUNX2 suppression in hMdChs inhibits their pro-
inflammatory crosstalk with inflammatory macrophages, where treatment of inflammatory
macrophages with DCM from shRUNX2 hMdChs attenuates macrophage inflammation and
increases the expression of anti-inflammatory markers.

Pro-inflammatory macrophages secrete a cocktail of cytokines as well as catabolic and
inflammatory mediators, resulting in degradation of cartilage extracellular matrix>'*°. In this
study, treatment with M1CM increased RUNX?2 activity in hMdChs, indicating that RUNX?2 plays
a role in mediating the pro-inflammatory response of hMdChs towards M1CM. This observation
is consistent with the existing literature as inflammatory cytokines such as IL-1 and TNFa that are

secreted by inflammatory macrophages have previously been shown to upregulate NFxB pathway
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in chondrocytes during osteoarthritis . Furthermore, NFxB pathway has been shown to

upregulate RUNX2 expression in OA chondrocytes'® and to regulate RUNX2 activity by

activating HIF2a signaling, another known inducer of RUNX2'3%163

. Taken together, our data
demonstrates that both low and high RUNX2 suppressing gene circuits are actively suppressing
RUNX2 in response to exogenous stimuli.

During PTOA progression, pro-inflammatory macrophages induce cartilage matrix
catabolism by secreting catabolic mediators like MMPs into the synovial fluid. In our study,
treatment with M1CM also induced significant neocartilage degradation in hMdCh pellets.
Interestingly, we observed that high levels of RUNX2 suppression were required to inhibit M1CM
mediated cartilage matrix loss as significant matrix degradation was observed in hMdChs modified
with low shRUNX2 gene circuits. It is well documented that inflammatory cytokines secreted by
M1 macrophages induce chondrocytes to secrete MMPs that degrade cartilage matrix. Both
MMP13 and ADAMTS4/5, the key enzymes that degrade cartilage matrix macromolecules
Collagen II and Aggrecan respectively are regulated by RUNX2 in chondrocytes. This is a possible
explanation for why RUNX2 suppressing hMdChs resist M1CM induced cartilage matrix
catabolism. However, M1CM would contain additional MMPs and cytokines that act via multiple
signaling pathways to affect chondrocyte phenotype. Since the gene circuit is specific to RUNX2
expression, it is not surprising that high levels of RUNX2 suppression was essential for hMdChs
to resist the effects of M1CM. Future studies investigating the effect of RUNX2 suppression during
long-term treatment with M1CM would be useful to analyze the efficacy of the gene circuit under
chronic inflammatory conditions.

It is well documented that inflammatory stimulus induces a pro-inflammatory and catabolic

response in chondrocytes. Studies have shown upregulation of inflammatory and catabolic markers
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in IL-1P and TNF-a treated bovine cartilage explants®. Moreover, osteoarthritis chondrocytes co-
cultured with pro-inflammatory macrophages were shown to express higher levels of catabolic
markers MMP-1, MMP-3, MMP-9, MMP-13 and inflammatory markers IL-1p3, TNF-a, IL-6, IL-
8, and [IFN-y compared to control osteoarthritic chondrocytes demonstrating that pro-inflammatory
macrophages exacerbate the catabolic and pro-inflammatory response to chondrocytes®.
Interestingly we observed that RUNX2 suppressing hMdChs resisted this upregulation in the
expression of inflammatory and catabolic markers upon treatment with M1CM indicating that
RUNX2 plays an important role in mediating this pro-inflammatory response to hMdChs to
MI1CM. Moreover, treatment with M1CM downregulated the expression of chondrogenic markers
COLII and ACAN in WT and scramble hMdChs while RUNX2 suppressing hMdChs maintained
their expression. During late chondrogenesis, RUNX2 inhibits SOX9 expression, and we have
shown that MICM induces RUNX2 activity, therefore, it is possible that RUNX2 suppressing
hMdChs are able to maintain SOX9 expression upon treatment with M1CM, resulting in
maintenance of chondrogenic markers compared to controls since SOX9 drives the expression of
COLII and ACAN. Therefore, it is desirable to analyze SOX9 expression in these hMdChs in
response to M1CM treatment.

As stated before, pro-inflammatory macrophages secrete inflammatory cytokines into the
synovium that act in autocrine and paracrine manner to mediate cartilage degradation and induce
hMdChs to produce additional inflammatory cytokines, establishing a positive feed forward loop
that sustains joint inflammation. Since we observed that RUNX2 suppression inhibits the pro-
inflammatory response of hMdChs to M1CM, we investigated the effect of DCM from M1CM
treated hMdChs on pro-inflammatory macrophage phenotype. We observed that treatment with

shRUNX2 DCM attenuated macrophage polarization as indicated by downregulation of
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inflammatory marker iNOS and upregulation of anti-inflammatory marker CD206 expression. One
possible explanation could be the secretion of TGF-, which is produced by hMdChs to maintain
cartilage production, and has been shown to induce anti-inflammatory or inflammation resolving
polarization in macrophages!®*!%°. Therefore, shRX2 DCM should be analyzed for the presence of
TGF-B and other anti-inflammatory cytokines in comparison to WT DCM. RNAseq analysis of
control and shRUNX2 DCM treated inflammatory macrophages also revealed downregulation
genes and pathways corresponding to inflammation, chemotaxis and matrix catabolism and
upregulation of anti-inflammatory response in sShRUNX2 DCM treated macrophages, indicating a
switch towards inflammation resolving phenotype. Since RUNX2 suppression inhibits MMP13
expression in hMdChs, the DCM from shRUNX2 hMdChs will not contain the DAMPs that are
required to reinforce the pro-inflammatory M1-like polarization of macrophages.

We show that RUNX?2 suppression inhibits the pro-inflammatory response of hMdChs to
MICM treatment by downregulating NFkB pathway. Furthermore, MSCs and MSC-derived
exosomes have been shown to have immunomodulatory effects in the context of cartilage injury
and osteoarthritis via secretion of anti-inflammatory cytokines like IL-4, IL-10 and growth factors
like TGF-B, FGF etc'®. One study showed that MSCs challenged with IL-1B, TNF-a and IFN-y
secrete chondroprotective factors like tissue inhibitor of metalloproteinases (TIMPs) and produce
exosomes containing miRNAs (miR-24-3p, miR-222-3p and miR-193b-3p) that switch synovial
macrophage polarization from M1 to M2 type!6¢-1%8_ In another study, MSCs challenged with TNF-
o and IFN-y shuttled miR-34a-5p, miR21, miR146a-5p via exosomes to attenuate macrophage
polarization'®’. It is possible that in the absence of NF«B activation, the response of hMdChs to
MI1CM resembles the anti-inflammatory response of MSCs. Therefore, future studies investigating

the cytokine, growth factor as well as exosome composition of sShRUNX2 DCM are desirable to
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understand the mechanism of shBRUNX2 DCM mediated attenuation of macrophage inflammation.
In this study we demonstrate the efficacy of autoregulated RUNX2 suppression in protecting
hMdChs from MICM induced matrix catabolism and inhibiting the pro-inflammatory feed-
forward loop between hMdChs and inflammatory macrophages. However, these results need to be

validated in vivo using defect repair and PTOA models to support our in vitro findings.

5.6 Conclusion

The regenerative community needs to uncover novel pathways that can be targeted to
resolve multiple aspects of the healing environment, namely tissue regeneration and chronic
inflammation. This work utilizes an interdisciplinary approach, combining the fields of tissue
engineering, synthetic biology, and immunology to expand the potential use of MSCs to both
mitigate the effect of inflammation in multiple joint tissues and prompt repair, delaying the
progression of PTOA. In this study we found a novel role of RUNX2 in mediating the pro-
inflammatory crosstalk between hMdChs and inflammatory macrophages. We demonstrate that
RUNX2 suppression in hMdChs not only protects hMdChs from inflammation induced matrix
degradation but also disrupts the pro-inflammatory feedforward loop by attenuating macrophage
inflammation. This study is an important step towards the clinical application of MSC-based

cartilage regeneration therapies in complex pathological environment of the injured joint.
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Chapter 6 Conclusions and Future Directions

Articular cartilage injuries often progress into post traumatic osteoarthritis (PTOA), a
painful debilitating disease’. Mesenchymal stem cells-based cartilage repair is an appealing
treatment strategy due to their ability to differentiate into chondrocytes and secrete cartilage matrix
macromolecules like collagen IT (COLII) and aggrecan (ACAN)®’2. However, clinical application
of MSC-based cartilage repair strategies faces two main challenges, namely hypertrophic

13,28,102,111 apd inflammation mediated catabolism of the

maturation of MSC derived chondrocytes
engineered neocartilage>*>!14%17% The overarching aim of this dissertation was to increase matrix
accumulation and retention by hMdChs under hypertrophic and inflammatory conditions to
achieve functional cartilage regeneration. Transcription factor RUNX2 mediates hypertrophic
maturation and pro-inflammatory and catabolic effects of inflammation in hMdChs!>!7101.171,
Therefore, we utilized a synthetic gene circuit that allows autoregulated RUNX2 suppression in
hMdChs to achieve this aim®. First, we investigated the efficacy of autoregulated RUNX2
suppression to inhibit hMdCh hypertrophy under hypertrophic stimuli. Next, we analyzed the
effect of autoregulated RUNX2 suppression on inflammation mediated matrix catabolism by
treating hMdChs with individual inflammatory cytokines. Finally, we explored the effect of
RUNX2 suppression on the pro-inflammatory crosstalk between hMdChs and inflammatory
macrophages using a conditioned media-based co-culture model. The following discussion

summarizes the key findings from the specific aims, impact of this dissertation and explores next

steps and potential research avenues in the Future Directions section.
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6.1 Summary

6.1.1 Aim 1: RUNX2 suppression stabilizes chondrogenic phenotype under hypertrophic stimuli

To improve MSC-based cartilage repair, we first investigated the efficacy of varying
magnitudes of autoregulated RUNX2 suppression on hypertrophic maturation of hMdChs upon
treatment with hypertrophic stimuli T3 and BGP?*!%2, We observed that hMdChs modified with
either low or high RUNX2 suppressing gene circuit accumulated higher amounts of cartilage
matrix and deposited lower mineral compared to unmodified or scramble controls. To understand
the mechanism behind increased matrix accumulation by gene circuit modified cells, we
investigated the expression of chondrogenic and hypertrophic markers in hMdChs. We observed
that hMdChs modified with either gene circuit maintain higher expression of ACAN and COL II
under hypertrophic stimuli compared to controls. Moreover, treatment with hypertrophic stimuli
increases expression of hypertrophic markers COLX and MMP13 in control hMdChs which is
successfully suppressed by gene circuit modified hMdChs. Since matrix turnover is the net
summation of matrix production and degradation, inhibition of the predominant cartilage matrix
degrading enzyme MMP13 could be a potential contributor towards increased matrix accumulation
by gene circuit modified cells under hypertrophic stimuli.

Overall, in this chapter we demonstrated that synthetic gene circuits are a viable approach
to stabilize chondrogenic phenotype and increase cartilage matrix accrual by hMdChs. However,
clinical application of MSC-based cartilage repair requires implantation of engineered cartilage in
hostile inflammatory joint environment and therapeutic success entails resistance to inflammation
induced cartilage matrix catabolism. Therefore, it is necessary to evaluate the efficacy of
shRUNX2 gene circuit to protect hMdChs from inflammation-induced cartilage matrix catabolism

to validate it’s feasibility for clinical application.
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6.1.2 Aim 2: RUNX2 suppression protects hMdChs from inflammation-induced matrix loss

Inflammation is a key contributor towards progression of cartilage injury into PTOA.
Inflammatory cytokines such IL-1, IL-6 and TNF-a inhibit MSC chondrogenesis and induce
hypertrophic maturation in hMdChs by upregulating RUNX2 expression, resulting in increase in
matrix metalloproteinase expression that degrades engineered cartilage and compromise its
mechanical function®*#”-14%19% " Therefore, in this aim we investigated the effect of autoregulated
RUNX2 suppression in hMdChs on inflammation-mediated cartilage matrix catabolism. Since
inflammatory pathways act on hMdChs via both RUNX2 dependent and independent pathways,
we chose high RUNX2 suppressing gene circuits to achieve maximum suppression. We observed
that RUNX2 suppressing hMdChs resist both IL-1B and TNF-a-induced increase in RUNX2
activity compared to scramble controls. Moreover, RUNX2 suppressing hMdChs retained higher
cartilage matrix compared to controls upon treatment with IL-1B. However, TNF-a did not induce
significant matrix catabolism in any groups. Although we chose the cytokine concentrations based
on the synovial fluid concentration of osteoarthritic knees, we might need higher TNF-a
concentrations to induce measurable cartilage matrix loss in vitro within 72 hours. To evaluate the
effect of RUNX2 suppression on IL-1B-induced hypertrophic maturation, we analyzed the
expression of chondrogenic and hypertrophic markers. We observed that RUNX2 suppressing
hMdChs retained higher expression of COLII and ACAN and resisted IL-p induced increase in
RUNX2, COLX and MMP13.

Overall, work done in this chapter validates that inflammatory cytokines indeed upregulate
RUNX2 activity in hMdChs and demonstrates that autoregulated RUNX2 suppression partially
protects hMdChs from IL-1B-induced matrix catabolism by suppressing MMP13 expression.

However, treatment with individual inflammatory cytokines does not recapitulate the complex
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pathological environment of the injured joint where chondrocytes interact with multiple cell
populations in the synovium and are exposed to a plethora of inflammatory and catabolic
mediators. Therefore, there is a need to test the efficacy to autoregulated RUNX2 suppressing
gene circuits to maintain hMdCh phenotype and promote cartilage matrix accumulation in culture

models that mimic the injured joint microenvironment.

6.1.3 Aim 3: Autoregulated RUNX?2 suppression inhibits pro-inflammatory crosstalk between

hMdChs and inflammatory macrophages

Macrophages are the predominant immune cell type that mediate joint inflammation post
injury. Sustained polarization of macrophages into pro-inflammatory M1-like phenotype has been
implicated in onset and progression of PTOA. Pro-inflammatory macrophages secrete
inflammatory cytokines and catabolic mediators that degrade cartilage matrix, inhibit hMSC
chondrogenesis, and induce hypertrophic maturation in hMdChs. These cytokines induce hMdChs
to secrete additional inflammatory cytokines and catabolic mediators, creating a pro-inflammatory
feed forward loop that sustains joint inflammation by promoting continuous cartilage degradation.
Therefore, in this chapter we utilized a conditioned media (CM)-based co-culture model to analyze
the effect of autoregulated RUNX2 suppression in hMdChs on the pro-inflammatory crosstalk
between hMdChs and inflammatory macrophages. We observed that inflammatory M1-like
macrophage CM (M1CM) upregulated RUNX2 activity in hMdChs which was suppressed by
RUNX?2 suppressing cells. Moreover, high level of RUNX2 suppression was necessary to resist
MI1CM induced cartilage matrix catabolism. Furthermore, RUNX2 suppressing cells retained
higher expression of ACAN and COLII and inhibited M1CM induced expression of inflammatory
markers IL-6 and NF«kB, and hypertrophic markers COLX and MMP13. Furthermore, double

conditioned media (DCM) from MICM treated RUNX2 suppressing hMdChs attenuated
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macrophage inflammation by downregulating the expression of inflammatory markers and

upregulating the expression of anti-inflammatory markers.

6.1.4 Impact

Inadequate repair of injured cartilage leads to post-traumatic osteoarthritis, a disease with
tremendous social and economic burden on the society™**!”2, Mesenchymal stem cell-based
cartilage regeneration is the next generation therapy for repairing injured cartilage and reduce the
incidence of PTOA. However, poor stability of chondrogenic phenotype and inflammation-
induced neocartilage degradation poses significant challenges towards clinical application of
MSC-based cartilage repair. In this dissertation, I utilized a multidisciplinary approach by
combining the fields of tissue engineering, synthetic biology, and immunology to address these
challenges. I demonstrate the application of synthetic gene circuits that allow autoregulated
RUNX2 suppression in hMSC derived chondrocytes to successfully overcome these challenges.

Autoregulated RUNX?2 suppressing hMSCs have the potential to revolutionize cartilage
repair as they rely on intracellular RUNX2 concentrations to regulate RUNX2 activity, allowing
them to respond to stimuli without requiring exogenous intervention. The ability of RUNX2
suppressing hMdChs to successfully maintain chondrogenic phenotype, inhibit hypertrophic
maturation and resist inflammation-induced cartilage matrix catabolism brings hMSCs one step
closer to clinical application. Moreover, the work done in this dissertation demonstrates that
autoregulated RUNX2 suppression not only stabilizes hMdChs chondrogenic phenotype and
protect from inflammation-induced neocartilage catabolism but also alters their interaction with
pro-inflammatory macrophages, resulting in phenotype shift towards inflammation resolving state.
Macrophages are key mediators of PTOA and the imbalance of pro-inflammatory/anti-

inflammatory macrophages has been attributed to the severity of OA. Therefore, autoregulated
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RUNX2 suppression in hMdChs can disrupt the vicious cycle that sustains macrophage
inflammation to potentially attenuate whole joint inflammation and create a joint environment
conducive for cartilage healing (Fig, 6-1). Successful repair of injured cartilage by hMSCs along

with resolution of joint inflammation can significantly delay if not prevent the onset of PTOA.
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Figure 6-1 Strategy for successful MSC-based cartilage repair under inflammatory joint environment using
autoregulated RUNX2 suppression. Image created using Biorender.com.

6.2 Future Directions

6.2.1 Double conditioned media analysis

In chapter 5, we found that double conditioned media (DCM) from RUNX2 suppressing
hMdChs attenuates macrophage inflammation. We showed that RUNX2 suppression inhibits

M1CM induced NF«B activation and we speculate that in the absence of NF«B, the response of
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hMdChs to inflammatory stimulus might resemble the anti-inflammatory response of MSCs
through secretion of anti-inflammatory cytokines and immunomodulatory exosome
cargos!®!73174 " Therefore, analyzing the composition of DCM could provide mechanistic
understanding of RUNX2 mediated pro-inflammatory crosstalk between hMdChs and
inflammatory macrophages and help develop therapeutic strategies that can be utilized in
combination with the gene circuit to synergistically enhance the immunomodulatory effects and
potentially prevent the onset of PTOA. Multiplex technologies like Luminex'”® can be utilized to
analyze anti-inflammatory cytokines produced by RUNX2 suppressing hMdChs in response to
MI1CM. Moreover, exosome analysis using miRNAseq and mass spectrometry can be utilized to
evaluate miRNAs and proteins shuttled by hMdChs in exosomes that modulate macrophage

inflammation.

6.2.2 In vivo validation of the gene circuit

In this dissertation we successfully demonstrate the efficacy of the gene circuit to protect
hMdChs from inflammation induced cartilage matrix catabolism and modulate hMdCh- pro-
inflammatory macrophage crosstalk to attenuate macrophage inflammation in vitro. However,
these studies do not include the contribution of fibroblast like synoviocytes, which is another cell
type that is activated by inflammatory macrophages and significantly contributes towards PTOA
and by producing inflammatory cytokines, catabolic mediators, and prostaglandins*!:13%176,
Moreover, the contribution of fat pad, systemic inflammation and loading stress also need to be
incorporated”’. Therefore, future studies testing the efficacy of the gene circuit modified hMdChs
to repair injured cartilage in animal models are highly desirable. Rat cartilage defect repair model

for cartilage injury'”” and the ACL rupture model*!”® for joint injury can be utilized to validate

the efficacy of autoregulated RUNX2 suppression in hMdChs to promote cartilage repair, maintain
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chondrogenic phenotype and attenuate whole joint inflammation. In rat critical cartilage defect
repair model, an arthrotomy is performed to create critical sized defect (diameter: 2mm, depth:
Imm) in articular cartilage, which is either left empty or filled with cells to induce repair'”’.
Cartilage healing can be evaluated using a combination of microCT and histological analysis'’*~
81 'In ACL rupture model, non-invasive ACL rupture is utilized to induce injury and cells are
injected in the joint to evaluate therapeutic effects. Joint degradation, inflammation and PTOA
severity can be assessed using histological staining, immunofluorescence, and synovial fluid

analysis*""17°,

6.2.3 Achieving zonal Cartilage organization

Articular cartilage is a heterogenous anisotropic tissue with specific zonal organization that
contributes towards its mechanical function. Each zone consists of specific organization of
collagen fibers, chondrocyte arrangement and matrix composition'*!82, Researchers have utilized
multiphasic scaffold systems to direct collagen fiber orientation to mimic specific zones®!3%133,
By combining such scaffold systems with autoregulated RUNX2 suppressing hMSCs, we can
significantly improve cartilage regeneration outcome by addressing challenges like unstable
chondrogenic phenotype of hMdChs, calcified cartilage formation and poor integration with native
tissue after in vivo implantation. For example, scaffolds directing horizontal, followed by random
and longitudinal distribution of collagen fibers to mimic superficial, middle, and deep zone can be
seeded with high RUNX2 suppressing MSCs to obtain stable hMdChs that mimic chondrocytes in
the respective zones. Furthermore, another scaffold seeded with WT MSCs and treated with T3
and BGP can be used to create calcified cartilage to integrate with subchondral bone. By combining

these scaffolds, an articular cartilage implant incorporating the zonal architecture can be generated

to achieve superior mechanical properties and better integration with the host tissue compared to
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hMdChs alone. Moreover, autoregulated RUNX2 suppression in hMdChs should also result in
improved cartilage repair by stabilizing hMdCh phenotype and protecting from inflammation

induced matrix catabolism.
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Appendices

Appendix A- Protocol for MSC chondrogenesis

MATERIALS REQUIRED:

High Glucose DMEM (Gibco, Cat# 11965-092 stored at 4 °C in cell culture refrigerator)
FBS (Gibco, Cat# 26140-079, stored at -20 in cell culture freezer)

ITS+ Premix (corning, cat# 354350)

1% Non-essential Amino Acids (Gibco, Cat# 11-140-050)

L-proline (Sigma cat# P-0380),

Ascorbic Acid 2-Phosphate

Dexamethasone

TGFp1 (Shenandoah, cat# 100-39)

Trypsin (Gibco, Cat# 25200-056, stored at 4 °C in cell culture refrigerator

Phosphate Buffer Saline (PBS) at RT (Gibco, Cat# 10010-023, stored in cell culture
shelf)

0.4% Trypan Blue (Gibco, Cat # 15250061)

Lab supplies (sterile pipette tips, serological pipettes, conical tubes, tissue culture flasks,
96 well non treated U-Bottom plates and sterile lids etc.)

Vacuum pump (connected to the cell culture hood)

Hemocytometer

hMSC Chondrogenic Media:

H.DMEM (w/ 4.5 g Glucose/l), 1% (v/v) Anti-Anti, 1% (v/v) ITS+ Premix (corning, cat# 354350),
1% Non-essential Amino Acids (Gibco, 11-140-050), 40 ug/ml L-proline(Sigma cat# P-0380), 50
ug/ml Ascorbic Acid 2-Phosphate, 0.1 uM Dexamethasone, 10 ng/ml TGFB1 (Shenandoah, cat#
100-39)
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Neutralization media:

DMEM (either high glucose or low glucose) + 10% FBS +1% Anti-anti

SAFETY PRECAUTIONS:

Make sure to work in BSL-2 hood when dealing with cells. Wear lab coat, safety glasses
and gloves before beginning.

After you are done, do a final clean and decontamination with 70% ethanol solution. All
the waste material should be discarded in biohazard trash bins (lined with clear autoclave
bags) next to the BSL-2 hood. Solid waste should be promptly decontaminated in the
autoclave and disposed of in the trash.

For media decontamination add 10% bleach to the waste media and let it sit for 15-20
minutes until the solution becomes colorless. Drain it in the sink and keep the water tap

on for 10-15 minutes.

METHOD:

Step 1: Make hMSC chondrogenic media and neutralization media as described above.

Step 2: Trypsinization of hMSCs:

1.
2.

A S

Aspirate the media out of the flask using a Pasteur pipette.

Add PBS to the flask and swirl it around to give it a wash (10 ml for T-175 and 5ml for
T-75). Aspirate the PBS using Pasteur pipette.

Add trypsin to detach the cells (2ml for T-75 and 4ml for T-175) and move the flask to
the incubator for 3 minutes.

Gently tap the flask and observe under microscope to make sure the cells have detached.
Add neutralization media to neutralize trypsin (4ml for T-75 and 8ml for T-175). Pipette
the suspension up and down a couple of times and swirl it in the flask to make sure you
get all the cells.

Transfer the suspension to a 15ml or 50 ml conical tube depending upon the total volume.
Wipe the hemocytometer with 70% ethanol

To a microcentrifuge tube add 40 pl 0.4% trypan blue solution.

Mix the cell suspension with a pipette and add 40 pl to the tube containing trypan blue.

Mix it gently and wait for 1-2 minutes.
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10.

11.

12.

Step 3:

13.

14.
15.

16.

Add 10 pl of cell suspension to the hemocytometer and count the live cell population and
dead cells.

Dead cells do not have intact cell membrane, so trypan blue is able to enter the cell and
stain the cytoplasm blue. Hence, blue cells are dead and are not counted towards the live
cell population.

Formula to count live cell population:

Live cell number = Sum of number of live cells in 4 squares of hemocytometer * 2 * 2500
cells/ml =X

The number 2 is to account for the dilution factor for trypan blue staining.

Depending upon the number of wells needed, count to total number of cells required.
Always add one extra well to the calculation for account for pipetting error. Also make
sure you have a control well for selection.

We need 250,000 cells per pellet in one well of 96 well plate. If we require 20 pellets, we
approximate for 21 pellets i.e. 5.25 x 10° cells.

So, the volume of cell suspension for 5.25 x 10° cells = 5.25 x 10/ X ml.

Transfer the appropriate volume of the cell suspension in a conical tube and centrifuge
the cells at 1200 rpm or 1000 rcf for 5 minutes.

Seeding hMSCs to form pellets:

Aspirate the media and resuspend the pellet in appropriate volume of MSC chondrogenic
media.

For 1 well we need 200 pl cell suspension hence for 21 wells (21 pellets) we need 200 x
21 = 4.2ml cell suspension. Therefore, resuspend the pellet in 4.2ml of chondrogenic
media.

Add 200 pl cell suspension per well of the 96 well U-Bottom plate.

Place parafilm around the plates to avoid spillage and contamination. Centrifuge the plate
at 1640 rpm for 5 minutes to condense the cells at the bottom. Make sure to have
respective balance plate with equal amounts of water or PBS in the wells.

Remove the parafilm and place the cell plates in incubator at 37°C, 5% CO. and 95%
humidity. Let the cells condense further to form intact pellets for 72 hours. This is Day 0

of chondrogenesis.
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17. After 72 hours change media (chondrogenic) every other day for however long

chondrogenic culture needs to be done.
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Appendix B- Differentiation and M1 polarization of THP-1 cells

MATERIALS REQUIRED:

e RPMI media

e FBS

e Anti- Anti (Gibco, Cat# 15240-062)

e PMA (Sigma, Cat# P8139-1MG)

e Human IFN-y (Biolegend, Cat# 713906)

e LPS (Sigma, Cat# L4391-1MG)

e Betamercaptoethanol (Sigma, Cat# M3148-25ML)

e Phosphate Buffer Saline (PBS) at RT (Gibco, Cat# 10010-023)

e Lab supplies (sterile pipette tips, serological pipettes, conical tubes, tissue culture flasks

etc.)
e Vacuum pump (connected to the cell culture hood)
SOLUTIONS:

THP-1 growth media:

Component Concentration Amount (for 50 ml)
RPMI 89% 44.5 ml
FBS (qualified) 10% 5ml
Anti- Anti 1% 500 pl
Beta-mercaptoethanol 0.05mM 25 ul of 0.1M stock
(BME)

Methods:

THP-1 culture

1. THP-1 is a monocytic leukemia cell line. The cells are cultured in suspension meaning
that the cells will not adhere to the bottom of the flask.

2. For media changes, centrifuge the cells at 1200 rpm, discard the old spent media and
resuspend the pellet in fresh growth media.
Note: media can also be changed by adding fresh media to the cell suspension however,
this will dilute the nutrients hence not recommended to be done frequently.
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3. Cells become confluent at 1x10%cells/ml concentration. Do not let your cell numbers to
go above 0.9-1x10%cells/ml.

\\\\\

THP-1 differentiation into macrophage

1. Pre-warm the growth medium and thaw PMA aliquot.

2. Make THP-1 differentiation media by adding PMA to THP-1 growth media to the final
concentration of 150nM.
Stock is at 10,000X. Therefore for 10 ml media, add 1ul PMA stock to 10ml growth media.

3. Count the THP-1 cells using hemocytometer. To count live cells, take 40ul of cell suspension in a
microcentrifuge tube and add 40 pl of trypan blue dye. Mix it well and let it sit for a minute.
Take 10 pl of this solution and add to the hemocytometer. Dead cells will stain blue while alive
cells will remain bright and clear. Count the live and dead cells in all the four squares. Also count
the cells on the left and upper edges of the squares but not the right and bottom.
Final cell concentration can be calculated as follows:
Cell number = (Sum of cells in 4 squares/4) x 2 (dilution factor) x 10* cells/ml.

4. We seed 150,000 cells/ml of media per well.
For a 6 well plate, we use 2ml media therefore we will add 150,000 x 2 = 300,000 cells per well
Calculate the total number of cells needed. For example:
if we need to differentiate macrophages in all the wells of a 6 well plate, we will need (6 + 1 extra
) x 300,000 = 2.1 x 10°cells.
If we have X cells/ml then calculate the amount of cell suspension needed = 2.1x10°® /X
ml.

5. Centrifuge the required volume of cell suspension at 1200 rpm for 5 minutes.

6. Discard the media and resuspend the cells in THP-1 growth media containing PMA.

7. Add the cell suspension to the well plate and transfer it to the incubator for 24 hours.
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8. After 24 hours, the cells should attach to the surface of the plate. At this stage the

monocytes have differentiated into macrophages (refer to image below) however they

have not been polarized into pro or anti-inflammatory phenotypes yet. On a basal level

the PMA differentiated macrophages do exhibit some pro-inflammatory phenotype.

9. Discard the media and add fresh THP-1 growth media without PMA and incubate for
another 24 hours.
This rest period is necessary to increase viability before challenging cells with PMA for
M1 polarization.

Inducing M1 polarization of THP-1 derived macrophage

10. After 24-hour rest period, the cells are ready to be polarized into pro-inflammatory M1
phenotype.

11. Make M1 polarization media by adding 10pg/ml LPS and 20ng/ml IFNy to THP-1
growth media.

12. Remove growth media from THP-1 derived macrophages and add polarization media
mentioned above. Incubate the cells with polarization media for 24 hours.

13. After 24 hours, macrophages will appear bigger in size and some cells will fuse to form
giant cell like phenotype. Some cells will appear to have dendritic projections (refer to
image below). The cells have now been polarized into pro-inflammatory M1
macrophages.

95



14. Change the media of the cells to THP-1 growth media.
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Appendix C- Protocol for DMMB and DNA assay

www.glagen.com/HB-0435

Material Required Catalog Number Storage Condition
Papain Sigma, P4762 -20°C

L-Cysteine Hydrochloride Sigma, 30120 Room Temperature
EDTA Sigma, ED2SS Room Temperature

Sodium phosphate (disodium anhydrous)

Sigma, S7907

Room Temperature

UltraPure Distilled Water

Invitrogen, 10977-015

Room Temperature

DMMB Assay

1,9-Dimethylene Blue

Sigma, 341088

Room Temperature

Ethanol Deacon Labs. Room Temperature
Chondroitin-6-sulfate Sigma, C4384 4°C

Glycine Sigma, G8898 Room Temperature
NaCl Sigma, S7653 Room Temperature

DNA Assay

Hoechst 33342 Dye Invitrogen, H3570 4°C

Calf Thymus DNA Sigma, D4522 -20°C

EDTA Sigma, EDS Room Temperature

Trizma (Tris) Base

Sigma, T1503

Room Temperature

Solutions:
Digestion

1. Papain buffer (150 ml):

a. Papain: 3.755 mg
Cysteine: 47.28 mg
EDTA (disodium dihydrate

© oo

; FW 372.2): 111.66 mg
Sodium phosphate (disodium anhydrous; FW 141.96): 1.06g
Dissolve in 150 ml nuclease-free water, adjust pH to 6.5, and then filter sterilize

with a 0.2 um Nalgene filter.

f. Store in aliquots at -20°C.
1.

2. Base buffer (150 ml):
a. Cysteine: 47.28 mg
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b. EDTA (disodium dihydrate; FW 372.2): 111.66 mg
Sodium phosphate (disodium anhydrous; FW 141.96): 1.06g
. Dissolve in 150 ml nuclease-free water, adjust pH to 6.5, and then filter sterilize
with a 0.2 um Nalgene filter.
e. Store at 4°C.
DMMB Assay

a o

1. Dye Solution: Store up to 3 months

Dissolve 16 mg DMMB into 5 ml 100 % ethanol

Stir overnight in 20 ml capped glass vial, protect from light
Bring volume to 800 ml with milli-Q water

Add 2.37 g NaCl (0.04 M, final conc.)

Add 3.04 g Glycine (0.04 M, final conc.)

PH to 1.5 with concentrated HCI

Bring the volume up to 1 L

M@ oo Ao o

2. Chondroitin Sulfate stock solution (12.5 mg/mL)
a. Dissolve 25 mg of chondroitin sulfate in 2 mL of milli-Q water
b. Store at -20°C -in 5 pl aliquots
DNA Assay

1. 10X TNE Buffer
a. Measure 800 ml of Milli-Q water
Dissolve 12.11 g Tris base
Dissolve 3.72 g EDTA
Dissolve 116.89 g NaCl
Adjust pH to 7.4 with concentrated HCI
Bring the volume up to 1000 ml with Milli-Q water
Filter with 0.45 um filter
Store at 4°C up to 3 months

R N

3.
2. 1X TNE Buffer
a. Dilute 10 ml 10X TNE with 90 ml Milli-Q water
3. Calf Thymus Stock Solution (200 ng/mL)
a. Dissolve 0.5 mg Calf Thymus DNA into 1 ml DNAse, RNAse Free distilled water
4. 5000X Dye Stock Solution (10 mg/ml)
a. Ready-to-use product: Hoechst 33342 (H3570), 10 mg/ml
5. 1X Dye Solution (2 ng/ul)
a. Dilute with 20 pl stock dye with 100 ml 1X TNE buffer
b. Prepare fresh when performing the assay and protect from light
4.
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Protocol: For hMSC pellets (250,000 cells/pellet)

Papain Digestion — One day before assay

1.

Add 100 pl of papain buffer to each sample

2. Digest gels for 16 hrs at 65°C
3. Samples can be frozen at -20°C for later analysis after digestion

DMMB Assay

1.

[98)

Prepare chondroitin sulfate standards at the following concentrations: 125, 62.5, 31.25,
15.625, 7.8125, 3.90625 pg/ml by making serial two-fold dilutions with papain buffer.
Also, include a 0 pg/ml standard
Check the pH of the dye — readjust with HCl to 1.5 if too high
Run standards in duplicate and samples in triplicate (example plate pictured below)
Vortex samples, briefly spin down, and pipette 10 pl of standard or sample into each well
of a NUNC 96-well assay plate
Each well requires 200 pl of die. Calculate the approximate amount of die needed and
use a serological pipette to transfer that amount plus an extra 3 mL into a non-sterile
media reservoir
Using a multi-channel pipette, add 200 pl of dye to each well
Cover plate with aluminum foil and take to BioTek Plate reader immediately following
addition of the dye.
Protocol is named “DMMB ASSAY — 96WP”

a. Absorbance is read at both 525nm and 595 nm

b. A precipitate will form if the plate is allowed to sit.

. Left over die should be disposed of as hazardous material

Plate #1 | A B C/DE|F |G H|I |J |K|L

1

12500 pg/ml [ 1 [T [1 ]9 [9 [9 [17[17]17]25]125.00 pg/ml

2

62.50 pg/ml |2 |2 [2[10]10[10] 18] 18|18 ]25]62.50 pg/ml

3125ug/ml |3 |3 [3 |11 [11]11]19[19]19]25]31.25 pg/ml

1563 ug/ml |4 |4 |4 [12]12]12]20]2020]26] 15.63 pg/ml

7.81 pg/ml 5155 13|13 ]13(21 212126/ 7.81 pg/ml

3.91 pg/ml 6 |6 |6 141414 (22|22|22]26|3.91 pg/ml

0 pg/ml 7177 [15]15]15[23]2323 0 pg/ml
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Blank 818 |8 |16]|16|16 |24 |24 |24 Blank

DNA Assay

1.

Take a DNA stock aliquot and check concentration using Nanodrop.

2. Prepare DNA standards at the following concentrations: 20, 10, 5, 2.5, 1.25, 0.625 ng/ul

[98)

by making serial two-fold dilutions with 1X TNE Buffer. Also, include a 0 ng/ul standard
Run standards in duplicate and samples in triplicate (example plate pictured above)
Vortex samples, briefly spin down, and pipette 10 ul of standard or sample into each well
of a BLACK NUNC 96-well assay plate
Each well requires 190 ul of 1X dye solution. Calculate the approximate amount of die
needed and create a 1X dye solution. Make sure to keep the dye protected from light.
Using a multi-channel pipette, add 190 ul of dye to each well
Cover plate with aluminum foil and take to BioTek Plate reader immediately following
addition of the dye.
Protocol is named “DNA ASSAY — 96WP”

a. Excitation is read at 355 nm and emission is read at 460 nm.
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