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Abstract

Osteoarthritis (OA) is the most common form of arthritis in the population
worldwide, resulting in significant disabilities. Currently, no treatments can prevent or
reverse the development of OA. Cellular senescence has been identified as a major
contributing factor to OA. Therefore, a therapy targeting senescence could be an
effective treatment for OA. Several strategies have been proposed to target senescence in
OA, including neutralizing agents for the senescence-associated phenotypes (SASPs),
senolytics for eliminating senescent cells, and senomorphics for modifying the
senescence phenotype. In fact, a senolytic, UBX0101, showed a protective effect for post-
traumatic OA (PTOA) development in mouse models by reducing both OA histological
grade and OA related pain. However, it failed to meet the primary endpoint of relieving
symptoms in a clinical phase 2 trial. The failure of the human trial may be related to a
high placebo response rate from the control group or, more likely, the heterogeneous
phenotypes involved in human OA disease differ from PTOA in the mouse model. The
lack of available senescent-specific biomarkers, which could be used to refine the
phenotype of the subject enrollment or to monitor the occurrence of senescence presents
a challenge to evaluate a trial successfully. Alternatively, senolytics may be detrimental
in tissue with a higher proportion of senescent cells. After treatment, the remaining cells

may not be able to maintain the integrity of the cartilage. Therefore, in the present study,
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we investigated the association of cellular senescence with OA disease severity,
identified a biomarker dipeptidyl peptidase-4 (DPP4) for chondrocyte senescence and
OA progression, and proposed a senomorphic treatment using chromobox 4 (CBX4) for
modulating cell function of the replicative senescent model WI-38 cells and human
osteoarthritic chondrocytes.

First, we investigated the association of OA disease severity in human knee joints
with the percentage of cells expressing senescence-associated 3-galactosidase activity
(SA-B-gal) and p16. We assessed three regions within the tibial plateau of the knee
corresponding to a gradient of disease severities in tissue procured from human medial-
dominant OA. We found that SA-B-gal and p16 were positively correlated with OA
severity. Our results suggested cellular senescence could be involved in OA progression,
and targeting senescence could be a promising treatment for OA.

Subsequently, we identified Dipeptidyl-peptidase 4 (DPP4, also known as CD26)
as a potential biomarker for OA senescence. We isolated chondrocytes from knee OA
cartilage and determined the association of DPP4 expression with senescence markers,
SA-B-gal and p16, by flow-cytometry. We also compared the expression of anabolic and
catabolic genes, senescence-related genes, and senescence-associated secretory
phenotypes (SASPs) in DPP4* and DPP4- cells, isolated by two different methods:
fluorescence-activated cell sorting and magnetic-activated cell sorting. Additionally, we

quantified soluble DPP4 in synovial fluid (SF) and assessed its association with



radiographic knee OA. DPP4 expression was associated with higher SA-f-gal, p16
expression, senescence-related gene and catabolic gene expression, SASPs secretion, and
lower anabolic gene expression in chondrocytes. In addition, SF DPP4 was significantly
associated with radiographic knee OA progression (3=4.657 p=0.015).

Next, we identified the senomorphic effect of CBX4 in WI-38 cells. We first
observed a decrease of CBX4 protein expression and increased senescence markers and
gene expression during WI-38 serial culture. We next evaluated the presence of
senescence markers and expression of senescence-related genes in CBX4 activation and
CBX4 knockdown compared to controls in pre-senescent WI-38. Compared to the
control group, knockdown of CBX4 increased cellular senescence, whereas activation of
CBX4 decreased senescence in the pre-senescent WI-38 cells. Based on these results, we
identified that CBX4 regulates replicative senescence in WI-38 cells and functions as a
senomorphic and potential anti-senescence target.

Additionally, we explored the mechanisms of senescence regulation from CBX4
domains by using CBX4 mutated lentiviral particles and compared them with CBX4
wildtype in WI-38 cells. Chromodomain (CDM), SUMO-interacting motifs (SIMs), and
carboxyl-terminal homology box (C-box) domains are all involved in the regulation of
senescence by CBX4; where CDM is mainly involved in cell cycle regulation, SIMs are
involved in the cell proliferation, DNA damage repair, and SASPs secretion, and the C-

box is related to cell proliferation and SASPs secretion. Taken together, CBX4 is a multi-
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functional protein, and these mutants elucidated the different non-overlapping
functions in senescence regulation. Finally, we identified the CBX4 senomorphic effect in
osteoarthritic chondrocytes by comparing CBX4 wildtype and control transduced cells.
Compared to control, CBX4 overexpressing chondrocytes demonstrated lower DPP4
expression and higher proliferation marker EdU.

Overall, our study demonstrated that cellular senescence is positively correlated
with OA disease severity, identified DPP4 as a potential biomarker for cellular
senescence in OA, and explored CBX4 as a potential senomorphic treatment in human

WI-38 fibroblasts and OA chondrocytes.
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1. Chapter 1: Introduction

1.1. Osteoarthritis and cellular senescence

Osteoarthritis (OA) is the most common form of arthritis, 30.8 million diagnosed
with OA among the 54.5 million diagnosed with arthritis in the US . Moreover,
symptomatic knee OA affected about 14 million people in the US 2. With recent
improvements in living conditions and health care, the average lifespan has extended;
thus, the prevalence of OA has increased by 75% from 1990 to 2013 3. OA is one of the
most disabling conditions in elderly individuals “. Besides the pain and limited motion
of the affected joints, OA increases all-cause mortality by 1.55-fold °. The first-line
treatment for all patients with OA includes education, exercise, and weight control *.
Pharmacological pain relief and physiotherapy are suggested for patients with more
advanced OA disease as second-line treatment *. However, if the pain and limited
function caused by OA are sustained despite medical treatment, surgery is indicated as
the third-line treatment * (Figure 1.1). Currently, there is no treatment available to

prevent or reverse the development of OA.



Severe OA

1st + 2nd + 3rd line
treatment

Few

1st+ 2nd line Pharmacological
treatment pain relief,
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) All
treatment and weight control

Mild OA

Figure 1.1 Treatment of osteoarthritis.

The figure is reproduced from Lohmander (2007) ¢ with permission of Elsevier
publisher, license number: 5346150149482, and created with BioRender.com.
The risk factors of OA include aging, gender, obesity, genetics, senescence, and
physical trauma 7. Cellular senescence has recently been identified as a major factor in
the pathogenesis of osteoarthritis. Cellular senescence is a state in which cells
permanently enter cell cycle arrest after stress events such as telomere dysfunction,
DNA damage, strong mitogenic signals, reactive oxidative stress, and other events in
aged organisms. It was first described by Hayflick and Moorhead in 1961 in the WI-38
fibroblast cell line. They found that fibroblasts ceased division after a maximum of 50
cell cycles 8. Senescent cells are characterized by decreasing proliferation, increasing cell
granularity, cell size enlargement, increasing lysosome content, and secretion of
senescence-associated secretory phenotypes (SASPs), which are pro-inflammatory

cytokines and signaling molecules. Hallmarks of senescent cells include increased
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senescence-associated (3-galactosidase activity (SA-B-gal), p16, p53, and p21 levels;
higher levels of DNA damage foci, such as y-H2AX; the formation of Senescence-
associated Heterochromatin Foci (SAHF); and the secretion of SASPs; the cell cycle and
metabolic pathways are also impacted by senescence with increased mTORC1,
decreased autophagy, and gained apoptosis resistance (Figure 1.2) °. Recently,
Dipeptidyl-Peptidase 4 (DPP4, also known as CD26) has also been identified as a surface

senescent biomarker in the classic replicative senescent model WI-38 fibroblast '°.

Stress stimuli

Gene transcription
p16 » = CDKs '—{¢ pRB = E2F 7 SASPs
= T o} |In‘
/ﬁroliferating c;ll\ 3 Senescer::«:ell .<| o : '7
/ \) -> e:it;::;elzce Senescence - h,r ‘ gk; a (
g 'Q,"\ S
\\ // l SA-p-gal ) G Mitochondria
— DA dsmage fock SAHF  dysfuction
pS3 = p21 + mToRC1
{Autophage

Apoptosis Resistance

Figure 1.2: Cellular senescence pathway.

Senescence signals can be triggered by various stress stimuli and induce the p16
and/or p53-p21 pathways, which suppress the cyclin-dependent kinase (CDKs).
Inhibitions of CDKs result in increased expression of RB protein (pRB). pRB can
negatively regulate the cell cycle by inhibiting the expression of E2F, which promotes
gene transcription. Senescent cells increase the expression of senescence-associated {3-
galactosidase activity (SA-f3-gal), DNA damage foci, such as y-H2AX, senescence-
associated heterochromatin foci (SAHF), and the secretion of SASP. Mitochondria
dysfunction, increased mTORC1, decreased autophagy, and gained apoptosis resistance
have been reported as features of senescent cells. The figure is reproduced from Sultana
(2018) ' with permission of Elsevier publisher, license number: 5346150637589, and
created with BioRender.com.



Two accepted markers used to identify senescent cells are SA-3-gal activity and
p16. Accordingly, Price et al. reported high SA-B-gal activity in damaged OA cartilage,
whereas no SA-f-gal activity was found in intact control cartilage regardless of age.!?
Diekman et al. found increasing p16 gene expression in the cartilage of aging mice and
in human chondrocytes from cadaveric donors . In addition, several studies have
demonstrated that senescent cells within the joint contribute to OA. In Xu et al.,
senescent fibroblasts were transplanted into the knees of mice by injection, after which
the mice developed radiographic and histological changes indicative of OA, increased
pain, and limitation of motion . Taken together, targeting senescence could provide a
potential treatment for OA. Senolytics and senomorphics have been proposed to target
cellular senescence. Senolytics are drugs that selectively eliminate senescent cells
through apoptosis %, and senomorphics are drugs that selectively modify senescent
phenotypes mainly through suppression of senescence-associated phenotypes (SASPs) '°
17, Prior studies showed that clearance of senescent cells by senolytics improved several
age-related diseases in mouse models, including atherosclerosis %, cognitive decline »° %,
and post-traumatic osteoarthritis 2. However, a decrease in insulin secretion from beta
cells was found in the p16 deficient mouse model %, and the elimination of senescent
liver sinusoidal endothelial cells led to liver fibrosis in the mouse model 2. Hence, the
beneficial effect from senolytics seems cell-type specific. In addition, in tissue containing

a high portion of senescent cells and/or with limited regenerative ability, it may not be



possible to maintain function post senolysis 7. In contrast to senolytics, senomorphics
modulate the senescence-phenotype, which does not kill cells and may better preserve
organ function. Prior literature shows that senomorphics decrease SASPs in-vitro and in
mouse models 2 % 26, however, not many studies focus on the specific age-related
diseases currently %.

Several treatments have been proposed to target senescence in OA. For instance,
CBX4, a nuclear protein, alleviated cellular senescence in human mesenchymal stem
cells (hMSCs) and attenuated post-traumatic OA (PTOA) upon overexpression in a
mouse system 2. Navitoclax, a senolytic, decreased SASPs gene expression and
increased matrix production in human OA chondrocyte pellet culture, and protected
mice from PTOA by reducing OA histological severity ». Fisetin, a bioactive flavonol,
was recently found to be a cell-type specific senolytic *, which decreased catabolic
effects in IL-1f stimulated chondrocytes, and reduced OA severity in the destabilization
of the medial meniscus mouse OA models 3. Jeon et al. reported the accumulation of
senescent cells in the cartilage and synovium in the post-traumatic OA (PTOA) mouse
model, which were eliminated from cartilage using senolytic UBX0101, thereby rescuing
the mice from developing PTOA 32. However, UBX0101 treatment failed to meet the
primary endpoint of relieving symptoms from a clinical phase 2 trial. The failure may be
related to the lack of available senescent-specific biomarkers, which can be used to refine

the phenotype of the subjects enrolled, a high placebo response rate in the control group



or the mechanism of action of senescent cells is not related to symptomes. It is also
possible that senolytics may be detrimental in tissue with a high proportion of senescent
cells, whereafter treatment, the remaining cells may not be able to maintain the cartilage
function. Therefore, we aimed to develop a senomorphic strategy for OA treatment. We
first investigated the association of OA disease severity with cellular senescence. Then
we determined DPP4 as a potential biomarker for cellular senescence in OA. Lastly, we
identified Chromobox 4 (CBX4) as a potential treatment for cellular senescence in a

classic replicative senescent model of WI-38 cells and osteoarthritic chondrocytes.



1.2. Dipeptidyl-Peptidase 4 (DPP4, CD26), a multifunction protein

Dipeptidyl-peptidase 4 (DPP4, also known as CD26) is a transmembrane
glycoprotein with widespread distribution in the body. The transmembrane DPP4 can
be cleaved from the cell membrane by metalloproteases (MMPs) and become the soluble
form of DPP4, which can be found in the circulation and body fluid * (Figure 1.3). The
extracellular domain of DPP4 contains a catalytic region, cysteine-rich region, and
highly glycosylated region, which are related to its function® (Figure 1.3). The catalytic
region is responsible for the serine protease activities that cleaves various substrates,
including cytokines, growth factors, and metabolic gut hormones called incretins. The
cysteine-rich region can interact with adenosine-deaminase and extracellular matrix,
which relates to immune regulation % and matrix assembly 3¢. The highly glycosylated
region is responsible for the folding, stability, and intracellular trafficking of DPP4 %,
and it can interact with M6P/IFG II receptor involved in T-cell activation ¥ (Figure 1.3).
DPP4 can regulate blood glucose from the degradation of GLP-1 %; therefore, the Food
and Drug Administration (FDA) approved the first DPP4 inhibitor, Sitagliptin, for type 2
diabetes mellitus in 2006 ¥. Besides glucose metabolism, DPP4 plays an important role in
immune cell activation 3 4. Prior studies showed DPP4 was related to Th1l and Th17
phenotypes expression, CD8 T cell and B cell activation, and M1/M2 macrophage
polarization *. Recently, DPP4 was identified as a surface marker on senescent human

WI-38 primary fibroblast and was found to be more highly expressed on the surface of



human peripheral blood mononuclear cells isolated from individuals aged 78 to 88 years
old compared to individuals aged 27 to 36 years old #.. Moreover, DPP4 inhibitor,
vildagliptin, protected chondrocytes from TNF-a-induced senescence by decreasing p21,
p53, and SA-Bgal #2. In addition, a decreased expression of DPP4 surface protein on
blood mononuclear cells was related to a clinical improvement of rheumatoid arthritis 4.
Taken together, these findings suggest DPP4 could be a potential senescence marker

and/or a treatment target for OA.
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"""" OOOABAAXO0CD I
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Incretin, Stromal Cell-Derived Factor-1a/CXCL12, NPY and PYY, Substance P, Brain
Natriuretic Peptide, Pituitary Adenylate Cyclase-Activating Polypeptide, Regulated on
Activation, Normal T-Cell Expressed and Secreted/CCL5, Eotaxin/CCL11

Figure 1.3: Demonstration of DPP4 structure and functions.

The catalytic region is responsible for the serine protease activities. The cysteine-
rich region can interact with adenosine-deaminase and extracellular matrix. The highly
glycosylated region can interact with M6P/IFG II receptor. This figure is reproduced
from Rohrborn (2015) 3 of Frontiers publisher CC BY.
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1.3. Chromobox 4 (CBX4), a chromatin modifier

Chromobox 4 (CBX4) is a member of the Chromobox (CBX) family. CBX proteins
are major interpreters of histone methylation, including CBX1/2/3/4/5/6/7/8, which can
regulate gene expression by histone modification #. CBX4 is a nuclear protein detected
in all cells. It is known as a critical component of polycomb repressive complex (PRC1)
and a small ubiquitin-related modifier-protein (SUMO) E3 ligase. CBX4 contains three
major functional domains: chromodomains, SUMO interaction motifs (5IMs), and a
conserved COOH box (C-Box) at C-terminus (Figure 1.4). Chromodomain is related to
PRC1 function, which has been shown to repress p16 expression. In the classic model,
PRC2 trimethylated H2K27 and CBX4 within PRC1 further bind to H2K27Me3 through
the chromodomain. This biding will compact chromatin and repress gene expression
(Figure 1.5) #. SIMs is known for the SUMO E3 ligase function. CBX4 has been
discovered to regulate protein activity in DNA damage repair through the SUMO E3
ligase function % #. C-box is involved in transcriptional silencing and binding to other
polycomb group proteins (PcG) *.

Higher expression of CBX4 has been implicated in the progression of
hepatocellular cancer, breast cancers, and osteosarcoma 4 4 % while demonstrating a
protective effect in colon cancer *'. It has also been shown to regulate cell proliferation,
differentiation, and self-renewal in human hematopoietic stem cells and human

mesenchymal stem cells (hMSCs) 52 5. CBX4 deficiency leads to premature cellular



senescence in hMSCs, and human epidermal stem cells 28 # 2. Overexpression of CBX4
can rescue senescent hMSCs. Wang et al. showed that CBX4 promoted osteosarcoma
progression and metastasis by activating Runx2 via recruiting GCN5 *. Runx2 is
considered obligatory for both proliferation and differentiation of chondrocytes .
Further, overexpression of CBX4 protects from PTOA in mice 2. Therefore, CBX4 could

be a senomorphic treatment target for human OA disease.

SUMO interacting
motifs

Chromodomain / \ C-box
[ ] I i— Cbx4

Figure 1.4: Demonstration of CBX4 structure.

CBX4 contains three major functional domains: chromodomains, SUMO
interaction motifs (SIMs) and a conserved COOH box (C-Box) at C-terminal.
Chromodomain is related to PRC1 function. SIMs is known for the SUMO E3 ligase
function. C-box is involved in transcriptional silencing and binding to other PcG
proteins. This figure is reproduced from Luis (2011) 5 with permission of Elsevier
publisher, license number: 5346160226102, and created with BioRender.com.
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Q9 H2K27Me3

() H2Aub

Figure 1.5: Classic model for PRC1 and PRC2 complexes post-translationally modify
histones.

PRC2 trimethylated H2K27 and CBX4 within PRC1 further bind to H2K27Me3
through the chromodomain, leading to monoubiquitination of lysine 119 of histone H2A
(H2Aub mark). This interaction compacts chromatin and represses gene expression. This

figure is reprinted from Wijnen (2020) # with permission of Elsevier publisher, license
number: 5346160429476.
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1.4. Thesis summary

Cellular senescence has been identified as a contributing factor to OA
pathogenesis. We hypothesized that cellular senescence is associated with OA
development, and that a senomorphic treatment strategy will attenuate the development
of OA. Therefore, we aim to identify molecules that could potentially be biomarkers
and/or a senomorphic treatment target for OA senescence.

In Chapter 2, we demonstrated the association of OA disease severity in human
knee joints with the percentage of chondrocytes expressing traditional senescent
markers: SA-f-gal activity and p16. We assessed three regions within the tibial plateau
of the knee corresponding to a gradient of disease severities in tissue procured from
human medial-dominant OA; this system can be used to represent different disease
severity states of OA. Our study provides evidence that cellular senescence is positively
correlated with disease severity, and targeting senescent chondrocytes could be a
treatment strategy for OA disease.

In Chapter 3, we identified DPP4 surface expression as a potential biomarker for
chondrocytes senescence and synovial fluid (SF) DPP4 as a prognostic biomarker for
knee OA radiographic progression. We isolated chondrocytes from the articular
cartilage of human knee joint samples during total knee replacement (TKR). We found
that DPP4* chondrocytes were associated with traditional senescent markers, SA-f3-gal

activity and p16 expression, in the OA chondrocytes. We further sorted the
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chondrocytes expressing DPP4 and found lower COL2A1 and ACAN and higher SASPs
gene expression and secretion compared with DPP4-chondrocytes. We performed a
senescence-related qPCR-array in FACS-sorted DPP4* and DPP4- chondrocytes. The
majority of selected senescence-related genes (33 out of 42) were detected by the qRT-
PCR array in OA chondrocytes sorted by FACS, and 15 genes were differentially
expressed in DPP4+* and DPP4- chondrocytes. We also quantified the soluble DPP4 in
synovial fluid and found it to be positively correlated with knee OA progression. Using
our methodology to isolate chondrocytes expressing DPP4, we have provided a novel
way to identify, isolate, and target OA senescent chondrocytes. Additionally, we have
determined that soluble DPP4 can be used as a biomarker of OA senescence that
predicts OA structural worsening.

In Chapter 4, we studied CBX4 as a potential senomorphic treatment in the
human classic replicative senescence model of WI-38 fibroblasts. The protein expression
of CBX4 decreased with the serial culture of WI-38. Knockdown of CBX4 increased SA-
B-gal activity and p16, and decreased proliferation marker EAU; whereas activation of
CBX4 decreased SA-B-gal activity, p16, and DPP4. We found that CBX4 regulates
senescence in WI-38 through the DNA damage repair pathway, cell cycle regulation,
and PRCl1-related transcription regulation. Our study suggests CBX4 is a potential

senomorphic treatment in human terminal differentiated cells.
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In Chapter 5, we explored the senescence regulation mechanisms by CBX4
domains using the replicative senescence model of WI-38 fibroblasts and identified the
senomorphic effect of CBX4 in primary OA chondrocytes. We found that CDM, SIMs,
and C-box domains of CBX4 are all involved in the regulation of senescence by CBX4 in
WI-38; where CDM is mainly involved in cell cycle regulation, SIMs are involved in the
cell proliferation, DNA damage repair, and SASPs secretion, and C-box is related to cell
proliferation and SASPs secretion. Furthermore, compared to controls, we demonstrated
lower DPP4 expression and higher proliferation marker EdU in the CBX4 overexpressed
chondrocytes from OA cartilage. Our findings indicate CBX4 could be a potential

senomorphic target in OA chondrocytes.
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2. Chapter 2: Assessment of Association of Cellular
Senescence with Osteoarthritis disease severity in
Human Osteoarthritic Knees

2.1. Introduction

Osteoarthritis (OA) is the most common arthritis, with 242 million people in the
world affected by symptomatic and activity limiting OA %. With recent improvements in
living conditions and health care, the average lifespan has extended; thus, the disease
prevalence has increased 75% from 1990 to 2013 3. The common symptoms of OA
include pain, stiffness, and swelling of the affected joint . OA is characterized by
decreased cartilage thickness, bone spur formation, and inflammation of the synovium
5. The risk factors of OA include aging, gender, obesity, genetics, physical trauma ,and
cellular senescence 7. Cellular senescence is a consequence of aging and has recently
been identified as a major factor in the pathogenesis of osteoarthritis 7. Therefore,
targeting senescence could provide a possible treatment for OA.

Cellular senescence was first described by Hayflick and Moorhead in 1961, when
they discovered that fibroblasts cease division after a maximum of 50 cell cycles é.
Senescence can contribute to OA by increasing pro-inflammatory senescence-associated
secretory proteins (SASPs). Previously, senescent cells were identified in OA tissue
using p16 and B-galactosidase markers 12 3. According to Phillipot et al., pl16-expressing
chondrocytes showed higher expression of matrix remodeling enzymes, MMP1 and

MMP13, which could be responsible for cartilage degradation and cause OA%.
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However, it is unclear whether senescent chondrocytes are related to the severity
of OA. To fill this gap, knee cartilage samples were collected from medial dominant OA
patients to evaluate the association between OA severity and senescence. We

hypothesized that chondrocyte senescence is associated with OA severity.

2.2. Materials and Methods
2.2.1. Human knee joint tissues from OA patients

Articular cartilage samples were collected as anonymized waste surgical
specimens from 19 patients with medial compartment dominant OA (MOA) undergoing
total knee replacement (TKR) under IRB proved at Duke Hospital. The samples were
used to evaluate the association of SA-f3-gal activity and p16 with OA severity: n=12 for
generating 10 um cartilage cryosections from the outer lateral tibial plateau (oLT), inner
lateral tibial plateau (iLT) and medial tibial plateau (MT), and n=7 for isolating
chondrocytes from the MT and LT. According to previous literature, MT, iLT, and oLT

represent the mild, moderate, and severe disease in MOA, respectively %%.

2.2.2. Primary chondrocyte isolation

Human articular cartilage from selected regions of tibial plateau was finely diced
and digested in pronase 0.1% (weight and volume, w/v, Roche, 10165921001) in
DMEM/F-12, GlutaMAX™ (Thermo, 10565018) for 1 hour, followed by 0.17% (w/v) type

II collagenase (Sigma, C6885) in chondrocytes culture medium: DMEM/F-12,
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GlutaMAX™ containing 10% heat-inactivated fetal bovine serum (HI FBS, Thermo,
10082147), Penicillin-Streptomycin 1x (Thermo, 15140122) and 50ug/ml L-Ascorbic acid
(Sigma-Aldrich, A8960) for 16-18 hours. After digestion, isolated chondrocytes were
filtered through a 30 um strainer (MACS, 130110915) and washed twice in phosphate-

buffered saline (PBS, Thermo, 10010023) before staining with p16 antibody.

2.2.3. Macroscopic and microscopic scoring of cartilage for OA

Collins grade was used to evaluate the destruction of cartilage, ranging from
intact (grade 0) to severe destruction (grade 4) as macroscopic scoring for OA severity at
sample collection #. OARSI histological scoring was used for the microscopic assessment
of the cartilage cryosections ®¢!. OARSI histological scoring combines the severity and
extent of the OA lesion using the formula: score= grade x stage (0-24). The grade
represents the destruction level of the OA lesion, which can be graded from 0-6. The
Stage represents the horizontal extent of the OA lesion, which can be divided into 0-4

stages from normal to >50% involvement ©'.

2.2.4. Senescence-associated beta-galactosidase (SA-B-gal) activity

The cartilage tissue was frozen with liquid nitrogen and further embedded in
OCT compound. A senescence 3-galactosidase staining kit (Cell Signaling Technology,
CST, 9860) was used to assess SA-[-gal activity in chondrocytes within OA tissue
sections. The tissue was cut into 10 um sections followed by fixation (1X Fixation

Solution, CST, 9860) for 15 minutes. After washing, slides were incubated with SA-3-gal
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staining solution overnight at 37°C, followed by 0.1% Safranin-0 counterstain. Cells
positive for SA-B-gal activity were stained blue. The slide was then scanned under a
light microscope (Olympus IX70) with a 10x objective, and the percentage of SA-3-gal-
positive (blue) cells, indicative of SA-B-gal activity, was determined by manual count of

4 fields.

2.2.5. p16 quantification in OA cartilage and freshly isolated
chondrocytes

Qualitative assessment of p16 within cartilage was determined
immunohistochemically. Frozen sections were fixed in 4% paraformaldehyde (PFA,
Thermo Fisher, 50980487) solution for 15 minutes and washed with PBS containing 0.1%
Tween 20 (PBST) twice. The section was permeabilized with permeabilization buffer
(Thermo Fisher, 00-8333-56) for 10 minutes and washed with PBST twice. Donkey serum
(10%) in PBST was added for 30 minutes for blocking and washed with PBST once, and
incubated with anti-p16INK4a or a control antibody (100ul antibody solution, both from
the Roche CINtec kit 9517) at 4°C overnight. After washing with PBST three times, the
Alexa Fluor plus 647-conjugated anti-mouse IgG secondary antibody (1:500, Thermo
Fisher, A32787) was added and incubated for one hour at room temperature. The slide
was washed three times and mounted with VECTASHIELD Antifade Mounting
Medium with DAPI (Vector Laboratories, H-1200). Qualitative assessment of p16
positive cells was determined by detection of AF-647 fluorescence using Zeiss Axio

imager widefield fluorescence microscope.
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A quantitative assessment of intracellular p16 in chondrocytes was performed by
flow cytometry. Freshly isolated primary chondrocytes were fixed and permeabilized
with methanol and incubated with anti-p16INK4a or a control antibody at concertation
20 pl antibody solution in 100 ul cell suspensions (both from the Roche CINtec kit 9517)
for 30 mins and washed with PBS containing 1% bovine serum albumin (BSA, Sigma
A3294). Then the cells were incubated with AF647-conjugated anti-mouse IgG2a
secondary antibody (1:1000, Jackson, 115607186) for 30 minutes, then washed with PBS
containing 1% BSA. The stained cells were analyzed using an Attune NxT flow

cytometer (Thermo Fisher).

2.2.6. Statistical analyses

Analyses were performed using Prism 9 (GraphPad Software) and SPSS (IBM SPSS
Statistics for Macintosh, Version 28.0). Data were presented as mean + SEM. Repeated
measures and mixed ANOVA with Tukey post-hoc test were performed for comparison
of OARSI histologic scores of oLT, iLT, and MT. A mixed-effects model was used for
assessing the association of SA-B-gal activity with OARSI score and p16 with Collins
grade. Paired t-tests were performed for statistical analysis of chondrocytes isolated

from MT and LT.
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2.3. Results

2.3.1. SA-B-gal activity was associated with knee OA severity

Following the conventions of our previous papers % %, MT, iLT and oLT
represent mild, moderate and severe disease in MOA (Figure 2.1A), respectively. OARSI
histologic scores from the MT, iLT and oLT were 18.08 + 0.34, 11.50 + 0.96, and 5.83 +0
.46, respectively, confirming a gradient of OA severity across the tibial plateau (MT>LT>
oLT) as expected for MOA (Figure 2.1B and C). SA-B-gal activity was higher in cartilage
sections from MT compared to iLT and oLT (77.69 + 3.60%, 33.45 + 4.32% and

9.51+3.39%, respectively; Figures 2.1B and D). Mixed effect analysis of SA- 3-gal activity

and OARSI histology scores from cartilage section of the 3 regions showed (3=0.17, 95%

CI0.151, 0.188, p<0.0001 (Figure 2.1D), which suggested SA-3-gal activity of

chondrocytes was positively correlated with OARSI score.
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Figure 2.1: Association of SA-B-gal and OA severity from 12 patients with medial
compartment dominant OA (MOA).

A) Human tibial plateau. Markers indicate regions of the joint having varying
degrees of macroscopic damage of OA: MT>ILT>0LT. B) Representative microscopic
image demonstrating higher OARSI score of OA severity and SA-B-gal activity in MT
compared to LT. C) OARSI score demonstrating MT>ILT>0LT OA severity (repeated

20



measures ANOVA, n=12). D) Significant positive correlation of OARSI score with SA-f3-
gal activity (mixed-effects model, n=12).

2.3.2. pl16 was associated with knee OA severity

p16 protein expression was more abundant in cartilage sections from MT
compared to LT by immunofluorescence (Figure 2.2 A). Furthermore, primary
chondrocytes were isolated from MT and LT regions of medial knee OA samples (n=7)
for measuring p16 by flow-cytometry (Figure 2.2 B). Chondrocytes isolated from the MT
region showed a higher percentage of p16 positive chondrocytes compared to the LT
(Figure 2.2 C and D); 33.76 + 3.51 vs 23.24 + 4.24, p= 0.036. The percentage of p16
chondrocytes was positively correlated with macroscopic OA severity as determined by

Collins grade (Figure 2.2D).
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Figure 2.2 p16 in chondrocytes were associated with knee OA severity.

p16 expression was greater in MT compared to LT cartilage quantified by
immunohistochemistry (representative image in A) and in chondrocytes quantified by
flow cytometry (B, C, n=7). D) Scatter plot demonstrating the correlation of macroscopic
Collins grade of cartilage with the percentage of p16* chondrocytes from selected regions
(n=7).
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2.4. Discussion

Here, we found a higher percentage of senescent cells in the medial peri-lesional
cartilage than in the lateral non-lesioned OA cartilage. Moreover, SA- 3-gal activity was
positively correlated with the OARSI score, and p16 was positively correlated with
Collin’s grade. Taken together, our study suggests cellular senescence was associated
with knee OA disease severity.

Our results showed that both SA-B-gal activity and p16 expression were higher in
medial damaged cartilage than lateral non-lesioned OA cartilage, with a mean
expression of 78% senescent cell burden by SA-B-gal activity and 34% by p16 protein
expression in the medial damaged cartilage, and 10% senescent cell burden by SA-f-gal
activity and 23% by p16 protein expression in the lateral non-lesioned OA cartilage. Our
results were consistent with previous studies. For example, Price et al. revealed high
SA- B-gal activity in damaged OA cartilage, whereas no (3-gal activity was found in
intact control cartilage regardless of age 2. Additionally, Jeon et al. demonstrated
increasing p16 Nk gene expression in the cartilage of aging mice and human
chondrocytes from cadaveric donors 2.

Here, we found that SA--gal activity was positively correlated with OARSI
score, and p16 was positively correlated with Collin’s grade. Our findings suggest
cellular senescence is associated with histological OA severity. Consistently, using a

mouse model, Xu et al. transplanted senescent fibroblasts into the knee joints resulting

22



in the development of OA'. Moreover, Jeon et al. revealed senescent cells accumulate in
the cartilage and synovium in the post-traumatic OA (PTOA) mouse model, whereas,
the elimination of senescent cells from cartilage using senolytics rescued the mice from
developing PTOA®, Taken together, our results support the hypothesis that senescent
chondrocytes are involved in OA progression and could serve as a potential target for

the development of a therapeutic for the treatment of OA.
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3 Chapter 3: DPP4, a potential senescence biomarker in
knee OA

3.1. Introduction

Cellular senescence is a state of irreversible cell cycle arrest resulting from
various cell stresses ¢2. Cellular senescence has been associated with the pathogenesis of
osteoarthritis (OA) through elevated senescence-associated 3-galactosidase(SA-{3-gal)
activity, CDKN2A (p16) cartilage chondrocyte gene expression, reduced chondrocyte
proliferation, and elevated expression of cartilage degrading metalloproteinases, (MMP)
-1 and -13 71213%, suggesting that a therapy targeting senescence could be an effective
treatment for OA.

The most commonly used senescence markers, including p16, p21, and SA-3-gal
activity, are intracellular, hampering the ability to specifically select or target senescent
chondrocytes for senolytic or senomorphic therapies based on these indicators. A cell
surface marker associated with a senescent cell phenotype would provide the necessary
tool for senolytic and senomorphic targeting. To date, there is no well-defined cell
surface indicator of senescence in OA. Therefore, the field has relied on criteria of large
cell size and high autofluorescence to identify senescent chondrocytes ¢; this is useful
for the study of senescence in OA, but cannot be used to target senescent chondrocytes
for elimination or modification. Moreover, defining size and autofluorescence is

arbitrary, which leads to a challenge of establishing standardized and reproducible
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procedures. The goal of this study was to validate a new surface marker indicative of
chondrocyte senescence, Dipeptidyl-peptidase 4 (DPP4, also known as CD26).

DPP4 is a serine protease that cleaves a variety of substrates, including cytokines,
growth factors, and incretins; it can exist in both membrane and soluble forms %34 Based
on its recent identification as a senescence marker on the surface of human WI-38
primary fibroblasts 4!, our goal was to evaluate primary human chondrocyte expression
of DPP4 and its relationship to senescence, severity, and progression of OA. To our
knowledge, its role in OA-related senescence has not been previously investigated. To
fill this knowledge gap, we investigated the association of DPP4 surface expression with
senescence biomarkers, gene expression, and secretion of indicators of a senescence-
associated secretory phenotype (SASP) in osteoarthritic human primary chondrocytes.
Using samples from two previously obtained cohorts of subjects with knee
osteoarthritis, the Prediction of Osteoarthritis Progression (POP) cohort * and the
Etarfolatide cohort ®, we measured soluble DPP4 in synovial fluid (SF) and plasma to
evaluate the association with disease. The POP cohort # was used to assess the
association of soluble DPP4 in SF and plasma with knee radiographic OA (rOA) severity
and progression. The Etarfolatide cohort ® was used to evaluate the association of
plasma DPP4 with whole-body Etarfolatide scan. A positive folate scan signal, which is

related to activated macrophages and a subset of neutrophils, is indicative of the
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inflammation associated with osteoarthritis ¢ ¢ 7 %8, We hypothesized that DPP4 is a

biomarker of chondrocyte senescence in OA and associated with disease progression.

3.2. Materials and Methods
3.2.1. Tissues and samples from OA patients

Articular cartilage was collected as anonymized waste surgical specimens from
16 patients undergoing total knee replacement (TKR). A total of 16 samples (n=12 with
medial compartment dominant (MOA) and n=4 with lateral compartment dominant OA,
LOA) were used to isolate chondrocytes from the articular cartilage of the whole knee
joint (tibial plateau and femoral condyle) to evaluate senescence markers, catabolic-,
anabolic-, and senescence-related gene expression, SASPs, and soluble DPP4 secretion.

Plasma and SF from one knee of 65 participants with knee rOA from the POP
cohort  at baseline were used for determining soluble DPP4 concentrations and were
correlated with both the baseline (n=65) and three-year follow-up radiographic data
(n=57). The Kellgren Lawrence (KL) grade for index knee and contralateral knee was 1-4,
and 0-4 and TKR at baseline. At three years follow up, the KL grade for index knee and
contralateral knee and KL grade 1-4 and TKR, and 0-4 and TKR.

Plasma of 25 participants with knee rOA from the Etarfolatide cohort ¢ were
tested for soluble DPP4 concentrations and correlated with the whole-body Etarfolatide

scintigraphy scan. The KL grade was 1-4 for the participants enrolled.
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All samples were obtained with IRB approval from Duke University Hospital.

Demographic and clinical information related to these samples is described in Table 3.1.

Table 3.1: Patient demographic information

Total n Age Gender BMI kg/m?

Mean + SEM (range) (F/M) Mean + SEM (range)
POP Baseline: 65 62.68+1.41 46 /19 32.71+£0.89

F/U: 57 (37.6-80.2) (18.3-50.8)

Etarfolatide 25 62.40 + 3.167 18/7 29.18+0.96
(30-89) (22.59-38.40)
TKR * 16 71.13 £2.05 8/8 30.63 +1.09
(60-83) (23.78-40.24)
Co-staining DPP4, 11 71.45 +2.80 5/6 31.52+1.34
SA-8-gal and p16 (60-83) (25.38-37.76)
FACS/MACS 10 72.00+£2.74 5/5 30.96+1.29
purity (60-83) (25.38-37.76)
FACS/MACS gRT- 7 72.86 £+ 3.58 3/4 31.10+1.74
PCR (60-83) (25.38-37.76)
FACS/MACS 7 73.43 +£3.44 4/3 30.27 £1.26
SASPs, sDPP4 (61-83) (25.38-34.19)
FACS 8 72.25£2.56 5/3 28.39+1.30
qRT-PCR array (61-82) (23.78-33.73)

SEM: standard error of mean. BMI: Body Mass Index. F/M: female/ male. TKR: total knee
replacement. F/U: follow up FACS: Fluorescence-activated cell sorting. MACS: Magnetic

activated cell sorting. * Samples were collected 16 patients (n=12 with MOA and n=4 with LOA);
the enrollment of assays were based on the number of isolated chondrocytes available from TKR

samples; matched samples were used for the comparison of FACS and MACS.
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3.2.2. Primary chondrocyte isolation from articular cartilage

Articular cartilage was digested in 0.1% pronase solution for 1 hour and 0.17%
type II collagenase solution for 16 hours at 37 °C, yielding a mean (+ standard error of
mean, SEM) 3.83+0.25 x 10° chondrocytes per gram of human articular cartilage. Isolated

chondrocytes were cultured for 3 days or stained for DPP4 expression.

3.2.3. Radiographic knee OA burden and progression

Radiographs obtained from the POP cohort were scored for KL grade, osteophyte
severity (OST, 0-12 per knee), and joint space narrowing (JSN, 0-6 per knee) using a
standardized atlas ® with high reliability as previously described 7. Baseline knee rOA
burden of severity was defined as the sum of KL grades of the left and right knees
(range 0-8). A baseline replaced knee was assigned a KL=0 score. Individual knee rOA
progression status was categorized as non-progression (NP) on the basis of neither OST
nor JSN progression; or progression, which included three categories, OST progression
only (OST*/JSN-), OST and JSN progression (OST*JSN*), or TKR during the follow-up
interval. Patient-level knee rOA progression status was categorized as NP (when neither
knee changed in OST or JSN), unilateral, or bilateral knee rOA progression (change of >1

unit of OST or JSN).

3.2.4. Whole-body Etarfolatide scintigraphy scan

Scintigraphy images of the whole body were obtained at 1 hour after intravenous

administration of Etarfolatide. Based on our previously published method 7, the
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whole body scan images were scored by 2 experienced readers with a qualitative
assessment as the total inflammatory sites from 36 sites including bilateral glenohumeral
and acromioclavicular shoulders, elbows, wrists, hands (finger joints), thumb bases,
hips, sacroiliac, medial and lateral ankles, medial, lateral, and patellofemoral
compartments of the knee joint, forefoot, big toes, and sternoclavicular joints, and
unilateral cervical, thoracic, and lumbar spine, and manubriosternal joint; hand joints
involvement was categorized and scored based on the numbers of joints involved (1=a
single joint, 2=2—4 joints, and 3=>5 joints). The images were also scored with the sum of
signal intensity 0-3 (0= normal, 1=mild, 2= moderate, 3= intense) from the 36 sites as the

total inflammatory scores (range 0-120).

3.2.5. Co-staining of SA- B-gal activity and p16 with DPP4

To avoid the strong autofluorescence of chondrocytes that interferes with
immunostaining detection by flow cytometry, we cultured chondrocytes for three days
in vitro, followed by co-staining of SA- [3-gal activity and p16 with DPP4. Anti-DPP4
Monoclonal Antibody (2A6), PE (Thermo Fisher, 12-0269-42) was added at a 50-fold
dilution (2ul/100ul 1% BSA in PBS) for 30 mins at room temperature; cells were then
washed twice with 1% BSA in PBS. After DPP4 surface immunostaining, chondrocytes
were fixed with 4% PFA. The CellEvent Senescence Green Flow Cytometry Assay Kit

(Thermo Fisher, C10840) was used to identify SA-B-gal activity by flow-cytometry as
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previously described”. After being stained for SA-B-gal activity, chondrocytes were
permeabilized with permeabilization buffer (Thermo Fisher, 00-8333-56) and stained for
p16 (Roche CINtec kit 9517). The stained cells were analyzed using an Attune NxT flow
cytometer (Thermo Fisher). Data were analyzed using FlowJo V10.8 software (BD Life
Sciences). DPP4, SA-B-Gal activity, and p16 expression were quantified as the gated

percentage of expressing cells minus the unstained background.

3.2.6. Fluorescence-activated cell sorting (FACS)

Chondrocytes stained with PE-conjugated anti-DPP4 antibody were sorted using
a MoFlo Astrios Cell Sorter (Beckman Coulter Life Science) or a MA900 cell sorter (Sony
Biotechnology). Dead dye Sytox AAD (1 uM, Thermo Fisher, S10349) was used to
exclude dead cells. The purity of sorted DPP4* and DPP4- chondrocytes was confirmed

by flow cytometry and quantitative real-time polymerase chain reaction (QRT-PCR).

3.2.7. Magnetic activated cell sorting (MACS)

DPP4 stained cells were incubated with anti-PE magnetic beads (MACS,
130090757) for 15 minutes. Magnetic bead-labeled chondrocytes were loaded onto a MS
column (cell size < 30 um, capacity: up to 1x107 labelled cells, MACS, 130042201) with
the Mini magnetic separator apparatus (MACS, 130042102) deployed. The flow-through,

representing unlabeled cells, was collected as the DPP4-depleted chondrocyte subset;
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the column was washed 3 times with 500 ul buffer, then, upon removal of the column
from the magnetic separator, the remaining labeled chondrocytes were collected,
representing the DPP4-enriched population. The selection purity was determined by
flow cytometric analysis of chondrocyte DPP4 protein expression in the pre-selection,
DPP4depleted and DPP4erriched chondrocyte subsets (acquired with Attune NxT flow
cytometer and analyzed with FlowJo V10.8 software), as well as DPP4 gene expression

analysis of the DPP4erriched and DPP4depieted cell populations by qRT-PCR.

3.2.8. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

RNA was extracted using an Aurum™ Total RNA Mini Kit (Bio-Rad, 7326820).
cDNA was synthesized using the iScript™ cDNA Synthesis Kit (Bio-Rad,1708891) for
anabolic and catabolic gene analysis. YWHAZ was used as an internal reference control
gene. The primers used are listed in Table 3.2. qRT-PCR was performed using a SYBR
green mastermix (Applied Biosystems, 4309155) with QuantStudio 6 Flex Real-Time
PCR Systems (Applied Biosystems).

A custom RT2 Profiler PCR Array (Qiagen, 330171) was used to profile a total of
42 genes related to cellular senescence (15) (Table 3.3). cDNA was synthesized using an
RT? First Strand Kit (Qiagen, 330404) with 20 ng RNA per sample. Quantitative RT-PCR
was performed using a RT2 SYBR Green ROX qPCR mastermix (Qiagen, 330522) with

the PCR System. The CT value of each gene was normalized to the reference gene
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YWHAZ yielding ACT (CT target gene-CT YWHAZ); relative gene expression was

quantified as the AACT (ACT DPP4* ~ACT DPP4); fold change (FC)=2-AACT was

expressed as Log2 FC.

Table 3.2: Primers used for RT-PCR detections.

Forward Reverse
YWHAZ CTGAGGTTGCAGCTGGTGATGACA AGCAGGCTTTCTCAGGGGAGTTCA
DPP4 AAAGGCACCTGGGAAGTCATCG CAGCTCACAACTGAGGCATGTC
COL2A1 TGGACGCCATGAAGGTTTTCT TGGGAGCCAGATTGTCATCTC
COL10A1 ATGCTGCCACAAATACCCTTT GGTAGTGGGCCTTTTATGCCT
ACAN GTGCCTATCAGGACAAGGTCT GATGCCTTTCACCACGACTTC
ADAMTS4 GAGGAGGAGATCGTGTTTCCA CCAGCTCTAGTAGCAGCGTC
ADAMTS5 GGCCTCCATCGCCAATAGG GGATAGCTGCATCGTAGTGCT
MMP-3 GCAGTTTGCTCAGCCTATCC GAGTGTCGGAGTCCAGCTTC
MMP-13 TTCACGATGGCATTGCTGAC ATTTGGCCCAGGAGGAAAAG
TNF-a Qiagen, 330001 (PPHO0341F)
IL-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG
IL-8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC
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Table 3.3: qPCR custom microarray panel (Qiagen, 330171)

Gene Symbol |Assay Catalog# |Gene Symbol |Assay Catalog# |Gene Symbol |Assay Catalog#
GDC PPH65835A PPC PPX63339A RTC PPX63340A
B2M PPH01094E YWHAZ PPHO1017A 18SrRNA PPHO5666E
PVRL4 PPH09678B PRODH PPHO0877A LY6D PPH19736C
DAO PPH11264A EPN3 PPH13321A SLC52A1 PPH11141A
BAX PPHO0078B BCL2 PPHO0O079B MDM4 PPHOO875E
MDM?2 PPHOO193E FAS PPH00141B TP53 PPHO0213F
TP63 PPHO1032F CDK1 PPH00116C CDK4 PPHO0118F
CDKN1A PPH00211E CDKN2A PPH00207C ATM PPH00325C
STAT1 PPH00811C STAT3 PPHO0708F NFKB1 PPH00204F
TNF PPHOO341F IL6 PPHO0560C CXCL8 PPHOO568A
HDAC1 PPHO1735F RB1 PPHO00228F E2F3 PPHO0917F
E2F1 PPHO00136G E2F7 PPH19766A SUMO1 PPHO0973F
CSNK2A2 PPH02197F DNMT1 PPHO1055F SOX2 PPH02471A
PARP1 PPH00686B MYC PPH00100B RING1 PPH14334B
BMI1 PPH57778A CBX4 PPH19160A DPP4 PPHOO0035B
SIRT1 PPHO02188A PCNA PPH00216B ATR PPH01318B
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3.2.9. Quantification of SASPs

After FACS and MACS, chondrocyte subsets were cultured at 5 x 10* per well/ 96
well plate in chondrocyte culture media for 2 days, and the media were replaced and
collected for 24 hours. IL-1f3, IL-6, IL-8, and TNF-a were quantified by a V-PLEX Human
Proinflammatory Panel II 4-Plex immunoassay (MSD, K15053D). The reported mean of
intra- and inter-assay coefficients of variation (CV) were 3.8%, 4.0%, 3.1%, 2.8% and
6.4%, 6.4%, 6.4%, 8.0%, respectively. Matrix metalloproteinase (MMP)-1, MMP-3, and
MMP-9 were quantified by a Human MMP 3-Plex Ultra-Sensitive Kit (MSD, K15034C),
the reported mean intra-assay CV were 4.0%, 3.4% and 2.3%, respectively and inter-

assay CV was < 18%.

3.2.10. Quantification of Soluble DPP4

The concentrations of soluble DPP4 in cell culture supernatants, plasma, and SF,
were quantified by the Quantikine human DPPIV/ CD26 Immunoassay (R&D, DC260B)
according to the manufacturer's protocol. The mean intra- and inter assay CV for plasma

and cell culture supernatants was 5.8% and 4.9%, and 8.6% and 7.6%, respectively.

3.2.11. Assessment of OA SF biomarkers

Sulfated Glycosaminoglycan (sGAG) was measured by a Blyscan Sulfated
Glycosaminoglycan assay (Biocolor, B3000). Cartilage Oligomeric Matrix Protein
(COMP) was measured by a Cartilage Oligomeric Matrix Protein Human ELISA kit

(BioVender, RD194080200). MMP-1, MMP-3, and MMP-9 were quantified by a Human
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MMP 3-Plex Ultra-Sensitive Kit (MSD, K15034C). The following biomarkers quantified
in human synovial fluid samples have been previously published 7 soluble CD163
(R&D, DC1630), CD14(R&D, DC140), elastase (ThermoFisher, BMS269), and IL6, IL8 and

IL10(MSD, K15049D).

3.2.12. Statistical Analyses

Analyses were performed using Prism 9 (GraphPad software) and SPSS (IBM
SPSS Statistics for Macintosh, Version 28.0). Data were presented as mean + SEM.
Repeated measures and mixed ANOVA with Tukey post-hoc test were performed for
comparison of OARSI histologic scores of oLT, iLT and MT and evaluation of MACS and
FACS sorting purity. Independent t-tests were performed to compare the expression of
DPP4 in OA chondrocytes between male vs female, and MOA vs LOA. Paired t-tests
were performed for statistical analysis of chondrocyte subsets, including LT vs MT, large
vs small gated, DPP4* gated vs DPP4- gated, DPP4-enriched vs DPP4-depleted (MACS),
and DPP4* sorted vs DPP4- sorted (FACS). The Holm-Sidak correction was performed
for the multiple comparisons of the qPCR array. Plasma and SF DPP4 concentrations in
the POP cohort were not normally distributed. A log transformation of plasma and SF
DPP4 was done for ordinal regression analysis to evaluate the association between
plasma and SF DPP4 and OA baseline severity and progression. Pearson correlations

were used to evaluate the correlation of chondrocytes DPP4 expression with age and
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BM]I, and plasma DPP4 concentrations with the knee and whole body Etarfolatide scan.
The Mann-Whitney test was used to compare plasma and SF DPP4 concentrations by
OA severity and OA progression status. Receiver operating characteristic (ROC) curve
analysis was employed to evaluate the performance of SF DPP4, without or with
radiographic covariates (KL grade), to discriminate between patients at high risk and
those at low risk of TKR. The Spearman test was used to evaluate the correlation of
plasma DPP4 and SF DPP4 with MMP-1, MMP-3, MMP-9, elastase, CD-14, CD163,
sGAG, COMP, IL-6, IL-8, and IL-10 from synovial fluid. P <0.05 was considered
statistically significant. Biomarkers and genes with over 40% of values below the lower
limit of detection (LLOD)/ undetected (CT >40) were excluded. For the purpose of
statistical analyses, for any sample with a biomarker concentration <LLOD, %2 LLOD
was imputed; for any sample with a gene CT value undetected, CT 40 was imputed”.
Although TNF-a secretion was undetectable in 7 out of 14 values in the FACS sorted
chondrocytes, we still included TNF-a in our analysis, imputing the missing value using
Y2 LLOD for analysis, considering the challenge of TNF-a quantification and the
distribution of missing value: 6 values were from 3 patients (both DPP4* and DPP4-

sorted groups) and 1 value was from DPP4- sorted in 1 patient.
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3.3. Results
3.3.1.DPP4 expression in OA chondrocytes was associated with age

The mean percentage of OA chondrocytes expressing DPP4 (n=16) was 17.84 +
1.66%. The mean age and BMI of donors of OA chondrocytes were 71.13 + 2.05 years old
and 30.63 + 1.09 kg/m?, respectively. The percentage of OA chondrocytes expressing
DPP4 in each sample was significantly positively correlated with the donor’s age (Figure
3.1A). The association of DPP4 expression with BMI was negative, but did not reach

significance (Figure 3.1B).

A Age B BMI

w U7 r=0.53P=0.03 w 07 r=0.47P=0.07

8 ° 8 °

o 304 o 30

2 >

= ° s = %

3 ° 3 °

2 20- / 2 20-

=+ L] < 0

& o o ° & S o

O 10+ ° o 8 104 . .

[=] (=]

& ES
0 T T T 1 0 T T T 1
50 60 70 80 90 20 25 30 35 40

Age (years) BMI (kg/m?)

Figure 3.1 Correlation of DPP4 expression in OA chondrocytes with donor’s age and
BMI.

A) Correlation of patient’s age with the percentage of OA chondrocytes
expressing DPP4. B) Correlation of patient’s BMI with the percentage of OA
chondrocytes expressing DPP4 .
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3.3.2. DPP4 was associated with cellular senescence markers in OA
chondrocytes

The percentage of primary human chondrocyte expressing DPP4 and two well-
established senescence markers, SA-f3-Gal activity and p16, was 15.16 + 1.99%, 10.03 +
3.41% and 15.57 + 2.83%, respectively (Figures 3.2A, and 3.2B). The FITC channel used
for SA-B-gal activity quantification revealed high autofluorescence of unstained cells.
Gating on large cell size (relatively higher FSC-A and FSC-H), a measure used in the
past to identify senescent chondrocytes %75, we found a significantly higher mean
percentage of DPP4, SA-(3-Gal activity, and p16 expression in the large-sized compared
to the small-sized subgroup of cells (Figures 3.2C and 3.2D). Higher autofluorescence
was detected in the large-sized compared to the small-sized cell subgroup (Figure 3.3).

DPP4 was co-expressed with SA-f3-Gal activity and p16 (Figure 3.2E). We
observed a higher mean percentage of SA-B-Gal activity and p16 expression in the
DPP4+ compared to the DPP4- chondrocytes; 18.51 + 6.12% and 33.67 + 5.01% vs 8.98 +
2.89% and 11.68 + 2.93%, respectively (Figure 3.2F). Our results demonstrate

chondrocyte co-expression of traditional senescence markers, SA-3-Gal activity and p16,
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with the new putative senescence surface marker, DPP4.
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Figure 3.2: DPP4 expressing chondrocytes expressed higher levels of
traditional senescence markers, SA-B-gal and p16.

A) Representative flow-cytometry image of SA-B-gal activity, p16, and DPP4
expression in stained vs unstained chondrocytes. B) Bar graph depicting the percentage
of DPP4, SA-B-Gal activity, and p16 expression determined by flow cytometry (n=11).
The mean percentage of primary human chondrocyte expressing DPP4, SA-3-Gal
activity and p16, was 15.16 + 1.99%, 10.03 + 3.41% and 15.57 + 2.83%, respectively. C)
Representative flow-cytometry image of SA-f-gal activity, p16, and DPP4 expression in
size-gated chondrocytes. D) Bar graphs depicting the higher expression of DPP4, SA-(3-
gal activity, and p16 in large compared with small chondrocytes (n=11). E)
Representative flow cytometry image demonstrating the higher expression of SA-3-gal
activity and p16 expression in DPP4* compared with DPP4- gated chondrocytes. F) Bar
graph depicting a greater percentage of cells expressing DPP4, SA-$3-Gal activity, and
p16 in DPP4* compared with DPP4- chondrocytes (n=11).
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A Senescent markers expression on size gated chondrocytes. B Senescent markers expression on DPP4 gated chondrocytes.

DPP4 SA-Bgal pl6

Figure 3.3 Senescent markers expression on size gated and DPP4-gated chondrocytes.

A) DPP4, SA-B-Gal activity, and p16 expression in stained and unstained small
and large gated chondrocytes. B) SA-B-Gal activity and p16 expression in stained and
unstained DPP4+ and DPP4- chondrocytes.

3.3.3. DPP4 expression in OA chondrocytes was associated with
higher catabolic and lower anabolic gene expression

Using the FACS method, we successfully isolated DPP4* and DPP4- cells,
resulting in 91.74 + 2.48% DPP4* chondrocytes in the DPP4* sorted cell population
compared with the pre-sorted (15.93 + 1.65%), and DPP4- sorted cell (0.90 + 0.53%)
populations (Figures 3.4A and B). Compared to DPP4- chondrocytes, DPP4+
chondrocytes had higher gene expression of DPP4, ADAMTS5, MMP13, IL6, and IL8
(n=7, Figure 3.4C), lower gene expression of COL2A1, and ACAN, and higher secretion
of SASPs: IL-6, IL-8, TNF-a, and MMP-1 (Figure 3.4D). These findings demonstrate that
chondrocyte DPP4 expression is associated with a lower expression of anabolic genes,

higher expression of catabolic genes, and higher concentrations of secreted pro-
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inflammatory mediators. Moreover, DPP4* chondrocytes secrete more soluble DPP4
than the DPP4 chondrocytes (Figure 3.4E).

We next determined the efficiency of isolating DPP4*chondrocytes by the more
accessible and cost-efficient MACS method 7. Using the MACS, we successfully
enriched the DPP4+* population resulting in 68.48 + 5.16% DPP4 cells in the DPP4enriched
cell component, compared with the pre-selected (19.19 + 2.22%) and DPP4depleted (15,55 +
1.90%) cell fractions (Figures 3.4F and G). Compared to the DPP4depleted chondrocytes,
DPP4enriched chondrocytes had higher mean gene expression of DPP4 and lower mean
gene expression of COL2A1, COL10A1, ACAN, and MMP3 (Figure 3.3H). The mean IL6
gene expression from DPP4erriched chondrocytes was marginally higher than from
DPP4depleted chondrocytes (p=0.067), and IL-6 secreted from DPP4erriched chondrocytes was
higher than from DPP4derleted chondrocytes (Figures 3.4I). MMP-1 secreted from
DPP4enriched chondrocytes was marginally higher than from DPP4derleted chondrocytes
(p=0.067). Moreover, DPP4¢rriched chondrocytes, isolated by MACS, secreted more soluble
DPP4 than the DPP4depleted chondrocytes (Figure 3.4]). We concluded that MACS is
qualitatively similar, but did not achieve the same level of DPP4 enrichment as FACS, so
the associations of DPP4 with senescence and OA degradation related indices was

stronger for FACS sorted cells.
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Figure 3.4: Gene expression and SASPs secretion in osteoarthritic chondrocytes
with differential DPP4 expression.

Chondrocytes were sorted based on cell surface DPP4 expression using fluorescence-
activated cell sorting (FACS) and magnetic-activated cell sorting (MACS) in 16 patients.
A) Representative scatterplots display enriched DPP4 expression in FACS-sorted DPP4*
compared with pre-selected, and DPP4- chondrocytes. B) Bar graph depicting a greater
percentage of DPP4* expressing cells in FACS-sorted DPP4* compared with pre-selected,
and DPP4- chondrocytes determined by flow cytometry (n=10). C) Gene expression in
FACS-sorted DPP4- and DPP4* chondrocytes (n=7). D-E) The concentration of the
indicated cytokines (I) and DPP4 (J) in the culture supernatants of FACS-sorted DPP4-
and DPP4* chondrocytes (n=7). F) Representative scatterplot displays DPP4 expression
in pre-selected, and MACS-selected DPP4depleted and DPP4erriched chondrocytes. G) The
percentage of DPP4* expressing cells in pre-sorted, and MACS-selected DPP4d<pleted and
DPP4erriched chondrocytes determined by flow cytometry (n=10). H) Gene expression in
MACS-selected DPP4derieted and DPP4erriched chondrocytes (n=7). I-]) The concentration of

the indicated cytokines (I) and DPP4 (J) in the culture supernatants of MACS-selected
DPP4depieted and DPP4erriched chondrocytes (n=7).
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3.3.4.Senescence-related genes were elevated in DPP4-enriched OA
chondrocytes

A total of 33 out of 42 selected senescence-related genes were detected by the
qRT-PCR array in OA chondrocytes sorted by FACS (Figure 3.5A); 9 genes (DAO, TP63,
PRODH, EPN3, CDK1, E2F7, LY6D, SLC52A1 and SOX2) were under the detection limit.
Among the 33 detectable genes, 15 genes were differentially expressed. Compared to
DPP4 chondrocytes, DPP4* chondrocytes had lower expression of genes BCL2, and
PARP1, and higher expression of DPP4, PVRL4, IL6, CBX4, BAX, SIRT1, CSNK2A, E2F3,
PCNA, RB1, CDK4, BMI1, and STAT3 (Figure 3.5B). After Holm-Sidak correction, IL6,
DPP4, and CBX4 gene expression remained significantly higher in DPP4* compared with
DPP4 chondrocytes (Figure 3.5B). Taken together, these data demonstrate that DPP4
expression in osteoarthritic chondrocytes is significantly associated with senescence

gene expression.
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Figure 3.5: Senescence-related genes in DPP4 expressing osteoarthritic chondrocytes.
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Osteoarthritic chondrocytes from 8 patients were sorted by DPP4 surface
expression using FACS. A) Gene expression was ordered based on the relative
differences between sorted DPP4* and DPP4- chondrocytes. The relative mean (+ SEM)
difference in gene expression of DPP4* minus DPP4- sorted osteoarthritic chondrocytes
is shown for 33 senescence-related genes. B) Volcano plot of relative gene expression of
DPP4+ vs DPP4 sorted chondrocytes demonstrating in DPP4+ a higher expression of
DPP4, PVRL4, IL6, CBX4, BAX, SIRT1, CSNK2A, E2F3, PCNA, RB1, CDK4, BMI1, and
STAT3 and lower expression of BCL2 and PARP1. Green: negative relative gene
expression, red: positive relative gene expression.

3.3.5. SF DPP4 was associated with knee OA disease progression

To investigate the role of senescence in knee OA, we evaluated the association of
baseline soluble DPP4 in SF and plasma with baseline knee rOA severity and
progression over three years (Figure 3.6A). Median DPP4 concentrations in plasma and
SF were 395.1 ng/ul (range 259.9-595.6 ng/ul) and 137.2 ng/ul (range 72.3-510.1ng/ul),
respectively; concentrations by KL grade and knee OA progression status are provided
in Table 3.4. Baseline SF DPP4 was modestly associated with baseline OA KL grade
(Figure 3.6B, and Table 3.5); baseline SF DPP4 was significantly higher in KL grade 4
compared with KL grade 1 knee OA (p=0.026). Baseline SF DPP4 was also higher in
knees with any progression compared with NP during a 3-year follow-up interval
(Figure 3.6C). In an ordinal regression model, baseline SF DPP4 was associated with OA
progression defined by outcome groups (NP, OST*JSN- progressor, OST*JSN* progressor
and TKR progressor) (Figure 3.6D, and Table 3.6). Compared with the NP group,
baseline SF DPP4 of the TKR progressor group was significantly higher (p=0.015). ROC

analysis of baseline SF DPP4 concentrations for the determination of progression to TKR
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versus all other outcomes yielded an area under the curve (AUC) of 0.743 (CI 0.557,

0.929); combined with baseline KL grade, the AUC increased to 0.804 (CI 0.667, 0.942).

To investigate the relationship between soluble DPP4 and knee OA pathology,

we analyzed the correlation of baseline SF DPP4 with other SF biomarkers. SF DPP4 was

significantly associated with SF MMP-1, MMP-3, CD14, CD163, sGAG, and IL-6, but not

SF elastase, IL-8 or IL-10. Although SF and plasma DPP4 were correlated (Figure 3.6E),

plasma DPP4 was not associated with knee OA severity or progression based on the

sum of the baseline KL grade and the sum of the KL change scores, respectively (Figure

3.7A and B).
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Figure 3.6: Soluble DPP4 in knee OA severity and progression.
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A) Plasma DPP4 concentration (purple) was higher than median SF DPP4
concentration (brown) (dot plot representing the median and interquartile ranges of
DPP4 concentration; n=65 SF and matched plasma). B) SF DPP4 is modestly associated
with baseline OA severity represented by KL grade (n=65, 3=2.196 p=0.098). C)
Distribution curve demonstrating higher SF DPP4 in individuals with any knee OA
progression compared with the Non-Progressor group (n=57, Mann-Whitney test,
p=0.034). D) SF DPP4 is significantly associated with OA progression (3=4.657 p=0.015)
defined by outcome groups (NP, OST*JSN-, OST*JSN* and TKR) was significant. E)
Plasma DPP4 correlated with synovial fluid DPP4 (n=65, rs=0.321 p=0.009). F) SF, but not
plasma, DPP4 correlated significantly with several other OA-related biomarkers in SF.
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Figure 3.7: The association of plasma DPP4 level with OA severity at baseline and
progression.

A) The association of plasma DPP4 level with baseline radiographic knee OA
burden of severity (sum of KL grade). B) The association of plasma DPP4 with patient-
level knee OA progression status non-progressor (NP), one knee progression and 2 knee
progression.
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Table 3.4: Synovial fluid level in baseline knee OA KL grade and OA progression
outcome

Synovial fluid DPP4 level by knee OA severity status (N=65)

Outcome (KL Grade) N | % median DPP4 (ng/ml) SD SEM
1 8 |12.3% 123.87 56.87 10.75
2 7 10.8% 154.10 76.97 14.29
3 39 | 60.0% | 140.15 33.79 9.03
4 11| 16.9% 147.56 25.73 12.87
Total 65 | 100.0% | 137.20 68.25 9.04

Synovial fluid DPP4 level by knee OA progression status (N=57)

Outcome N | % median DPP4 (ng/ml) SD SEM
NP 28 | 49.1% | 123.875 56.88 10.75
Progressor 29 | 40.9% | 154.1 76.98 14.29
OST*/ISN° 14 | 24.6% | 140.15 33.79 9.03
OST*/JSN* 4 | 7.0% 147.565 25.74 12.87
TKR 11| 19.3% | 191.55 110.05 | 33.18
Total 57 | 100.0% | 137.2 68.25 9.04

SD: standard deviation. SEM: standard error of mean. KL: Kellgren and Lawrence system. NP:
non-progressor. OST*/JSN": osteophyte progression only. OST*/JSN*: osteophyte and joint space
narrowing progression. TKR: total knee replacement.
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Table 3.5: Ordinal regression analysis of DPP4-SF with OA severity and progression

outcome

Ordinal regression analysis of DPP4-SF with OA severity

B p value Cl
Age 0.041 0.064 -0.002, 0.085
Gender (male) 0.72 0.192 -0.361, 1.801
BMI 0.04 0.248 -0.028, 0.108
DPP4-SF (log) 2.916 0.098 -0.536, 6.637

Ordinal regression analysis of with OA progression outcome

B p value Cl
Age 0.02 0.374 -0.024, 0.064
Gender (male) -0.133 0.803 -1.182,0.916
BMI 0.009 0.798 -0.059, 4.044
DPP4-SF (log) 4.657 0.015 0.887, 8.428
Baseline KL 1.398 0.001 0.549, 2.246

B: correlation coefficient. Cl: Confidence interval. SF DPP4 (log): log transformed synovial fluid
DPP4 concentration. KL: Kellgren and Lawrence grade of OA severity

3.3.6. Plasma DPP4 was marginally correlated with whole-body OA
inflammatory sites

The mean plasma DPP4 concentration from the Etarfolatide cohort was 479.98 +
19.65 ng/ml (Figure 3.8A). Plasma DPP4 concentrations were nearly significantly

correlated with the total inflammatory sites, r= 0.37 p=0.07 (Figure 3.8B), while the total
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inflammatory score did not significantly correlate with plasma DPP4 (Figure 3.8C). The

plasma DPP4 was not significantly correlated with the knee inflammatory sites and

scores ((Figure 3.8D and E).
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Figure 3.8: The association of plasma DPP4 level with knee and whole body

A) Plasma DPP4 concentration. B) Correlation of total inflammatory sites with
plasma DPP4 concentration. C) Correlation of total inflammatory scores with plasma

DPP4 plasma B Total inflammtory sites C Total inflammatory score
104 15 =
r=0.37 P=0.07 ® r=0.26 P=0.20 e oo
‘.’ . 7 § [ ]
o 0 Z 10+ e o
. ;o L 6 2 o0 oo
A f_t: % s
(Y 8
) e
3 2 g oo ®
c
= L]
2 Nl L]
=] L
[ ] (= °
— Y T bl | T 1 0 T o T
DPP4 0 200 400 600 800 0 200 400 600
DPP4 (ng/ml) DPP4 (ng/ml)
D Knee inflammatory sites E Knee inflammatory scores
84 r=0.23 P=0.27 15= r=0.15 P=0.48
.
6 .
"
") o 104
g 5
7] o
o 4+ eee o @ .
g TERD g e o
x S 54 . [ .
24 . . //:,.//"
e o o o L]
e & o L ]
0 T T+ 1 o T - * 1
0 200 400 600 800 0 200 400 600 800
DPP4 (ng/ml) DPP4 (ng/ml)

Etarfolatide scan.

DPP4 concentration. D) Correlation of knee inflammatory sites with plasma DPP4
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3.4. Discussion

In this study, we investigated the relationship of membrane expressed DPP4
with chondrocyte senescence and the association of soluble DPP4 with OA severity and
progression. Chondrocyte expression of DPP4 was associated with cellular senescence
indicated by well-established senescence biomarkers: SA-3-Gal activity, p16 protein
expression, and SASPs secretion. In addition, DPP4 expression was associated with
senescence-related genes (higher DPP4, PVRL4, IL6, CBX4, BAX, SIRT1, CSNK2A, E2F3,
PCNA, RB1, CDK4, BMI1, and STAT3 and lower BCL2 and PARP1), higher catabolic
gene expression (ADAMTS5, MMP13, IL6, and IL8), and lower anabolic gene expression
(COL2A1 and ACAN). Soluble DPP4 in SF was associated with rOA progression,
proteases (SF MMP-1 and -3), aggrecan degradation (sGAG), indicators of activated
macrophages (SF CD14 and CD163) and inflammation (SF IL-6). Taken together, our
results show that senescent chondrocytes express and secrete DPP4 and that in turn,
DPP4 is a strong indicator of a senescent chondrocyte phenotype.

Although senescent chondrocytes have been identified as a major factor in the
pathogeneses of OA 7, the overall burden of senescent chondrocytes in OA is unclear.
Here we found surface expression of DPP4, SA--gal activity, and intracellular
expression of p16 yielded a similar overall average burden of senescent chondrocytes in
the whole joint cartilage (15%, 10% and 16%, respectively). We also found a positive

correlation between the percentage of DPP4 in OA chondrocytes and age.
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Previous literature is inconsistent with respect to the association of DPP4
expression and OA severity. One study reported decreased DPP4 surface expression
with progressive OA lesions 77, whereas other studies found a significantly increased
gene expression of DPP4 in OA compared to normal cartilage 7. Here, we found that
DPP4 expressing chondrocytes were notable for multiple senescence features including
higher SASPs secretion (IL-6, IL-8, TNF-a and MMP-1), higher catabolic genes (IL6, ILS,
ADAMTS5 and MMP13) and lower extracellular matrix gene expression (COL2A1 and
ACAN) 28, Qur results are consistent with prior studies showing an association of DPP4
protein expression with IL6 and MMP13 gene expression in mouse OA models 38!, In
addition, DPP4 is a surface protein, which could be used to target senescent
chondrocytes. The feasibility of this approach has been demonstrated by the elimination
of anti-DPP4 labelled senescent WI-38 through antibody-dependent cell-mediated
cytotoxicity by NK cells #. Taken together, DPP4 has the potential to be a surface
senescence biomarker in OA that might be used to target senescent chondrocytes.

A wealth of accumulating data supports a role of DPP4 as a mediator of
senescence; much of these data have been gleaned through the use of available DPP4
inhibitors (DPP4i) 428285, of which there are currently 12 drugs worldwide, with 4 drugs
approved since 2006 by the Food and Drug Administration (FDA) for the treatment of
type 2 diabetes mellitus (DM) % 8. DPP4 can regulate glucose metabolism via

degradation of GLP-1, which can suppress glucagon and increase insulin secretion 333840,

51



Although the FDA announced a safety concern regarding the potential for DPP4i to
cause arthralgia/arthritis %, related studies showed inconsistent findings 8. Several in
vitro studies demonstrated the ability of DPP4 inhibitors to reduce inflammation-
induced cartilage degradation and senescence. The DPP4i, gemigliptin, protected IL-1(3-
stimulated chondrocytes from type 2 collagen degradation by decreasing MMP-1, MMP-
3 and MMP-13 through inhibition of the NF-kB pathway ®. The DPP4i vildagliptin,
protected chondrocytes from TNF-a-induced senescence by decreasing p21, p53 and SA-
Bgal ©2. Moreover, inhibition of DPP4 with siRNA decreased SA-f3gal and activated Sirt 1
in IL-1B-stimulated chondrocytes . These senescence counteracting effects of DPP4
inhibition on senescence may be through DPP4-AMPK-Sirt 1 and DPP4-GLP1 pathways
8391, Prior studies showed the DPP4i, anagliptin, prevented vascular aging in mice by
increasing SIRT 1 expression # and activation of the AMPK-SIRT pathway suppressed
degeneration of chondrocytes by IL-1p 2. Furthermore, vildagliptin increased GLP-1 and
decreased senescence in endothelial cells > and GLP-1 analogues reduced catabolic gene
expression in TNF-stimulated human chondrocytes *. Taken together, these findings
suggest that DPP4 is a target for the therapeutic treatment of OA and, as demonstrated
by our study, might serve as a companion diagnostic to identify individuals best suited
to DPP4 inhibitor therapy, particularly for OA resulting from cellular senescence

etiologies.
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Here, we found both MACS and FACS successfully enriched DPP4*
chondrocytes and achieved a stable phenotype of DPP4* chondrocytes that had lower
gene expression of COL2A1 and ACAN, and higher IL6 gene and protein secretion. There
were some differences in gene expression and cytokine production between the two
methods that are likely related to the purity of DPP4* chondrocytes (greater by FACS).
Although few differences existed, the senescence phenotype of DPP4 expressing
chondrocytes, enriched by both methods, was similar overall.

We found that DPP4* chondrocytes produced higher amounts of soluble DPP4
compared to DPP4- chondrocytes, indicating that chondrocytes are a source of soluble
DPP4 in synovial fluid. Prior studies showed that soluble DPP4 is generated by MMP-
mediated cleavage of DPP4 from cell membranes **. Membrane-bound DPP4 interacts
with the extracellular matrix and facilitates the secretion of MMPs, which causes further
extracellular matrix breakdown and release of soluble DPP4 °*7. Consistently, we found
that DPP4* chondrocytes produced higher amounts of MMP-1. Moreover, SF DPP4 was
positively associated with SF MMP-1, MMP-3 and sGAG. These findings provide
evidence to support our observation of the positive association between baseline SF
DPP4 and structural rOA progression. We also found that SF DPP4 was associated with
SF CD14 and SF CD163, which are considered markers of macrophage involvement in
OA ¢, Interestingly, DPP4 was not associated with SF elastase and SF MMP-9, which are

considered markers of neutrophil involvement of OA 7. SF DPP4 was positively
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associated with plasma DPP4. However, we did not find the association of plasma DPP4
with knee rOA severity or progression in POP cohort. A possible explanation for this
could be that plasma DPP4 may be secreted by other OA joints and other tissues since
the median concentration of DPP4 in plasma was 2.9-fold higher than SF. More likely,
DPP4 is widely expressed by multiple tissues as documented in the human protein atlas
%, and prior studies also suggest that circulating soluble DPP4 is derived from adipose
tissue, can function as an adipokine and is related to chronic inflammation *'%. Besides,
we found that plasma DPP4 level marginally correlated with the total inflammatory
joint sites in the Etarfolatide cohort, which may provide a piece of evidence that plasma
DPP4 is a potential systemic marker of OA.

There were several limitations of this study. To avoid the strong
autofluorescence of freshly isolated chondrocytes that could interfere with flow
cytometric analyses, chondrocytes were cultured in vitro for 3 days before evaluating co-
expression of DPP4 with SA-B-gal activity and p16. While the in vitro culture might
impact the chondrocyte phenotypes, the senescent phenotype was similar between gated
DPP4+ chondrocytes (cultured for 3 days) and sorted DPP4* chondrocytes (freshly
isolated). Due to the limited number of chondrocytes available from TKR samples, we
were unable to use the same samples for flow-cytometry analysis, gene expression,
SASPs secretion, and qRT-PCR array. Although these limitations existed, the consistent

of association of DPP4 with senescence and inflammation profiles across different
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samples suggests the generalizability of results. We explored the association of DPP4
with senescence-related genes by qRT-PCR array; while other pathways or genes may
relate to the inflammation phenotype of DPP4, a non-biased approach, such as RNA seq,
would be worthy of future study.

In summary, our study suggests that surface DPP4 expression is associated with
the senescence phenotype of OA chondrocytes. We validated DPP4 as a senescence
marker in OA; its expression on the chondrocyte cell surface provides a novel way to
identify, isolate, and target OA senescent chondrocytes, while its expression in SF
provides a biomarker of OA senescence that predicts OA structural worsening. To our
knowledge, this is the first demonstration that SF DPP4 is a biomarker of risk of OA

progression.
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4. Chapter 4: CBX4 Regulates Replicative Senescence
of WI-38 Fibroblasts

We first explored the potential of CBX4 as a senomorphic treatment in the classic
human replicative senescence model of WI-38 fibroblasts. This is the model in which
senescence was first described and it allows for the monitoring of the development of
senescence over time with serial cell passage, the modulation of expression of targets,
and the development of senescence-related biomarker measures. The following content
of this chapter is reprinted from Oxidative Medicine and Cellular Longevity. Vol. 2022,
Article ID 5503575, 15 pages, 2022. PMID: 35251476. CBX4 Regulates Replicative
Senescence of WI-38 Fibroblasts by Yu-Hsiu Chen, Xin Zhang, Kuei-Yueh Ko, Ming-

Feng Hsueh, Virginia Byers Kraus CC BY license.

4.1. Introduction

Cellular senescence is a state of permanent cell cycle arrest related to telomere
attrition, DNA damage, chronic inflammation, mitochondrial dysfunction, or other
causes %1, Cellular senescence has long been proposed as an anti-cancer mechanism
since it can prevent the proliferation of cells with genomic instability 2. It has also been
linked to the pathogenesis of several chronic diseases, including atherosclerosis,
Alzheimer's disease, osteoarthritis (OA) and others 1 193, Cellular senescence was first
described by Hayflick and Moorhead in 1961 as the phenomenon of cessation of cell

division of human WI-38 fibroblasts after a maximum of 50 cell cycles 8. The WI-38
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primary cell line, originating from fetal lung tissue, has been widely used in vaccine
development '™ and the study of senescence °.

Senescent cells are characterized by decreasing proliferation, and increasing cell
granularity, cell size, lysosome content, and senescence-associated secretory phenotypes
(SASPs). The accumulation of senescent cells and their secretion of SASPs are considered
risk factors for age-related diseases. Several markers have been associated with cellular
senescence, including increased senescence-associated [-galactosidase (SA-{-gal)
activity®, and increased expression of p16 protein (gene CDKN2A), p21 protein (gene
CDKNT1A) 195, DPP4 protein (also known as CD26) ° and decreased Lamin B1 protein
(gene LMNB1)'® and proliferation marker EdU 7. These markers are generally used to
identify cellular senescence, and could be used to monitor the effects of senolytic agents
to eliminate senescent cells and/or senomorphics to modify senescence phenotypes.

Targeted senomorphic strategies that preserve senescent cells but eliminate their
detrimental effects might preserve tissue function and reserve better than senolytic
strategies. For this reason, our goal was to investigate one possible agent, chromobox
homolog 4 (CBX4), for senomorphic characteristics. CBX4 is a nuclear protein detected in
all cells. CBX4 has been shown to alleviate cellular senescence in human mesenchymal
stem cells (hMSCs) and to attenuate OA upon local overexpression in an experimental
post-traumatic OA mouse model?. CBX4, a polycomb repressive complex (PRC1)

associated protein and an E3 small ubiquitin-related modifier-protein( SUMO) ligase “,
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has been discovered to regulate protein activity involved in DNA damage repair “.
Higher expression of CBX4 has been implicated in the progression of hepatocellular
cancer, breast cancer, and osteosarcoma # 450, but has a protective effect in colon cancer
51, CBX4 has also been shown to regulate cell proliferation, differentiation, and self-
renewal in hematopoietic stem cells and epidermal stem cells 52 **. However, CBX4
expression and its role in cellular senescence in a terminally differentiated cell, such as
WI-38 fibroblasts, have not been thoroughly investigated. To fill this knowledge gap, we
investigated the role of CBX4 in replicative senescence in WI-38 human diploid lung
fibroblasts. We hypothesized that CBX4 could regulate WI-38 replicative senescence,
preserve tissue integrity by reducing inflammation and maintaining cell viability, and
thereby function as a senomorphic agent. We confirmed the senomorphic capability of
CBX4 through modification of WI-38 senescence phenotypes with gain and loss of CBX4

expression in vitro.

4.2. Materials and Methods

4.2.1.WI-38 fibroblast cell line culture

The human diploid fibroblast WI-38 cell line (American Type Culture Collection,
ATCC® CCL75™) was cultured in Minimum Essential Medium Eagle (Sigma-Aldrich,
M4655) containing 10% FBS (Sigma-Aldrich, F2442), 1x Non-Essential Amino Acids

Solution (Gibco, 11140050), 1:100 L-Glutamine—Penicillin-Streptomycin solution (Sigma-
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Aldrich, G6784) and maintained in a 37°C, 5% CO2 incubator. WI-38 fibroblasts were
cultured from a cumulative population doubling (CPD) level of 37 representing a
proliferative state based on Sidler et al. %1%, to a senescent state defined by a failure to
double after one week (CPD 56-60) °. Serial culture of WI-38 was performed by seeding
cells at a density of 7000 cells/cm? and trypsinization with 0.25% (weight/volume)
Trypsin-0.53 mM EDTA solution every 3-4 days until senescent status was reached. Cell
numbers were recorded for estimated CPD and doubling time. Doubling time was
calculated as follows: Doubling time = duration * logz (2) /logz (Final Cell Concentration)

—log: (Initial Cell Concentration)!°.

4.2.2.Lentiviral transduction of CBX4

Lentiviral transduction was done without adding polybrene, which could induce
cellular senescence "'. GFP-expressing lentiviral particles (copGFP, Santa Cruz Bio, sc-
108084) were used as a control to monitor and optimize transduction efficiency. The
copGFP control lentiviral particles added at MOI 0.5-8 to WI-38 with puromycin
selection for 4 days were able to achieve >90% stable GFP expression (Figure 4.1). As our
outcomes of interest related to senescence can be induced by stress, our goal was to
maximize transduction efficiency with a minimum of stress. For this reason, for these
studies, we elected to avoid the use of polybrene that we observed caused some
cytotoxicity in this model system. CBX4 knockdown (KD) experiments were performed

with CBX4 shRNA and control shRNA lentiviral particles (Santa Cruz Bio, sc-38193-V,
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sc108080). CBX4 shRNA and control lentiviral particles were added to pre-senescent WI-
38 (CPD47-50) at a multiplicity of infection (MOI) of 0.5, 1 and 2. Culture media were
changed 24 hours after transduction. 3 days later, transduced cells were trypsinized and
reseeded at a density of 7000/cm? in 24-well plates. Puromycin 0.5 ug/ml was added to
the culture medium to select stably transduced cells. After 3-4 days of selection, CBX4
KD cells were collected for further assays. CBX4 activation (ACT) experiments were
performed with a CBX4 CRISPR/Cas9 Synergistic Activation Mediator (SAM) system
and control particles (Santa Cruz Bio.sc-403903-LAC, sc-437282). CBX4 activation and
control lentiviral particles were added to pre-senescent WI-38 (CPD47-50) at a MOI 6.
Culture media were changed 24 hours after transduction. 3 days later, transduced cells
were trypsinized and reseeded at a density of 7000 cells/cm? in 24-well plates.
Antibiotics (puromycin 0.5ug/ml, blasticidin 1pug/ml and hygromycin 50pg/ml ) were
added sequentially to select stably transduced cells. After blasticidin selection, cells were
detached and reseeded at a density of 7000 cells/cm?in 24-well plates and cultures
continued with hygromycin selection. After 15-17 days of antibiotics selection, CBX4

ACT cells were collected for further assays.
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Figure 4.1: Transduction efficiency of copGFP control lentiviral particles with
different MOI and with/without adding polybrene.

A) Cell proliferation of WI-38 cells in response to the copGFP control lentiviral
particles with and without adding polybrene. Cells numbers were measured by flow-
cytometry; fold changes, computed as a ratio of day 7 harvested cell numbers to the day
3 seeded cell numbers, showed a cytotoxic effect of using polybrene comparing results
for 0, 4 and 8 ug/ml polybrene. B) Without added polybrene, the percentage of GFP
expressing cells determined by flow-cytometry three days after transduction at different
multiplicity of infection (MOI) ranging from 0-8. C) Without added polybrene, the
percentage of GFP expressing cells (determined by flow-cytometry) 7 days after
transduction with puromycin 0.5 pug/ml selection for 4 days.

4.2.3. Senescence-associated B-galactosidase (SA-B-gal)

CellEvent Senescence Green Flow Cytometry Assay Kit (Thermo Fisher, C10840)
was used to quantify SA-p-gal 2 activity. Following cell collection, 1-2 x 10*cells were
tixed with 100 ul 4% paraformaldehyde (PFA, Thermo Fisher 50980487) for 15 minutes,
washed twice with phosphate-buffered saline (PBS) containing 1% bovine serum
albumin (BSA, Sigma A3294) and incubated with senescence green working solution,
100 ul at 37°C for 2 hours. Next, cells were washed twice with PBS containing 1% BSA,

with detection using an Attune NxT flow cytometer (Thermo Fisher) or followed by
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permeabilization for co-staining with EAU or p16. Unstained cells were used to

determine the fluorescence background.

4.2.4. EdU cell proliferation assays

EdU (5-ethynyl-2’-deoxyuridine) (EMD Millipore, 1710525; Thermo Fisher,
C10424) at a concentration of 10 uM was added to the WI-38 cell culture media for 24
hours. Cells were harvested and counted; 1-2 x 104 cells were fixed with 4% PFA and
permeabilized with permeabilization buffer (Thermo Fisher, 00-8333-56), then incubated
with Click working solution for 30 minutes. Finally, cells were washed twice with
permeabilization buffer, followed by detection with an Attune NxT for flow cytometer.

Unstained cells were used to determine the fluorescence background.

4.2.5. Flow cytometry

The staining method for flow cytometry was done as previously described®’.
Following cell collection, 1-2 x 10* cells were resuspended in 100 ul PBS containing 1%
BSA. PE-conjugated anti-DPP4 mAb (2:100, Thermo Fisher, 12-0269-42) was added for 30
mins at room temperature. After surface staining, the cells were washed, followed by
flow cytometry acquisition or fixation and permeabilization for intracellular staining.
For p21 staining, WI-38 cells were incubated with AF488-conjugated anti-p21 mAbs
(1:100, CST, 5487). Unstained cells were used to determine the fluorescence background.
For p16 staining, WI-38 cells were stained with unconjugated anti-p16 mAbs or a control
antibody (20:100, both from Roche CINtec kit 9517) for 30 mins; then followed by AF647-
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conjugated anti-mouse IgG2a secondary antibody (1:1000, Jackson, 115607186). The
stained cells were analyzed using an Attune NXT flow cytometer. Data were analyzed

using Flow]Jo V10.8 software (BD Life Sciences) and were presented as gated percentage.

4.2.6.Western Blot

WI-38 cells were lysed using RIPA lysis buffer (Sigma-Aldrich, R0278) or a
PARIS™ Kit (Thermo Fisher, AM1921) with a protease inhibitor cocktail (Sigma-Aldrich,
P8340). PARIS™ Kit was used in lentiviral transduced samples to enable use of cell
lysates for both RNA and protein detection. A total of 5-10 ug extracted protein,
determined by the DC protein assay (Bio-Rad, 5000112), was mixed with 4x Laemmli
sample buffer (Bio-Rad, 1610747), heated to 95°C for 5 minutes, electrophoresed (100V
for 2 hours) on 10% Mini-PROTEAN® TGX Stain-Free™ Protein Gels (Bio-Rad,
4568033). Proteins were transferred onto polyvinylidene fluoride (PVDF) membranes
using the Trans-blot turbo system (Bio-Rad, 1704274), using a standard SD protocol: up
to 1.0 A; 25V for 30 minutes followed by blocking with Tris-buffered saline Tween 20
buffer (TBST, Thermo Fisher, 28360) containing 5% fat-free milk (CST, 9999s) for 1 hour
at room temperature. Membranes were washed three times with TBST and then
incubated with primary antibodies, anti-CBX4 mAb (1:1000, CST, 30559) and reference
control anti-B-actin-HRP mAb (1:2000, Santa Cruz Bio, sc-47778 HRP), made in TBST
containing 5% BSA with incubation overnight at 4°C. Membranes were washed three

times with TBST, and incubated with anti-rabbit IgG-HRP (1:500, Thermo Fisher, 32460)
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at room temperature for 1 hour, then washed three times using TBST. (3-actin protein
bands were visualized using Clarity™ Western ECL Substrate (Bio-Rad, 1705060); CBX4
protein bands were visualized using SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermo Fishers, 34579). Membrane Images were acquired with the ChemiDoc
XRS system (Bio-Rad). Grey band density values were analyzed and calculated using

Image lab (version 6.0, Bio-Rad).

4.2.7. Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

RNA was extracted using an Aurum™ Total RNA Mini Kit (Bio-Rad, 7326820) or
PARIS™ Kit (Thermo Fisher, AM1921). cDNA was synthesized using the iScript™
cDNA Synthesis Kit (Bio-Rad, 1708891). Subsequently, qRT-PCR was performed using a
SYBR green master (Applied Biosystems, 4309155) with a QuantStudio 6 Flex Real-Time
PCR System (Applied Biosystems). Gene expression of CDKN1A, CDKN2A, DPP4,
LMNBI, and CBX4 were measured with YWHAZ as an internal reference control gene
(see Table 4.1 for a list of primers).

Table 4.1: Primers used for RT-PCR detection of senescence target genes.

F R

CBX4 Qiagen, 330001 (PPH19160A)

CDKN2A |Qiagen, 330001 (PPH00207C)

YWHAZ  |CTGAGGTTGCAGCTGGTGATGACA|AGCAGGCTTTCTCAGGGGAGTTCA
LMNB1  |GAAAAAGACAACTCTCGTCGCA  |GTAAGCACTGATTTCCATGTCCA
DPP4  |AAAGGCACCTGGGAAGTCATCG |CAGCTCACAACTGAGGCATGTC
CDKN1A |GGACAGCAGAGGAAGACCAT  |GGCGTTTGGAGTGGTAGAAA
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4.2.8. gPCR array

A custom RT2 Profiler PCR Array (Qiagen, 330171) was used to profile a total of
42 genes related to cellular senescence and/or CBX4 # 101 113, along with 3 house-keeping
genes, 1 genomic DNA control, 1 reverse transcription control and 1 positive PCR
control (Table 4.2). cDNA was synthesized using an RT? First Strand Kit (Qiagen,
330404). Subsequently, qRT-PCR was performed using a RT? SYBR Green ROX qPCR
Mastermix (Qiagen, 330522) with the QuantStudio 6 Flex Real-Time PCR System
(Applied Biosystems). The CT value of each gene was normalized with reference gene
YWHAZ, ACT = CT (target gene)-CT (YWHAZ) and relative gene expression change in
serial culture was calculated relative to the earliest passage (CPD earliest) from each
serial culture experiment, AACT = ACT(a target sample)-ACT(CPD earliest); fold change
(FC)= 2-24¢T was expressed using Log2 FC.

Table 4.2: qPCR custom microarray panel (Qiagen, 330171)

Gene Symbol |Assay Catalog # |Gene Symbol |Assay Catalog # |Gene Symbol |Assay Catalog #
GDC PPH65835A PPC PPX63339A RTC PPX63340A
B2M PPH01094E YWHAZ PPH01017A 18SrRNA PPHO5666E
PVRL4 PPH09678B PRODH PPHO0877A LY6D PPH19736C
DAO PPH11264A EPN3 PPH13321A SLC52A1 PPH11141A
BAX PPH00078B BCL2 PPH00079B MDM4 PPH00875E
MDM2 PPHO0193E FAS PPH00141B TP53 PPH00213F
TP63 PPH01032F CDK1 PPH00116C CDK4 PPHO0118F
CDKN1A PPHO0211E CDKN2A PPH00207C ATM PPH00325C
STAT1 PPH00811C STAT3 PPHO0708F NFKB1 PPH00204F
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TNF PPHOO341F IL6 PPHO0560C CXCL8 PPHOO568A
HDAC1 PPHO1735F RB1 PPH00228F E2F3 PPHO0917F
E2F1 PPHO0136G E2F7 PPH19766A SUMO1 PPHOO973F
CSNK2A2 PPH02197F DNMT1 PPHO1055F SOX2 PPHO02471A
PARP1 PPH00686B MYC PPH00100B RING1 PPH14334B
BMI1 PPH57778A CBX4 PPH19160A DPP4 PPHO0035B
SIRT1 PPHO2188A PCNA PPHO0216B ATR PPHO1318B

4.2.9. Statistical Analyses

Data are presented as mean + standard error of the mean (SEM). Analyses were
performed using GraphPad Prism 9 (GraphPad software) and R Statistical Software
(manufacturer). To test the correlation coefficient between senescence markers and gene
expression across the range of CPD from the serial culture and from the biological
replicates, we used repeated measures correlation (Rmcorr) 4, the repeated measures
correlation coefficients (r:m ) are presented with a 95% confidence intervals (CI). In
addition, paired t-tests were used to compare data from control vs knockdown or
activation of CBX4. A mixed-effects model was used to compare the knockdown effects

of CBX4 shRNA with MOI 0.5, 1 and 2. p<0.05 was considered statistically significant.

4.2.10. Protein-Protein Interaction network
STRING (Search Tool for the Retrieval of Interacting Genes/Proteins) V11.5 > was used

to evaluate the known and predicted biological relationships of the gPCR array genes and
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corresponding proteins interactions; interactions with high confidence (score>0.7) are reported.

Gene Ontology (GO) enrichment analysis was performed.

4.2.11. Ingenuity pathway analysis (QIAGEN IPA)

Gene expression of CBX4 ACT and CBX4 KD were normalized to the
corresponding controls and analyzed by the QIAGEN IPA platform (QIAGEN Inc.,
https://digitalinsights.qiagen.com/IPA). IPA core analysis was used to assess canonical
pathway enrichment for CBX4 ACT and KD separately. Bio-functional pathways
regulated by CBX4 ACT and CBX4 KD were compared in a clustered hierarchical

heatmap.

4.3. Results

4.3.1.Senescence markers were upregulated in the senescent WI-38
cells

Five independent serial cultures of WI-38 fibroblasts were performed from CPD
37 through CPD 60 when senescent status was attained (Figure 4.2A). The culture period
from seeding (CPD 37) to senescent status (a failure to double after one week) was 54.80
+ 3.44 days; the average CPD corresponding to WI-38 senescence was 58.04 + 0.78 CPD.
We observed increased doubling time during the serial culture (Figure 4.2A). Flow
cytometry was used to quantify SA--gal activity, protein expression of p21, p16, and
DPP4 (CD26), and the proliferation marker, EQU. Compared to proliferating WI-38 (CPD

40-42), senescent WI-38 (CPD 55-60) expressed higher SA-B-gal activity, and protein
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expression of p21, p16, DPP4 and lower proliferation marker EAU (Figure 4.2B). The p16
protein was co-expressed with SA--gal activity and DPP4 in senescent WI-38 cells
(Figure 4.2C). As expected, EAU reflecting cell proliferation was greater in proliferating
WI-38 than in senescent WI-38, and negatively correlated with SA-f3-gal activity. During
serial culture, SA-B3-gal activity, and protein expression of p21, p16, and DPP4 increased,
while EdU proliferation decreased (Figure 4.2D). CPD was positively correlated with
SA-B-gal activity, protein expression of p21, p16, DPP4, and negatively correlated with
EdU (Figure 4.2E). Interestingly, some markers changed relatively early in the course of
the serial culture, such as p21 protein that increased from around CPD 40, and DPP4
protein that increased from CPD 45. Other markers changed later, such as p16 protein
and SA-B-gal activity (all increased), and EdU proliferation (decreased) at around CPD
50 (Figures 4.2A and D). Gene expression with serial culture was consistent with protein
level changes with an increase in senescence markers CDKN2A (p16), CDKNI1A (p21),
DPP4 (CD26) and a decrease in LMNBI (Lamin B1), a gene expression measure of cell
proliferation known to be decreased with senescence development "¢ (Figure 4.2F).
Similar to protein level changes with serial culture, CPD was positively correlated with
gene expression of CDKN2A, CDKN1A and DPP4 and negatively correlated with

LMNBI1 (Figure 4.2G).
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Figure 4.2: The timecourse of senescence marker expression with the serial culture of
the WI-38 replicative senescence cell model system.

Human diploid fibroblast WI-38 cells were profiled for senescence markers by
flow cytometry and qPCR. Each serial culture is represented in a different color; the
trend-line for expression of each marker was created by a smoothing spline function
with 5 knots. A) Serial culture of WI-38 was performed from CPD 37 to senescent status
(CPD 56 - 60) for a total of 5 times. Doubling time increased during the serial culture. B
and C) SA-B-gal activity, protein expression of p21, p16, DPP4 and EdU proliferation
markers detected by flow cytometry in proliferating (CPD 40 - 42, dark green) and
senescent (CPD 56 - 60, blue) WI-38, both individually as single markers (panel B) or
combined (panel C). Compared to proliferating WI-38, senescent WI-38 expressed higher
SA-B-gal activity, p21, p16, DPP4 protein, and lower EAU (panel B). In the senescent WI-
38, p16 protein was positively co-expressed with SA-f3-gal activity and DPP4; SA-{3-gal
activity was negatively correlated with the proliferation marker EAU (panel C). D and F)
Serial culture of WI-38 from proliferating to senescent status was done repeatedly to
characterize the timecourse of senescence marker development by flow cytometry and
qPCR. There are no qPCR equivalents for SA-$3-gal activity or EdAU; however, Lamin Bl
(LMNB1) was quantified by qPCR to provide a gene expression representation of cell
proliferation and senescence. E and G) the associations of senescence markers and genes
with CPD were evaluated by repeated measures correlation (Rmcorr). The Rmcorr
correlation efficient (rm) of CPD with senescence markers (% of total cells) and genes
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(expression ratio) are depicted for analyses adjusted for repeated measurements. Green:
negative correlation. Red: positive correlation.

4.3.2.CBX4 decreased during WI-38 serial culture and knockdown of
CBX4 increased senescence

Given the reported role of CBX4 in regulating cellular senescence %2, we next
evaluated CBX4 protein expression and gene expression from proliferating through
senescence status in the WI-38 cells. As shown in Figures 4.3A-C, CBX4 protein
expression decreased significantly with serial passage (rm=0.877, p<0.001); in contrast,
CBX4 gene expression increased with serial passage (rm=0.555, p<0.001). Moreover,
compared to proliferating WI-38 (CPD 41), CBX4 protein decreased around 50% at CPD
50 (Figure 4.3B), when p16 and SA--gal activity started to increase and EAU
proliferation decreased (Figure 4.2D). These results suggest that change in CBX4 protein

may be involved in regulating replicative senescence.
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Figure 4.3: CBX4 decreased with WI-38 serial culture.

CBX4 protein and gene expression were investigated in each generation of the WI-38
serial culture. Protein expression was examined by Western blot and normalized with [3-
actin. Gene expression was analyzed by qPCR and normalized with YWHAZ. Decreased
CBX4 protein expression with serial culture is shown in a representative Western blot
(panel A). CBX4 protein expression (n=3) and gene expression (n=2) in serial culture was
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normalized to controls and depicted as an expression ratio relative to CPD 41 (panel B
left, protein) and CPD 39 (panel B right, gene). The Rmcorr correlation coefficient (rrm)
and confidence interval of CPD with CBX4 protein and gene expression are depicted
(panel C) for repeated measurements. Green: negative correlation. Red: positive
correlation.

We next evaluated the effect of CBX4 knockdown in pre-senescent WI-38
passages (CPD 47-50). Compared to the control group, cell numbers were significantly
lower in the CBX4 knockdown group (Figures 4.4A and B). Overall CBX4 protein and
gene expression were significantly decreased in the CBX4 knockdown group: mean
difference of protein expression ratio -0.577 + 0.059; and mean difference of gene
expression ratio -0.302 + 0.041 (Figures 4.5A and B, all p<0.001). Similar levels of
knockdown in CBX4 protein and gene expression were achieved with MOI 0.5, 1, and 2
(Figure 4.6A). After CBX4 knockdown, SA-{-gal activity increased 21.26% + 2.60%, p16
protein increased 22.89% + 1.81%, and EdU proliferation decreased 13.76% + 1.88%, all
significantly (Figures 2C and D, all p<0.001). Similar degrees of change in senescence
markers were achieved with MOI 0.5, 1, and 2 (Figure 4.6B). Our findings suggest that a
mean 57% knockdown of CBX4 protein was sufficient to cause a cellular senescent

phenotype in WI-38. This result is consistent with our observation in serial cultures that

most senescence markers developed at 50% reduction of CBX4 protein.

71



A Ctrl CBX4 KD B p=0.0076

6000+

500 um ¢ i 500 um 04
— . — o
Q
o
®
C Ctrl . CBX4 ACT D p=0.500
4000
"
42 3000
[
3
8
42 2000+
z
)
=
“ 1000
.~ 500 im g Y 2500 um 0
— —
Os\ v.é
L
4
&

Figure 4.4: Number of WI-38 cells in response to CBX4 knockdown (KD) or activation
(ACT) compared to control (Ctrl).

A) Representative microscopic image of Ctrl and CBX4 KD in pre-senescent WI-
38. B) Cell numbers were measured by flow-cytometric acquisition, gating singlets from
1 well/24 well plate (n=11, ctrl grey, CBX4 KD light blue). C) Representative microscopic
image of Ctrl and CBX4 ACT in pre-senescent WI-38. D) Cell numbers were measured
by flow-cytometric acquisition gating singlets from 1 well/24 well plate (n=7, ctrl white,
CBX4 ACT light red).
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Figure 4.5: Knockdown of CBX4 increased senescence markers in WI-38 cells.

Knockdown (KD) of CBX4 was performed with CBX4 shRNA carried by
lentiviral particles with different multiplicity of infection (MOI) 0.5, 1, and 2. A)
Representative Western blot of CBX4 protein expression in proliferating (positive control
CPD30) and senescent (negative control CPD60) WI-38, in CBX4 KD and lentiviral
control (Ctrl) at three MOI. B) Overall significant reduction of CBX4 protein (n=14) and
gene expression (n=11) due to lentiviral KD (control gray, CBX4 KD light blue). C and D)
SA-B-gal activity, p16 and EdU proliferation expression in control and CBX4 KD in
representative flow cytometry (C), and overall demonstrating increased protein
expression of senescence markers SA-B-gal activity and p16, and decreased proliferation
marker EdU after knockdown of CBX4 (D, n=11).
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Figure 4.6: Effect of CBX4 knockdown with different MOI on senescence outcomes in
WI-38 cells.

A) CBX4 protein and gene expression knockdown at different MOI by shRNA
lentiviral particles at MOI 0.5, 1, and 2; protein n=4, 6 and 4 replicates, respectively
(p=0.137 for difference by MOI) and gene n=3, 5 and 3 replicates, respectively (p=0.113
for replicates). B) Senescence markers were compared between MOI 0.5, 1 and 2 (n=3, 5
and 3, respectively): SA-Pgal activity (p=0.550), and EdU (p=0.9746) did not show a
significant difference by MOI dosage; p16 protein expression was higher at MOI 2
compared to MOI 0.5 (p=0.0386). A mixed-effects model was used to compare the effects
of CBX4 knockdown.

4.3.3. CBX4 activation decreased senescence in WI-38

Based on these results, we hypothesized that activation of CBX4 would be
senomorphic and decrease senescence in the WI-38 cells. We activated endogenous
CBX4 expression using the CRISPR/Cas9 Synergistic Activation Mediator (SAM) system.
Compared to control, cell numbers were not significantly different in the CBX4
activation group (Figures 4.4C and D). With this activation system, both increased CBX4
protein and gene expression were achieved: protein mean difference ratio +0.901+ 0.214,

p=0.0084; and gene mean difference ratio +1.894 + 0.310, p=0.0036 (Figures 4.7A and B).
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In association with CBX4 activation, p16 and DPP4 protein expression and SA-33-gal
activity were decreased as profiled by flow cytometry: p16 -9.25% + 2.41%, p=0.0085;
DPP4 -12.24% + 3.24%, p=0.0092; and SA-B-gal activity -9.27% =+ 2.47%, p=0.0095 (Figures
4.7C and D). However, the mean percentage of EAU positive cells was not significantly

increased: +7.11% # 3.87%, p=0.116. Our results are consistent with a senomorphic effect

of CBX4 in WI-38 cells.
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Figure 4.7: Activation of CBX4 reduced cellular senescence markers in WI-38.

CBX4 was activated using the CRISPR/Cas9 Synergistic Activation Mediator
(SAM) lentiviral particle system in pre-senescent WI-38 (CPD47-50). A) Representative
Western blot of CBX4 protein expression in CBX4 Activation (ACT) and lentiviral
control (Ctrl). C) CBX4 protein (n=6) and gene expression (n=5) both increased in
response to CBX4 ACT compared with Ctrl (Ctrl: white, CBX4 ACT: light red). C) SA-
Bgal, pl6 and EdU proliferation expression in Ctrl and CBX4 ACT in representative flow
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cytometry. D) By flow cytometry, CBX4 activation resulted in decreased protein
expression of senescence markers SA-Bgal (n=7), p16 (n=7) and DPP4 (n=6) and non-
significantly increased EAU (n=7).

4.3.4. Senescence related genes and pathways regulated by CBX4

We examined the gene changes during WI-38 cell serial culture from
proliferating to senescent cell state (11 time points) by qPCR array. A total of 37 out of 42
selected genes were detected; DAO, TP63, TNF, LY6D and SOX2 were unable to be
detected. Relative gene expression results were ordered in a heatmap based on
correlation with CPD values (Figures 4.8A and B). With serial culture, expression of
several genes (such as CDK1, E2F1, DNMT1, PCNA, and BCL2) decreased, while other
genes (such as CDKN1A, DPP4, FAS, and MDM2) increased. A total of 20 of the 37
detected genes were significantly correlated with CPD (Figure 4.8C). Pairwise
correlations among the genes revealed that two groups of genes strongly clustered
together (Figure 4.8D). The first group consisted of STAT1, BAX, SLC52A1, STATS3, FAS,
CDKN1A, DPP4, and MDM2 whose expression increased with increasing CPD of serial
culture. In contrast, the second group consisted of DNMT1, E2F1, CDK1, PARP1, PCNA
whose expression decreased during serial culture. Subsequently, we examined changes
in gene expression in response to knockdown and activation of CBX4 compared to their
paired control. Knockdown of CBX4 decreased expression of CXCL8, PCNA, DNMT1,
E2F1 and PARP1 and increased expression of DPP4, SLC52A1 and CDKN2A (Figure

4.8E). Activation of CBX4 in pre-senescent cells increased expression of SIRT1 and
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MDM4 and decreased expression of DPP4, HDAC1, and CDKN2A (Figure 4.8F).
Interestingly, CBX4 knockdown increased, while CBX4 activation decreased, gene
expression of both CDKN2A and DPP4, suggesting that these genes may be direct
targets and mediators of CBX4 regulation of senescence.

The protein-protein interactions (PPI) of the 37 proteins corresponding to the 37
detected genes were analyzed with STRING. STRING identified 37 nodes, 160 edges,
8.65 average node degrees, an average local clustering coefficient of 0.604 and PPI
enrichment p-value < 1.0e-16; taken together this indicates our selected panel
represented a highly interactive network. The Gene Ontology (GO) showed our detected
panel associated with several senescence-related pathways such as DNA damage repair,
cell cycle, apoptosis, replicative senescence and others (Figure 4.9A). IPA core analysis
identified several canonical pathways related to CBX4 regulation including DNA
damage repair, cell cycle regulation and p53 signaling pathway; each of these
senescence-related pathways were involved in CBX4 knockdown and activation (Figure
4.9B). Hierarchical cluster heatmaps based on biofunctional pathways demonstrated that
cellular proliferation and cell viability were higher, and apoptosis, transcription of RNA

and DNA were lower with CBX4 ACT compared with CBX4 KD (Figure 4.9C).
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Figure 4.8: Regulation of senescence-related genes by CBX4.
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A selected panel of senescence-related genes was analyzed by qPCR microarray. Two serial culture experiments were performed and
the resulting Log2FC values were computed (normalized with YWHAZ and calculated relative to the earliest CPD of serial culture).
A and B) heatmaps of standardized gene expression at 10 time points of WI-38 serial culture performed in two biological replicates.
C) the Rmcorr correlation (and 95% confidence intervals) of CPD with expression (Log2 FC) of 37 senescence-related genes from
serial culture. Green: positive correlation of gene expression with CPD. Red: negative correlation gene expression with CPD. Black:
insignificant correlation of gene expression with CPD. D) Heatmap of pairwise Spearman correlations of genes measured in the serial
culture experiment. Based on expression pattern and consistent with panels A and B, two groups of genes were highly clustered. E)
volcano plot of gene expression changes in response to CBX4 KD vs Ctrl showing increased expression of DPP4, CDKN2A and
SLC52A1 and decreased expression of CXCL8, PCNA, DNMT1, E2F1 and PARP1. F) volcano plot of gene expression changes in
response to CBX4 ACT vs Ctrl showing decreased expression of DPP4, CDKN2A and HDAC1 and increased expression of CBX4,
SIRT1 and MDM4. Red: increased expression, green: decreased expression.
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A STRING analysis of interactions of proteins corresponding to the 37 analyzed and detected genes.
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Figure 4.9: String network and IPA pathway analysis of CBX4 activation and knockdown in senescence.



I8

A) STRING analysis of interactions of proteins corresponding to the 37 analyzed and detected genes. Red: genes related to
regulation of cell cycle (GO:0051726, strength: 1.0, FDR: 1.57e-15 ); green: genes related to regulation of apoptotic process
(GO:0042981, strength:0.91, FDR: 8.16e-15 ); purple: genes related to DNA damage response, signal transduction by p53 class
mediator resulting in cell cycle arrest (GO:0006977, strength:1.95, FDR:4.18e-14); yellow: proteins related to replicative senescence
(GO:0090399, strength: 2.31, FDR:2.15e-08). B and C) CBX4 knockdown (KD, light blue) and activation (ACT, light red) were
normalized with the control for the gene expression and analyzed for Canonical pathways (B) and compared using Biofunction
pathway analysis and presented in the heatmap (C, orange: increase; blue: decrease).



4.4. Discussion

In this study, we investigated the role of CBX4 in replicative senescence using the
human primary diploid fibroblast WI-38 model system. We characterized the senescence
phenotype using multiple senescence markers, including population doubling time, p21,
p16, SA- -gal activity, DPP4 and proliferation marker EdU in serial culture. CBX4
protein expression decreased significantly during the serial culture of WI-38. By
knockdown we achieved a 57% reduction of CBX4 expression in pre-senescent WI-38,
analogous to increasing the senescence phenotype ~5 CPD (estimation based on SA-3-
gal activity and p16 protein expression); by activation we achieved a 90% elevation of
CBX4 expression analogous to reducing senescence ~2 CPD. Specifically, at the
molecular level, knockdown of CBX4 increased gene expression of CDKN2A and DPP4
and decreased CXCL8, PCNA, DNMT1, E2F1 and PARP1; activation of CBX4 increased
gene expression of SIRT1 and MDM4 and decreased DPP4, HDACI, and CDKN2A.
Taken together, our results demonstrate that CBX4 regulates replicative senescence in
WI-38 cells.

We showed that DPP4 is highly correlated with WI-38 replicative senescence and
could be useful as a senescence treatment target and as a senescence biomarker. The
protein and gene expression of DPP4 were both significantly positively correlated with
CPD. Also, DPP4 expression was regulated up and down by CBX4 knockdown and

activation, respectively. DPP4 is a transmembrane glycoprotein that can also circulate in
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a soluble form in plasma. DPP4 has been known to regulate glucose metabolism by
inactivation of GIP; both GLP-1 and DPP4 inhibitors have been used for type 2 diabetes
mellitus (DM) treatment °. DPP4 was recently identified as a surface marker on
senescent human WI-38 primary fibroblasts and found to be more highly expressed on
the surface human peripheral blood mononuclear cells isolated from individuals aged 78
to 88 yrs-old compared to individuals aged 27 to 36 yrs-old °. The cell surface
expression of DPP4 makes it a promising candidate for targeted treatment of senescent
cells through antibody-dependent cell-mediated cytotoxicity °. Treatment of senescence-
related chronic disease, as shown by recent studies with DPP4 inhibitors that
ameliorated atherosclerosis in type 2 DM patients 17 11§, prevented vascular aging %2 and
protected chondrocytes from TNF-a-induced senescence “. We noticed increased SIRT1
in association with DPP4 reduction upon CBX4 activation of WI-38 cells. These results
are consistent with a recent study showing that DPP4 inhibition reduced endothelial
senescence by activating the AMPK/SIRT1/Nrf2 pathway °!. Nevertheless, a complete
understanding of the interrelationship of CBX4 and DPP4 remains to be elucidated.

We observed increased SA- [3-gal activity, protein expression of p16 and p21, and
decreased EdU proliferation with WI-38 serial culture. Although these results are
consistent with previous studies in the WI-38 senescent model system ° 10 1%, there was
an interesting discordance in the temporal patterns of expression of the various

senescence markers. For instance, we observed that decreased CBX4 protein expression
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in WI-38 serial cultures preceded the appearance of many senescence markers; thus,
CBX4 could be a factor regulating WI-38 replicative senescence. This hypothesis is
supported by the ability of CBX4 knockdown and activation to regulate the expression
of many senescence-related genes, including HDAC1 shown to mediate the transition to
a senescent phenotype 2. This hypothesis is also supported by recent data from hMSCs
showing that CBX4 deficiency lead to characteristics associated with premature cellular
senescence, while CBX4 overexpression reduced these senescent markers including SA-
B-gal activity, p21 and p16 2. In addition, we observed that serial cell passage of WI-38
led to increased expression of p21 earlier than p16. This observation is consistent with a
prior study showing early regulation of p21 in a senescent fibroblast model*?!. It has
therefore been suggested that p16, whose expression increases later than p21, may be
critical in maintaining senescence status. In contrast, p21 was recently shown to be
related to immunosurveillance of senescent cells, mediated by p21 binding to pRB
leading to cell cycle arrest and CXCL14 expression; clearance of the stressed cells by
immune cells ensued if the p21 levels did not recuperate '?>. The fact that CBX4
knockdown and activation were not mirror-images of each other is also likely a result of
a different CPD starting point for each of these manipulations since, as noted here,
development of senescence in the WI-38 was not a linear process but rather a staged
process with different markers having different inflection points in the process. Taken

together, these data suggest that different senescence markers may predominate at
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different biological ages and that optimal monitoring of anti-senescence treatment
effects requires the use of markers appropriate to the stage of senescence being treated.
CBX4 is a member of the polycomb chromobox (CBX) family. CBX proteins,
including CBX1/2/3/4/5/6/7/8, are major regulators of histone methylation, which can
function as epigenetic modulators, maintaining heterochromatin organization and
reducing related gene expression . CBX proteins are known to be essential for cell
proliferation, maintenance of adult stem cell populations, and regulation of stem cell
self-renewal 412, Loss of CBX2 causes senescence-associated chromosomal
rearrangements in mouse embryonic fibroblasts +. CBX7 regulates replicative
senescence ' and maintains pluripotency in embryonic stem cells and hematopoietic
stem cells % 126, CBX2/4/6/7/8 are involved in PRC mediated inhibition of p16 expression
127, Based on our data, a variety of mechanisms mediated by CBX4 may be involved in its
senomorphic activities. For instance, the function of CBX4 SUMO E3 ligase activity has
been shown to be associated with DNA damage repair mediated by CBX4 SUMOylation
of BMI1 that stabilizes BMI1 on the DNA damage site and thereby facilitates DNA
damage repair “. Also, CBX4 is a PRC1-associated protein; PRC1 has been shown to
regulate cell cycle and gene transcription by chromatin modification + 128, PRC1 was
shown to bind the p16 promoter and repress p16 expression in young cells'?®. This
function is consistent with the increased p16 expression we observed upon CBX4

knockdown. Moreover, Ren et al. showed that CBX4 alleviates senescence in hMSCs, in
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part at least, by maintaining nucleolar homeostasis through repression of rRNA
transcription. In our IPA analysis, we also found CBX4 activation decreased
transcription of RNA pathways compared to CBX4 knockdown. Therefore,
transcriptional repression by CBX4 may also contribute to the senomorphic effect.
Interestingly, activation of CBX4 led to a decrease in senescence markers and an
increase in SIRT1, an important antagonist of the oxidative stress pathway; it
surprisingly did not lead to a significant increase in cell proliferation. This may be due to
the fact that CBX4 activation also leads to a decrease in HDAC1. HDAC1 inhibition was
previously shown to increase p21 and decrease proliferation of WI-38 1%, So, effects on
HDACI may be counteracting possible oncogenic, pro-proliferative responses of WI-38
to CBX4. This interpretation is consistent with data showing that CBX4 interacted with
HDACT to repress the tumor suppressor KLF6 in clear cell renal carcinoma while
knockdown of HDACT1 restored KLF6 function '®. These results may explain why
activation of CBX4 did not significantly increase WI-38 proliferation in our study. Not
surprisingly, one of the potential concerns related to CBX4 treatment is its oncogenic
properties in hepatic cancer and breast cancer 4. However, activation of CBX4 in the
terminal differentiated pre-senescent WI-38 fibroblast did not increase the proliferation
of the cells, which may make CBX4 a good senomorphic target for aging, particularly if

administered judiciously and with appropriate monitoring.
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Although CBX4 gene and downstream protein expression were readily
modulated at a transcriptional level in our knockdown and activation experiments with
shRNA and the dCas9 system, respectively, we were surprised to observe a discordance
between CBX4 gene (increase 1.5 times) and protein (significantly decreased) expression
in the serial culture system. This might be explained by translational level regulatory
mechanisms. Like many other transcriptional regulatory factors, CBX4 can be
modulated by post-translational modifications including conjugation to ubiquitin and
ubiquitin-like proteins such as SUMO, that target CBX4 for degradation through the
ubiquitin proteosome system '*! and by phosphorylation, methylation and
demethylation '32. CBX4 itself is a SUMO E3 ligase so it is both sumoylated and
sumoylates other proteins. In addition, SALL1 has been noted to enhance the stability of
CBX4 protein by modulating its ubiquitination thereby avoiding its degradation via the
proteasome®!. Future analysis of SALL1 in the WI-38 model system might inform an
understanding of the discordance in gene and protein expression of CBX4 with serial
culture. Nevertheless, the dramatic decline in CBX4 protein and associated changes in
WI-38 senescence cell phenotype with serial culture are fully consistent with results
obtained with lentiviral modulation (repression and activation) of CBX4.

There were several limitations of this study. We were limited to evaluating WI-38
from CPD40 due to the lack of availability of very early passage numbers (<CPD30) from

the ATCC. At the start of the serial cultures, there appeared to be a slight increase then
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decrease of senescence markers in cells immediately after thaw and culture; we attribute
these perturbations to stress then recovery responses. We limited our study to
replicative senescence, so results may not be applicable to other causes of senescence.
We identified only 20 out of 42 genes correlated with CPD in the serial culture of WI-38.
Additional genes associated with CPD might have been identified with a greater
number of independent serial culture samples than the two we evaluated
(corresponding to 22 total samples). In addition, Rmcorr analysis captures the linear
relationship of gene expression and CPD; therefore, non-linear dynamics of gene
expression might not have been detected with this method. A strength of our study was
the flow cytometry-based measurement that profiled senescence makers at the single cell
level and discerned the associations of different senescence markers by their co-
expression patterns. Another strength of this study was the use of the classic WI-38
model system, the first in which senescence was described?, to explore the role of CBX4
in replicative senescence.

In summary, CBX4 protein expression decreased with serial culture of WI-38
cells. Knockdown of CBX4 increased cellular senescence, whereas activation of CBX4
decreased senescence. Notably, CBX4 activation was senomorphic; it was able to achieve
a reduction in the senescence phenotype without cell killing or a marked increase in cell
proliferation that might increase the risk of cancer. Based on the change in patterns of

gene expression with CBX4 modulation, the mechanisms by which CBX4 may regulate
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senescence in WI-38 appear to be mostly related to the DNA damage repair pathway
and PRCI related cell cycle and transcriptional regulation. Taken together, our results
demonstrate that CBX4 regulates replicative senescence in WI-38 cells therefore

functions as a senomorphic and potential anti-senescence target.
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5. Chapter 5: Regulation of senescence by CBX4
requires polycomb-dependent and SUMO E3 ligase
functions

In this chapter, we elucidated the mechanisms of senescence regulation from
CBX4 domains by using CBX4 mutated lentiviral particles and compared them with
CBX4 wild-type in the WI-38 cells. Additionally, we successfully overexpressed CBX4 in
the human osteoarthritic chondrocytes and identified the senomorphic effect of CBX4 by

a decrease in DPP4 and an increased in proliferation marker EdU.

5.1. Introduction

CBX4 is a PRC1-associated protein and a SUMO E3 ligase, which can regulate
protein activity involved in DNA damage repair “. In the classic model of PRC1 and
PRC2, PRC2 trimethylates the H2K27 site at the target gene. Then PRC1 recognizes
H2K27ME3 through the chromodomain of CBX4 and brings PRC1 to the chromatin site,
and the PRC1 complex further ubiquitinates H2A. This process leads to chromatin
compaction and reduces related gene expression #. This regulation is essential in early
embryo development, stem cell renewal, and differentiation 52 '¥3. The function of CBX4
has previously been shown to correlate with tumor growth and metastasis in breast
cancer, hepatocellular cancer, and osteosarcoma # 134 1%, Furthermore, Ren et al. recently
identified that CBX4 deficiency leads to premature cellular senescence in hMSCs, and
overexpression of CBX4 can rescue senescent hMSCs 2. Additionally, overexpression of

CBX4 has been shown to protect the mice from the development of post-traumatic OA%.
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In the last chapter, we demonstrated that CBX4 protein expression declined with
serial culture in the WI-38 replicative senescent model system 72. Moreover,
downregulation of CBX4 increased senescence markers in the pre-senescent WI-38 while
activation of CBX4 decreased senescence markers in the pre-senescent WI-38 2. Our
results demonstrate that CBX4 regulates replicative senescence in WI-38 cells and
therefore functions as a senomorphic and potential anti-senescence target 72. Thus, we
proposed CBX4 as a potential senomorphic treatment for OA.

CBX4 contains three major functional domains: chromodomain (CDM), SUMO
interaction motifs (SIMs) and a conserved COOH box (C-Box) at C-terminus (Wild-type)
(Figure 5.1). The CDM is related to PRC1 function %1%, SIMs are responsible for the
SUMO(small ubiquitin-like modifier) E3 ligase function, which is involved in DNA
damage repair “ ¥. C-box is involved in transcriptional silencing and binding to other
PcG proteins . To elucidate the mechanisms of senescence regulation by CBX4, we
transduced wild-type CBX4, CDM-mutated CBX4, SIMs-deleted CBX4, C-Box-deleted
CBX4 and chromodomain mutated with SIMs-deleted CBX4 in the pre-senescent WI-38
tibroblasts to examine their role in senescence (Figure 5.1). Given the challenges of
collecting primary chondrocytes from OA patients, we utilized WI-38 fibroblasts to
study the mechanisms of senescence regulation by CBX4 and human primary OA

chondrocytes to evaluate the senomorphic effect of wild-type CBX4.
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Figure 5.1: Structures of the CBX4 wild-type and the mutants.

This figure is reproduced from Luis (2011) 52 with permission of Elsevier publisher,
license number: 5346160226102, and created with BioRender.com.

5.2. Materials and methods
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5.2.1. WI-38 cell culture

WI-38 cell line (ATCC® CCL75™) was cultured in Minimum Essential Medium
Eagle (Sigma-Aldrich, M4655) containing 10% FBS (Sigma-Aldrich, F2442), 1x Non-
Essential Amino Acids Solution (Gibco, 11140050), 1:100 L-Glutamine—Penicillin—
Streptomycin solution (Sigma-Aldrich, G6784) and maintained in a 37°C, 5% CO2
incubator until pre-senescent passage (cumulative population doubling , CPD, 47-50) as

previously described 72.

5.2.2.Primary chondrocyte isolation and culture

Human knee joints were obtained from OA patients during total knee
arthroplasty as surgical waste under IRB proved at Duke hospital (n=4). Human
articular cartilage from the tibial plateau and femoral condyle was finely diced and
digested in pronase 0.1% for 1 hour, followed by 0.17% (w/v) type II collagenase in 10%
fetal bovine serum: DMEM/F-12 medium for 16-18 hours, yielding a mean (+ standard
error of mean, SEM) 3.27 + 0.40 x 10° chondrocytes per gram of human articular
cartilage. Isolated chondrocytes were seeded 200000/ well in 24 well plates. The primary
chondrocytes were cultured in monolayer for 5 days and transduced with control or

CBX4 wild-type overexpressed lentiviral particles.

5.2.3. Lentiviral particles preparation

Lentiviral particles used for transduction of control, wild-type CBX4 and the

mutant CBX4 constructs were prepared by VectorBuilder (Chicago, Illinois) (Table 5.1).
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Table 5.1 Lentiviral construct used for viral transduction

Created Vector Vector ID Vector Name Size
Wild-type CBX4 VB-210801- pLV[Exp]-Puro- 9588h
(CBX4 WT) 1043rpz CMV>hCBX4[NM_003655.3] P
CDM-mutated CBX4 110 VB-210709- pLV[Exp]-Puro- 9588b
(CBX4 CDM) 1084wpn CMV>{hCBX4*F11A, W35L) P
LV[Exp]-Puro-CMV>
SIMs-deleted CBX4 % | VB-210709- PHY
(CBX4 ASIMS) 1077tkm {hCBX4*(delete 262-265, 462- 9564bp
465aa)}
C-box-deleted CBX4’ VB-210709- pLV[Exp]-Puro-CMV> 9510b
(CBX4 AC-box) 1085knf {hCBX4*(delete 531-556aa)} P
CDM-mutated and SIMs VB-210709- pLV[Exp]-Puro-CMV> {hCBX4*
deleted CBX4%® 1088me’ (F11A, W35L; delete 252- 9564bp
(CBX4 CDMASIM) & 265,462-465aa)}
VB-210808-
Control (Ctrl) 1067mmj pLV[Exp]-Puro-CMV 7899 bp

5.2.4. Transduction of lentiviral particles

Pre-senescent WI-38 cells (CPD47-50) were plated at a density of 7000/cm? in 12-
well plates. Lentiviral particles were added the next morning to infect pre-senescent WI-
38 cells using spinfection 900 x g for 1 hour with the multiplicity of infection (MOI) 20.
Culture media were replaced 24 hours after transduction. Three days after transduction,
puromycin (0.5 ug/ml) was added for 3-4 days to select stably transduced cells. The
culture medium was replaced, and 10 uM EdU (5-ethynyl-2’-deoxyuridine) (Thermo
Fisher, C10424) was added to the WI-38 cell culture media for 24 hours. The cells were

then collected for further analysis.
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Primary chondrocytes were cultured for 5 days, after which the CBX4 wild-type
and control lentiviral particles were added to the chondrocytes using spinfection 900 x g
for 1 hour with MOI 20. Culture media were replaced 24 hours after transduction. The

cells were collected 6 days after transduction.

5.2.5. Western blot

Western blot was used for CBX4 protein detection . PARIS™ Kit (Thermo Fisher
AM1921) with proteinase inhibitor (Sigma-Aldrich, P8340) was used for both WI-38 and
primary chondrocytes cell lysis and protein extraction. A total of 5 ug of the protein
lysates were mixed with 4x Laemmli sample buffer (Bio-Rad 1610747) and heated to
95°C for 5 minutes. Cell lysates (5 ug/well, Bio-Rad#4568033) were separated on a 10%
Mini-PROTEAN® TGX Stain-Free™ Protein Gels. Proteins were transferred to
polyvinylidene fluoride (PVDF) membranes using the Trans-blot turbo system (Bio-
Rad,#1704274). The membrane was blocked with 5% w/v fat-free milk (CST 9999s) for 1
hour at room temperature. Membranes were washed three times with TBST and then
incubated with primary antibodies Anti-CBX4 mAb (1:1000, CST 30559) and anti-3-actin
mADb-HRP (1:2000) in TBST containing 5% BSA at 4° C overnight; 3-actin was used as the
internal control. Anti-CBX4 mAb (CST 30559) is produced by immunizing animals with
a synthetic peptide corresponding to residues surrounding Pro166 of human CBX4

protein, which should be able to detect all the CBX4 mutants generated. The following
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day, membranes were washed three times with TBST and incubated with anti-rabbit
IgG-HRP (1:500 Thermo Fisher 32460) at room temperature for 1 hour. 3-actin protein
bands were visualized using Clarity™ Western ECL Substrate (Bio-Rad, 1705060), and
CBX4 protein bands were visualized using SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (Thermo Fishers 34579). Membrane Images were acquired
with the ChemiDoc XRS system (Bio-Rad, USA). Grey band density values were

analyzed and calculated using Image lab (version 6.0, Bio-Rad).

5.2.6.Flow-cytometric analysis of senescence markers

For DPP4 staining of the cell surface, 1-2 x10*cells were stained with anti-DPP4
Monoclonal Antibody (2A6), PE (Thermo Fisher, 12-0269-42; 2ul/100ul) in PBS with 1%
BSA for 30 mins at room temperature and were washed twice with 600ul PBS with 1%
BSA .

Co-staining of SA-f3-gal activity with proliferation marker EAU and p16 were
performed as previously described 72. After cell fixation with 4% paraformaldehyde
(PFA, Thermo Fisher 50980487), the CellEvent Senescence Green Flow Cytometry Assay
Kit (Thermo Fisher, C10840) was added for quantifying SA-{3-gal activity an at 37°C for 2
hours. The cells were then permeabilized with permeabilization buffer (Thermo Fisher,
00-8333-56) and stained for p16 or EAU. Anti-p16 mAbs (20:100, Roche CINtec kit 9517)
were used for p16 staining, and Click-iT™ EdU Alexa Fluor™ 647 Flow Cytometry

Assay Kit (Thermo Fisher, C10424) was used to identify EAU positive cells. The stained
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cells were analyzed using an Attune NXT flow cytometer (Thermo Fisher). Data were

analyzed using FlowJo V10.8 software (BD Life Sciences).

5.2.7.gRT-PCR

Aurum™ Total RNA Mini Kit (Bio-Rad, 7326820) and PARIS™ Kit (Thermo
Fisher AM1921) were used to extract RNA from the transduced WI-38 cells and primary
chondrocytes. cDNA was synthesized according to the manufacturer using the iScript™
cDNA Synthesis Kit (Bio-Rad,1708891). qRT-PCR was performed using an SYBR green
master mix (Applied Biosystems, 4309155) with QuantStudio 6 Flex Real-Time PCR
Systems (Applied Biosystems) according to the manufacturer's instructions and using
the methods of data analysis as described in our previous study 72. Gene expression of
DPP4, LMNB1, CDKN1A, CDKN2A, CBX4, IL6 and IL8 were measured using YWHAZ as
an internal reference control gene (see Table 5.1 for a list of primers). The CT value of
each gene was normalized with reference gene YWHAZ, ACT = CT (target gene)-CT

(YWHAZ).
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Table 5.2: Primers used for RT-PCR detection of senescence target genes.

Forward Reverse

YWHAZ CTGAGGTTGCAGCTGGTGATGACA AGCAGGCTTTCTCAGGGGAGTTCA

DPP4 AAAGGCACCTGGGAAGTCATCG CAGCTCACAACTGAGGCATGTC
LMNB1 GAAAAAGACAACTCTCGTCGCA GTAAGCACTGATTTCCATGTCCA
CDKN1A GGACAGCAGAGGAAGACCAT GGCGTTTGGAGTGGTAGAAA

CDKN2A Qiagen, 330001 (PPH00207C)

CBX4 ACCGTGCCAAGCTGGATTT AGGTCGTACATTTTGGGGTCG
IL-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG
IL-8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC

A custom RT2 Profiler PCR Array (Qiagen, 330171) was used to profile a total of
42 genes related to cellular senescence and/or CBX4 (Table 5.2) as previously described
72. The CT value of each gene was normalized with reference gene YWHAZ, ACT =CT
(target gene)-CT (YWHAZ) and relative gene expression change was calculated relative
to the wild-type CBX4, AACT = ACT(a target sample)-ACT(CPD earliest); fold change
(FC)=2-24CT was expressed using Log2 FC. Results of the senescent and proliferating

passage of WI-38 were acquired from our previous study”2.
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Table 5.3: qPCR custom microarray panel (Qiagen, 330171)

Gene Symbol |Assay Catalog # |Gene Symbol |Assay Catalog # |Gene Symbol |Assay Catalog #
GDC PPH65835A PPC PPX63339A RTC PPX63340A
B2M PPHO1094E YWHAZ PPHO1017A 18SrRNA PPHO5666E
PVRL4 PPH09678B PRODH PPHO0877A LY6D PPH19736C
DAO PPH11264A EPN3 PPH13321A SLC52A1 PPH11141A
BAX PPH00078B BCL2 PPH00079B MDM4 PPH00875E
MDM?2 PPHOO0193E FAS PPH00141B TP53 PPHO0213F
TP63 PPH01032F CDK1 PPH00116C CDK4 PPHO0118F
CDKN1A PPHOO0211E CDKN2A PPH00207C ATM PPH00325C
STAT1 PPH00811C STAT3 PPHO0708F NFKB1 PPH00204F
TNF PPHOO0341F IL6 PPHO0560C CXCL8 PPHOO568A
HDAC1 PPHO1735F RB1 PPHO0228F E2F3 PPHOO0917F
E2F1 PPH00136G E2F7 PPH19766A sSumMmo1 PPH00973F
CSNK2A2 PPH02197F DNMT1 PPHO1055F SOX2 PPHO02471A
PARP1 PPH00686B MYC PPH00100B RING1 PPH14334B
BMI1 PPH57778A CBXx4 PPH19160A DPP4 PPHO0035B
SIRT1 PPH02188A PCNA PPH00216B ATR PPH01318B

5.2.8.Statistical analyses

Data are presented as mean + standard error of the mean (SEM). Analyses were
performed using Prism 9 (GraphPad software). Repeated measures and mixed ANOVA
with Tukey post-hoc test were performed for comparison of wild-type CBX4 with each

of the mutants transduced into WI-38 cells. In primary chondrocytes, paired t-test was
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performed for comparison of wild-type CBX4 with control. P <0.05 was considered

statistically significant.

5.3. Results

5.3.1. Successfully overexpressed CBX4 in the WI-38 fibroblast

After transduction of WI-38 cells and puromycin selection, we successfully
overexpressed CBX4 gene expression and protein expression in the CBX4 WT and CBX4
mutants compared to the control group (Figures 5.2A and B). The mean gene expression
ACT of CBX4 from CBX4 WT, CBX4 CDM, CBX4 ASIM, CBX4 AC-box, CBX4 CDMASIM
and control was -1.44 + 0.49 (n=4), -0.86 + 0.69 (n=3), -3.19 + 0.49 (n=4), -3.00 £ 0.33 (n=4), -
2.82 +0.45 (n=4) and 5.03 + 0.26 (n=4), respectively. The control showed significantly
lower CBX4 gene expression compared with CBX4 WT and CBX4 mutants (Figure 5.2A).
Additionally, we also found that CBX4 WT and CBX4 CDM showed lower gene
expression compared with CBX4 ASIM, CBX4 AC-box, and CBX4 CDMASIM (Figure

5.2A).
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Figure 5.2: Successfully transduced CBX4 wild-type and its mutants in WI-38 cells.

A) CBX4 gene expression of WI-38 cells after transduced with CBX4 WT, CBX4
mutants, and control lentiviral particles. B) Representative western blot of the CBX4
protein expression.

5.3.2. Flow cytometric profile of senescence markers in response to
CBX4 overexpression

Despite all of the conditions being initially seeded with 70,000 cells, lower cell
density was found within the CBX4 WT and CBX mutant transduced wells compared to
control (Figure 5.3A). The mean-fold change of cell count of each conditions compared
with the seeding amount were as follows: ctrl: 1.905 + 0.157 (n=4), CBX4 WT: 0.145 +0.038
(n=4), CBX4 CDM: 0.053 + 0.008 (n=4), CBX4 ASIM: 0.39 + 0.037 (n=4), CBX4 AC-box: 0.32
+0.015 (n=3), CBX4 CDMASIM: 0.165 *+ 0.033(n=4)( Figure 5.3B).

The mean percentage of SA-f3-gal activity from CBX4 WT, CBX4 CDM, CBX4
ASIM, CBX4 AC-box, and CBX4 CDMASIM were 40.94 + 3.73 (n=4), 38.72 + 4.44 (n=4),

31.81 +4.26 (n=4), 38.77 £ 3.31 (n=3), and 68.27 + 1.17 (n=4), respectively (Figure 5.3C).
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The CBX4 CDMASIM showed the highest SA-f3-gal activity compared with other groups
(Figure 5.3C).

The mean percentage of DPP4 from CBX4 WT, CBX4 CDM, CBX4 ASIM, CBX4
AC-box, and CBX4 CDMASIM was 53.23 + 2.30 (n=4), 45.58 + 4.73 (n=4), 62.08 + 1.66
(n=4), 74.33 £ 2.77 (n=3), and 81.83 + 2.38 (n=4), respectively (Figure 5.3D). Compared to
CBX4 WT, CBX4 AC-box, and CBX4 CDMASIM showed significant higher DPP4
expression (Figure 5.3D).

The mean percentage of p16 from CBX4 WT, CBX4 CDM, CBX4 ASIM, CBX4 AC-
box, and CBX4 CDMASIM were 45.80 + 3.94 (n=3), 49.03 £ 0.76 (n=3), 17.66 + 0.46 (n=3),
42.53 +1.43 (n=3), and 83.27 + 1.68 (n=3), respectively (Figure 5.3E). Compared to CBX4
WT, CBX4 ASIM resulted in significantly lower p16 expression (Figure 5.3E). CBX4
CDMASIM demonstrated the highest p16 expression compared to other groups (Figure
5.3E).

The mean percentage of EAU from CBX4 WT, CBX4 CDM, CBX4 ASIM, CBX4
AC-box, and CBX4 CDMASIM were 5.66 + 1.02 (n=4), 7.18 + 1.06 (n=4), 31.77 + 2.12 (n=4),
14.11 £ 2.37(n=3), and 3.00 + 0.52 (n=4), respectively (Figure 5.3F). CBX4 ASIM and CBX4
AC-box resulted in higher EAU expression compared to CBX4 WT (Figure 5.3F). Taken
together, CBX4 CDMASIM increased senescent marker SA-3-gal activity, DPP4, and p16
compared to wild-type CBX4. CBX4 ASIM showed the least p16 expression and highest

EdU proliferation marker.
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Figure 5.3: Senescent markers of CBX4 wild-type and its mutants in WI-38 cells.

A) Microscopic image of Ctrl, CBX4 WT and CBX4 mutants in pre-senescent WI-
38. B) Cell count fold changes were compared with the seeding cell counts 70000 before
puromycin selection. SA-f3-gal activity (panel C), DPP4 (panel D) and p16 (panel E), and
proliferation marker EAU (panel F) were detected by flow cytometry and plotted as a
dot bar graph. Repeated measures and mixed ANOVA with Tukey post-hoc test were
performed for comparison for wild-type and mutant CBX4. * P < 0.05 **P < 0.01 ** P <
0.001 **** P < 0.0001.

5.3.3. Gene expression of senescence markers in response to CBX4
overexpression

The mean gene expression ACT of DPP4 from CBX4 WT, CBX4 CDM, CBX4
ASIM, CBX4 AC-box, and CBX4 CDMASIM were 5.56 + 0.24 (n=4), 6.53 + 0.43 (n=3), 4.18

+0.21 (n=4), 4.95 + 0.23 (n=4) and 4.37 + 0.21 (n=4), respectively (Figure 5.4A). Compared
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to CBX4 WT, CBX4 ASIM, CBX4 AC-box, and CBX4 CDMASIM showed higher DPP4
gene expression (Figure 5.4A).

The mean gene expression ACT of CDKN2A (p16) from CBX4 WT, CBX4 CDM,
CBX4 ASIM, CBX4 AC-box, and CBX4 CDMASIM were 5.24 + 0.44 (n=4), 3.91 + 1.21
(n=3), 5.76 + 0.27 (n=4), 5.50 + 0.41 (n=4) and 3.80 + 0.32 (n=4), respectively (Figure 5.4B).
Compared to CBX4 WT, the CBX4 CDMASIM resulted in higher CDKN2A gene
expression (Figure 5.4B) and the CBX4 CDM resulted in higher CDKN2A gene
expression marginally (P=0.086).

The mean gene expression ACT of IL6 from CBX4 WT, CBX4 CDM, CBX4 ASIM,
CBX4 AC-box, and CBX4 CDMASIM were 6.11 + 0.30 (n=4), 7.05 + 0.11 (n=3), 5.53 + 0.51
(n=4), 7.08+0.36 (n=4) and 5.96+0.30 (n=4), respectively (Figure 5.4C). There were no
significant differences comparing the CBX4 mutants toCBX4 WT(Figure 5.4C).

The mean gene expression ACT of LMNB1 from CBX4 WT, CBX4 CDM, CBX4
ASIM, CBX4 AC-box, and CBX4 CDMASIM were 6.86 + 0.45 (n=4), 5.49 + 1.43 (n=3), 4.77
+0.40 (n=4), 5.59 + 0.45 (n=4) and 7.28 + 0.51 (n=4), respectively (Figure 5.4D). CBX4
ASIM resulted in higher LMNBI gene expression compared with CBX4 WT (Figure
5.4D).

The mean gene expression ACT of CDKN1A from CBX4 WT, CBX4 CDM, CBX4

ASIM, CBX4 AC-box, and CBX4 CDMASIM were 0.22 + 0.54 (n=4), 0.79 + 0.45 (n=3), 0.41
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+0.22 (n=4), 0.17 £ 0.27 (n=4) and 0.021 + 0.30 (n=4), respectively (Figure 5.4E). There
were no significant differences comparing the CBX4 mutants to CBX4 WT(Figure 5.4E).
The mean gene expression ACT of IL8 from CBX4 WT, CBX4 CDM, CBX4 ASIM,
CBX4 AC-box, and CBX4 CDMASIM was 6.04+0.56 (n=4), 6.28+0.54 (n=3), 4.17+0.81 (n=4),
8.30+0.54 (n=4) and 5.10+0.99 (n=4), respectively (Figure 5.4F). CBX4 ASIM resulted in
higher IL6 gene expression, and CBX4 AC-box resulted in lower IL§ gene expression
compared with wild-type CBX4 (Figure 5.4C). Taken together, compared with CBX4
WT, CBX4 CDMASIM expressed the highest CDKN2A, CBX4 ASIM showed higher
DPP4, LMNBI and IL8 gene expression and CBX4 AC-box showed higher DPP4 and

lower IL8 gene expression.
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Figure 5.4: Senescence-related genes of CBX4 wild-type and its mutants in WI-38 cells.

Gene expression of DPP4 (panel A), CDKN2A (panel B), IL6 (panel C), LMNBI1
(panel D), CDKN1A (panel E) and IL8 (panel F) were detected by qRT-PCR and plotted
as a dot bar graph. Mixed ANOVA with Tukey post-hoc test was performed for
comparison for wild-type and mutant CBX4. * P < 0.05 **P < 0.01 ** P < 0.001 *** P <
0.0001.

5.3.4. Senescence-related PCR-array analysis in response to CBX4
overexpression

We were able to measure 37 out of 42 selected genes from the PCR array; DAO,
TP63, TNF, LY6D and SOX2 were not detected. We compared the expression of the
genes in WI-38 senescent passage (CPD>54) with proliferating passage (CPD<44) and
CBX4 mutants with CBX4 wild-type (Figure 5.5). The genes on the heatmap were
arranged based on the mean differential gene expression of proliferating passage -
senescent passage WI-38. CDK1, E2F1, DNMT1 and PCNA were higher in the
proliferating cells compared with senescent cells. BAX, FAS, CDKN2A, STATS3, IL6,
MDM?2, DPP4, CDKN1A, and SLC52A1 were lower in the proliferating cells compared
with senescent cells. Moreover, RING1, ATM, and STAT1 showed a trend of lower gene
expression in the proliferating cells compared with senescent cells (Figure 5.5).
Compared with CBX4 WT, CBX4 CDM marginally increased EPN3 and CDKN1A
(P=0.065 and 0.086). Compared with CBX4 WT, CBX4 ASIM significantly increased
CDK1, E2F1, PCNA, MDM4, TP53, DPP4, CXCL8, STAT1 and decreased BMI1, E2F7 and

CDKN2A; DNMT1, HDAC1 and ATM showed a trend of increasing (P=0.073, 0.066 and
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0.065, respectively), and CSNK2A2, CDKN2a marginally decreased (P=0.089 and 0.076).
CBX4 AC-box increased CDK1, E2F1, PCNA, RB1 and DPP4 and decreased MYC, CXCLS,
E2F7, CSNK2A2 and IL6; MDM4 and DPP4 showed a trend of increasing (P=0.097, and
0.052). CBX4 CDMASIM decreased DNMT1, BCL2, E2F7, CSNK2A2 and MYC and
increased senescence-related gene EPN3, CXCL8, CDKN2A and DPP4 and showed a
trend of increasing EPN3 and CXCLS8 (P=0.088 and 0.089) and decreasing in PCNA

(P=0.064).
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Figure 5.5: Senescence-related PCR array of CBX4 wild-type and its mutants in WI-38
cells.

A selected panel of senescence-related qPCR array was applied to explore the
gene alteration of proliferating (prolifs) WI-38 cells with senescent (SnCs) WI-38 cells
and CBX4 mutants compared with CBX4 wild-type in senescence regulation and
presented with heatmap.
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5.3.5. CBX4 overexpression decreased DPP4 and increased
proliferation in human OA chondrocytes

After identifying the senomorphic effect of CBX4 and the mechanisms of CBX4
regulation senescence using the WI-38 cells, we investigated the senomorphic effect of
CBX4 in human OA chondrocytes. After transduction, we successfully overexpressed
CBX4 gene expression and protein expression in the CBX4 WT compared to the control
group (Figures 5.6A). The mean gene expression ACT of CBX4 from CBX4 WT and
control was -4.50 + 0.75 (n=4), and 2.54 + 0.43 (n=4). The CBX4 WT showed significantly
higher CBX4 gene expression compared with control, and the western blot results
showed an intense band for CBX4 protein in the CBX4 WT while no band in the Ctrl.
The CBX4 WT showed lower DPP4 compared with control, mean percentage 35.35 + 2.66
(n=4) and 40.48 + 2.76 (n=4) (Figure 5.6B). Also, the CBX4 WT showed higher
proliferation marker EQU compared with control, mean percentage 36.78 + 2.53 (n=4),

and 11.97 + 1.67 (n=4).
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Figure 5.6: Overexpression of CBX4 reduced DPP4 and increased proliferation.
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CBX4 was overexpressed using CBX4 WT lentiviral particles in human OA
chondrocytes. A) CBX4 gene expression (n=3) and protein expression (representative
western blot) in the CBX4 WT and Ctrl transduced OA chondrocytes. B) SA-3-gal
activity, protein expression of p16, DPP4, and EdU proliferation markers detected by
flow cytometry and plotted as a dot bar graph.

5.4. Discussion

In this study, we investigated the CDM, SIMs motifs, and C-box domains of
CBX4 in senescence regulation using primary diploid fibroblast WI-38. We found a
significantly decreased proliferation in the CBX4 WT and CBX4 mutants transduced WI-
38 compared to control. The CBX4 CDM increased CDKN2A gene expression
marginally. The CBX4 ASIM showed increased proliferation-related genes such as
CDK1, LMNBI1 and E2F1 and proliferation marker EdU, and also increased senescence-
related gene TP53, DPP4, CXCL8 and STAT1, and decreased BMI1 and E2F7. CBX4 AC-
Box showed increased proliferation-related genes and decreased IL6 and CXCLS. CBX4
CDMASIM increased senescence markers SA- 3-gal, DPP4, and p16 and decreased the
proliferation related genes and EAU marker. Taken together, CDM as part of PRC1 is
involved the repression of cyclin-dependent kinase inhibitor (CDKi), SIMs as a SUMO
E3 ligase is associated with inhibition of cell proliferation, SASPs secretion, DPP4
development, and DNA damage repair, C-box is related with inhibition of cell
proliferation and DPP4 development. Moreover, combined CDM mutated and SIMs
deletion caused the most senescence markers expression including SA- SA-[3-gal activity,

protein expression of p16, and DPP4 among other CBX4 WT and mutants transduced
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cells. Additionally, we demonstrated the senomorphic effect of overexpressed CBX4 in
human OA chondrocytes by decreased DPP4 expression and increased proliferation
marker EAU, confirming that CBX4 could be a potential senomorphic target in OA
chondrocytes.

Here, we observed significant fewer cell numbers in the CBX4 WT and mutant
transduced cells compared to control in the WI-38; on the contrary, overexpressed CBX4
WT in human OA chondrocytes increased proliferation marker EAU. CBX4 has been
shown to increase cell proliferation in cancer cell lines previously '* 13, The decreased
cell proliferation in the CBX4 overexpressed WI-38 could be caused by the construct size
difference between control and CBX4 WT and mutants, and/or the distinct CBX4
function in different cell types. The construct size may impact the packaging and
transduction efficiency of the overexpression lentiviral particles; a smaller construct
resulted in a higher functional titer and a higher transduction efficiency '*. Based on our
results, we speculated the control plasmid (7899bp) has higher functional viral titer and
higher transduction efficiency, which led to a higher cell count after puromycin selection
compared with CBX4 WT (9588bp), CBX4 CDM (9588bp), CBX4 ASIM (9564bp), CBX4
AC-box (9510bp), and CBX4 CDMASIM(9564bp). The fact that we performed antibiotic
selection in the WI-38 cells, but not in the human OA chondrocytes, may also explain the

opposite findings of cell proliferation.
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Despite the difference between control particles and CBX4 wild-type and
mutants, we were still able to investigate the domain function of CBX4 in senescence
regulation by using the CBX4 wild-type as the reference. The function of the
chromodomain of CBX4 has been shown to repress the CDKi, such as p16 and p14/p19,
through the PRC1 # 40, Here, we observed a trend of increased CDKN2A(p16) in the
CBX4 CDM compared with CBX4 WT. Moreover, we also observed a significant increase
of CDKN2A (p16) in both gene and protein expression in CBX4 CDMASIM, which could
be caused by the CDM mutation, since the deletion of only SIMs did not increase
CDKN2A (p16) expression.

The SIMs motif is related to the function of SUMO E3 ligase of CBX4.
Sumoylation is the process of covalently attached a member of the SUMO family of
protein to other proteins in cells to modify their function. A prior study showed that
CBX4 mediated SUMO-modification is crucial for DNA damage repair by BMI1 #.
Moreover, CBX4 can sumoylate C-terminal binding protein, which is responsible for
gene repression 4!, and CBX4 can auto-sumoylate itself and facilitate its own function *.
Sumoylation has recently been found to involve senescence regulation, while different
proteins may involve differently in senescence development 42 For instance,
sumoylation of SIRT1 promotes the survival of normal and cancer cells 4 44, while
sumoylation of protein peroxiredoxin 6 impairs its cell protective function #°. Thus,

deletion of SIMs of CBX4 may impair the DNA damage repair and increase certain genes
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expression related to senescence regulation. Luis et al. showed increased cell
proliferation in the SIMs deleted CBX4 transduced epidermal stem cell *%, which
suggested a protective stemness mechanism a protective stemness mechanism by
inhibition of cell proliferation and differentiation.

Our results were consistent with prior studies; we found a decrease in BMI1 gene
expression in the CBX4 ASIM and increased SASPs-related gene STAT1 and ILS.
Moreover, we observed a significantly higher cell number, proliferation marker EdU
and proliferation-related genes CDK1, E2F1, PCNA and MDM4 in the CBX4 ASIM.

A previous study by Satijin et al. showed overexpression of CBX4 reduces c-
MYC expression by repressing the C-MYC promotor via its C-terminal, while deletion of
the C-terminal domain increased C-MYC gene expression in C57MG and U-2 OS 14,
Although we found a higher proliferation marker in CBX4 AC-Box compared to CBX4
WT, we found decreased MYC, IL6 and IL8 and increased DPP4, CDK1, E2F1 and
PCNA. The difference may relate to the cell type, but our findings also indicate that C-
Box is involved in senescence regulation.

CBX4 CDMASIM showed the most senescent markers among the group, which
could be explained by the synergetic effect of CDM, which increased the p16 and caused
decreased cell proliferation, and the deletion of SIMs leads to the inability of DNA

damage repair and increased SASPs secretion.

113



In the previous chapter, we found that DPP4 was regulated up and down by
CBX4 knockdown and activation in WI-38. Consistently, we observed a decrease in
DPP4 in the CBX4 overexpressed human OA chondrocytes. Our findings suggest that
DPP4 may be direct targets and mediators of CBX4 regulation of senescence.

There were several limitations of this study. To identify the effect of CDM, SIM,
and C-box in senescence regulation, we tested each site's function separately. However,
we only tested the combination of CDM mutated with SIMs deleted CBX4; a broader
combination could further broaden the understanding. Here, we performed the
transduction of CBX4 in the human OA chondrocytes without further sorting for the
senescent populations and did not use antibiotic selection after transduction which may
obscure the senomorphic effect of CBX4. However, sorting senescent cells resulted in
limited cell numbers, and antibiotic selection could lead to incomparable results of CBX4
and control (see Appendix).

In summary, we found that all three domains, CDM, SIMs, and C-box, are
involved in the regulation of senescence by CBX4. CDM is mostly involved in
maintained cell cycle proliferation by decreasing p16 expression. SIMs are involved in
decrease cell proliferation and SASPs secretion, and enhance DNA damage repair. C-box
is related to decreased DPP4 and cell proliferation, and increased SASPs secretion
(Figure 5.7). Taken together, CBX4 is a multi-functional protein, and these mutants

elucidate the different non-overlapping functions in senescence regulation. Additionally,
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we identified the CBX4 senomorphic effect in human osteoarthritic chondrocytes by

decreased DPP4 and increased cell proliferation.
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Figure 5.7: Graphic summary of mechanisms of CBX4 regulation of senescence.

The CDM, SIMs, and C-box are all involved in the regulation of senescence by
CBX4. CDM is mostly involved in maintaining cell proliferation by decreasing p16
expression. SIMs are associated with decreased p53 expression, cell proliferation and
SASPs secretion, and enhanced DNA damage repair. C-box is related to decreased DPP4
and cell proliferation, and increased SASPs secretion. This figure is created with
BioRender.com.
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6. Chapter 6: Conclusion and future direction

6.1. Thesis conclusions

Cellular senescence has been identified as a major contributing factor to the
pathogenesis of osteoarthritis (OA). Thus, a therapy targeting senescence could be an
effective treatment for OA. Here, we aimed to develop a senomorphic treatment strategy
for OA. We first determined the association of cellular senescence with OA severity;
then, we identified DPP4 as a promising surface biomarker for senescent chondrocytes
and explored CBX4 as a senomorphic target in the replicative senescent model WI-38
and human OA chondrocytes. The graphic summary of the thesis is demonstrated in
Figure 6.1.

To determine if cellular senescence is involved in the development and
progression of osteoarthritis, we first evaluated the association of chondrocyte
senescence marker expression with knee OA severity. Knee cartilage sections and
chondrocytes were collected from selected regions as different severity of OA disease in
human knee sample post TKR. We identified a higher percentage of senescent cells in
the medial peri-lesional cartilage compared to the non-lesioned OA cartilage and a
positive correlation of senescence markers, SA-B-gal activity and p16 expression, with
OA disease severity. Our data suggest senescent chondrocytes may contribute to OA
progression, and a therapeutic targeting senescence could be an effective treatment for

OA.
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To investigate DPP4 as a possible biomarker to enrich cohorts for senescence-
related OA phenotypes, we evaluated the association of DPP4 (CD26) with cellular
senescence of human cartilage and knee osteoarthritis (OA) progression. Chondrocytes
were acquired from OA patients undergoing total knee replacement for OA to evaluate
the co-expression of DPP4 with established senescence markers by flow cytometry, and
quantifying expression levels of anabolic and catabolic genes, senescence-related genes,
and senescence-associated secretory phenotypes (SASPs) in DPP4+ and DPP4- cells,
isolated by two different methods, fluorescence-activated cell sorting and magnetic-
activated cell sorting. Soluble DPP4 was measured in synovial fluid (SF) and plasma of
the Prediction of Osteoarthritis Progression cohort, and plasma of Etarfolatide cohort
and correlated with knee and systemic OA severity and structural progression. We
found DPP4 expression was associated with higher expression of traditional senescence
markers, SA-f3-gal activity and p16 expression, senescence-related and catabolic gene
(ADAMTS5, MMP13, IL6, and IL8) expression, higher SASPs secretion, and lower
anabolic gene (COL2A1 and ACAN) expression in chondrocytes. In addition, SF DPP4
was associated with radiographic OA progression, proteases (SF MMP-1 and -3),
aggrecan degradation (SF sGAG), and indicators of activated macrophages (SF CD14
and CD163) and inflammation (SF IL-6). To our knowledge, this is the first

demonstration that SF DPP4 is a biomarker associated with OA progression.

117



In order to develop cellular senescence outcome measures and modulate target
readily, we explored the association of CBX4 expression with replicative senescence in
WI-38 fibroblasts, a classic human senescence model system. We also examined the
senomorphic capability of CBX4 through modification of WI-38 senescence phenotypes
with gain and loss of CBX4 expression WI-38. During the serial culture of the WI-38
primary fibroblast cell line to a senescent state, we found increased expression of
senescence markers, including senescence (3-galactosidase (SA-Bgal) activity, protein
expression of p16, p21, and DPP4, and decreased proliferation marker EAU; moreover,
CBX4 protein expression declined. With the knockdown of CBX4, SA-Bgal activity and
p16 protein expression increased, and EAU decreased. With the activation of CBX4, SA-
Bgal activity, p16, and DPP4 protein decreased. In addition, CBX4 knockdown increased,
while CBX4 activation decreased, gene expression of both CDKN2A (encoding the p16
protein) and DPP4. Genes related to DNA damage and cell cycle pathways were
regulated by CBX4. These results demonstrate that CBX4 can regulate replicative
senescence in a manner consistent with a senomorphic agent.

Finally, to better understand which domains are responsible for the senomorphic
effect of CBX4, we transduced wild-type CBX4, CDM mutated CBX4, SIMs deleted
CBX4, and C-Box deleted CBX4 and CDM mutated with SIMs deleted CBX4 in the pre-
senescent WI-38 fibroblasts. As a result, we found CDM, SIMs and C-box are all

involved in the regulation of senescence by CBX4, where CDM is mostly involved in cell
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cycle regulation, SIMs are involved in the cell proliferation, DNA damage repair, and
SASPs secretion, and C-box is related to cell proliferation and SASPs secretion. In

addition, we identified the CBX4 senomorphic effect in osteoarthritic chondrocytes.

6.2. Future direction

In this project, we identified DPP4 as a surface biomarker of senescent
chondrocytes and SF DPP4 as a potential predictive biomarker for knee OA progression.
Our findings also suggest that DPP4 could be a target for the therapeutic treatment of
OA. In previous studies, DPP4 inhibitor showed a protective effect on vascular aging %,
preventing osteoporosis in glucocorticoid-induced mouse model #°!, and reducing
inflammation-induced cartilage degradation®*® . Future studies to investigate the effects
of DPP4 inhibitor in a mouse OA model and evaluate OA progression status among type
2 DM patients with OA given DPP4 inhibitors could facilitate our understanding of the
feasibility of DPP4 inhibitors as an OA treatment. Nevertheless, we only explored the
association of DPP4 with senescence-related genes by qRT-PCR array; other pathways or
genes may relate to the inflammation phenotype of DPP4, a non-biased approach, such
as RNA seq, would be worthy of future study.

We observed the senomorphic effect of CBX4 in the replicative WI-38 and human
OA chondrocytes and identified the functions of CBX4 domains in senescence regulation
using lentiviral transduction. Therefore, CBX4 treatment in a cartilage explant would be

worthy of future study to confirm the senomorphic effects of CBX4 in human OA
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disease. We performed the overexpression of CBX4 in vitro in monolayer primary
chondrocytes; one utilizing senescent cell sorting based on size and antibiotic selection
after transduction (Appendix) and one without (Chapter 5). Several technical difficulties
were faced. First, lentiviral transduction of primary chondrocytes was particularly
challenging, with around 20-30% transduction rate at MOI 20, and cell toxicity in higher
MOIL. Second, the large size of the overexpression construct impacted the lentiviral
packaging resulted in a lower functional titer and a lower transduction efficiency'®.
Thus, it was difficult to compare the results for control overexpression particles with the
CBX4 overexpression particles after the antibiotic selection. Third, primary chondrocytes
undergo dedifferentiation after monolayer culture making it difficult to determine the
effects of CBX4 transduction or the dedifferentiation process. Taken together, these

issues should be considered when performing the CBX4 treatment in the future.
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First, we investigated the association of cellular senescence and OA disease severity in human knee joints from total knee
replacement (TKR). We found a mean of 10% SA-3-gal and 23% p16 expressing chondrocytes in the lateral tibial plateau and 78%
SA-B-gal and 34% p16 expressing chondrocytes in the medial tibial plateau. Our results suggested cellular senescence is associated
with OA disease severity. Subsequently, we identified DPP4 as a potential senescence biomarker in knee OA. We found DPP4+ OA
chondrocytes had higher co-expression with SA-B-gal and p16, higher SASPs secretion, lower anabolic gene expression in
chondrocytes, and is associated with senescence-related gene expression. In addition, SF DPP4 was significantly associated with
radiographic knee OA progression. Next, we explored the senomorphic effect of CBX4 in WI-38 cells. We observed a decrease in
CBX4 protein expression and increased senescence markers and gene expression during WI-38 serial culture. Knockdown of CBX4
increased cellular senescence, whereas activation of CBX4 decreased senescence in the pre-senescent WI-38 cells. Additionally, we
explored the mechanisms of senescence regulation from CBX4 domains by using CBX4 mutated lentiviral particles and compared
them with CBX4 wildtype in WI-38 cells. Chromodomain, SUMO-interacting motifs (SIMs), and carboxyl-terminal homology box (C-
box) domains are all involved in the regulation of senescence by CBX4; where CDM is mainly involved in cell cycle regulation, SIMs
are involved in the cell proliferation, DNA damage repair, and SASPs secretion, and the C-box is related to cell proliferation and
SASPs secretion. Finally, we identified the CBX4 senomorphic effect in osteoarthritic chondrocytes by comparing CBX4 wildtype and
control transduced cells. Compared to control, CBX4 overexpressing chondrocytes demonstrated lower DPP4 expression, IL-8
secretion and higher proliferation marker EAU. Overall, our study showed that cellular senescence is positively correlated with OA
disease severity, identified DPP4 as a potential biomarker for cellular senescence in OA, and explored CBX4 as a potential
senomorphic treatment in human WI-38 fibroblasts and OA chondrocytes. This figure is created with BioRender.com.



Appendix: CBX4 treatment effects on senescence

primary OA chondrocytes

Introduction

CBX4, a nuclear protein, was shown to alleviate cellular senescence in human
mesenchymal stem cells (hMSCs) and attenuate post-traumatic OA (PTOA) upon
overexpression in a mouse system 2. CBX4, a polycomb repressive complex (PRC1)
associated protein and an E3 small ubiquitin-related modifier -protein( SUMO) ligase,
has been discovered to regulate protein activity involved in DNA damage repair * #.
CBX4 has been implicated in the progression of hepatocellular cancer and breast cancers
479 It has also been shown to regulate cell proliferation, differentiation, and self-renewal
in hematopoietic stem cells and hMSCs %2 %. In our previous study, CBX4 decreased with
serial culture, and activation of CBX4 decreased senescence markers in the human
primary WI-38 cell 2. In Chapter 5, we also found overexpressed CBX4 reduced
senescence marker DPP4 and increased proliferation in the human OA chondrocytes.
Here, we investigated the senomorphic capability of CBX4 through modification of

senescent chondrocytes phenotypes with CBX4 overexpression in vitro.

Methods and material
Primary chondrocyte isolation

Human knee joints were obtained from OA patients during total knee

arthroplasty as surgical waste under IRB proved at Duke hospital (n=5). Human
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articular cartilage from the tibial plateau and femoral condyle was finely diced and
digested in pronase 0.1% for 1 hour, followed by 0.17% (w/v) type II collagenase in 10%
fetal bovine serum: DMEM/F-12 medium for 16-18 hours. After digestion, isolated
chondrocytes were filtered through a 30 um strainer (MACS, 130110915) and washed

twice in phosphate-buffered saline (PBS, Thermo, 10010023).

Fluorescence-activated cell sorting (FACS)

After isolation, chondrocytes were sorted using an MA900 cell sorter (Sony
Biotechnology) based on the FSC-A and FSC-H to separate the large chondrocytes as
senescent cells®. Dead dye Sytox AAD (1 uM, Thermo Fisher, 510349) was used to
exclude dead cells. The purity of sorted size large and small chondrocytes was

confirmed by post sorting check.

Transduction of CBX4 mutants' lentiviral particles

Senescent chondrocytes were plated at a density of 100000/well in 48-well plates.
Lentiviral particles were added the following day to infect chondrocytes using
spinfection 900 x g for 1 hour with the multiplicity of infection 20. Culture media were
replaced 24 hours after transduction. Then, 3 days after transduction, puromycin 0.5
ug/ml was added for 3 days to select stably transduced cells. The culture medium was

replaced and culture for one day. The cells were then collected for further analysis.
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Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

RNA was extracted using an Aurum™ Total RNA Mini Kit (Bio-Rad, 7326820).
cDNA was synthesized using the iScript™ cDNA Synthesis Kit (Bio-Rad,1708891) for
anabolic and catabolic gene analysis. YWHAZ was used as an internal reference control
gene. The primers used are listed in Table 7.1. qRT-PCR was performed using an SYBR
green mastermix (Applied Biosystems, 4309155) with QuantStudio 6 Flex Real-Time

PCR Systems (Applied Biosystems).

Statistical analyses

Analyses were performed using Prism 9 (GraphPad software). Data were
presented mean + SEM. Paired t-tests were performed for statistical analyses of the
control and CBX4 overexpression group

Table 6.1 Primers used for RT-PCR detections

Forward Reverse
YWHAZ CTGAGGTTGCAGCTGGTGATGACA AGCAGGCTTTCTCAGGGGAGTTCA
DPP4 AAAGGCACCTGGGAAGTCATCG CAGCTCACAACTGAGGCATGTC
coL2A1 TGGACGCCATGAAGGTTTTCT TGGGAGCCAGATTGTCATCTC
COL10A1 ATGCTGCCACAAATACCCTTT GGTAGTGGGCCTTTTATGCCT
ACAN GTGCCTATCAGGACAAGGTCT GATGCCTTTCACCACGACTTC
ADAMTS4 GAGGAGGAGATCGTGTTTCCA CCAGCTCTAGTAGCAGCGTC
ADAMTS5 GGCCTCCATCGCCAATAGG GGATAGCTGCATCGTAGTGCT
MMP-3 GCAGTTTGCTCAGCCTATCC GAGTGTCGGAGTCCAGCTTC
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MMP-13 TTCACGATGGCATTGCTGAC ATTTGGCCCAGGAGGAAAAG
TNF-a Qiagen, 330001 (PPHO0341F)

IL-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG
IL-8 ACTGAGAGTGATTGAGAGTGGAC AACCCTCTGCACCCAGTTTTC
CBX4 ACCGTGCCAAGCTGGATTT AGGTCGTACATTTTGGGGTCG
Results

Successfully overexpressed CBX4 in the senescent chondrocytes

Our protocol yielded a mean of 4.17 + 0.28 x 10° (range: 3.09-4.74x10°)
chondrocytes from 1 gram of human articular cartilage. The isolated chondrocytes were
directly sorted by FACS for large chondrocytes (Figure 6.2A, representative figure for
FACS). The mean percentage of the large cell was 38.47 + 2.61%, 4.40 + 2.80% and 82.62+
4.65% in the pre-sorted, small sorted, and large sorted cells (Figure 6.2B). We

successfully sorted the large (senescent) chondrocytes.

A Pre-sorted Small-sorted  Large-sorted B 0.0001 <0:0001
100=
[EPES ® Small
— . o _ 80+ } ;. ®  large
T XS 168, 763 o ]
O > ] <
= mas | mai - P I) 60+
35 i 888 \oo— 582 m S 4
. P P 2y 5 40 %0 BB
..... R $* =
20+
FSC-A s 2
0 I e

Pre-sorted Sorted small Sorted large

Figure 6.2 Successfully enriched large chondrocytes with FACS.
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A) Representative flow-cytometric figure for pre-sorted, small-size sorted and
large-size sorted chondrocytes. B) Percentage of small and large-sized chondrocytes
after FACS demonstrated with dot graph with mean + SEM.

After transduction of CBX4 and control overexpression particles and selection
with puromycin in the senescent chondrocytes, the CBX4 overexpression chondrocytes
showed lower cell density compared with the control (Figure 6.3A). CBX4
overexpression chondrocytes expressed higher CBX4 gene expression than control
(Figure 6.3B), suggesting successful CBX4 transduction. Compared with control, CBX4
overexpression was associated with higher gene expression of COL10A1 and ADAMTS4

(p=0.08 and 0.024) and lower expression of ADAMTSS5 (p=0.003, Figure 6.3B).
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Discussion

Our results showed that CBX4 overexpression particles successfully increased
the CBX4 gene expression in the senescent chondrocytes. We also found a significant
increased COL10A1 and ADAMTS4 and lower expression of ADAMTS5. However, we
found a great different cell count between the control and CBX4 groups after the
transduction and puromycin selection. Thus, it is difficult to discern whether these
effects directly come from CBX4 or are due to the stress events during transduction and
antibiotic selection.

There were several technical difficulties in the study. In our experiment, we first
sorted senescent chondrocytes for the transduction experiment, which would allow us to
determine the anti-senescence directly. However, after FACS, we obtained limited cells,
only 200000 to 400000 chondrocytes from a total 2 to 4 million chondrocytes; thus, we
were only able to collect the gene expression readout. Second, the primary chondrocytes
were difficult for lentiviral transduction, with around 20-30% transduction rate at MOI
20, and cell toxicity was noticed in higher MOL Third, the large size of the
overexpression construct impacted the lentiviral packaging resulted in a lower
functional titer and a lower transduction efficiency *°. Therefore, it was difficult to
compare the results for control overexpression particles with the CBX4 overexpression
particles after the antibiotic selection. Last, primary chondrocytes were dedifferentiated

after monolayer culture; thus, it was difficult to distinguish the effect from CBX4 or the
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dedifferentiation process. Taken together, these issues hindered the ability to interpret
our results when performing the CBX4 overexpression lentiviral particles treatment in
the primary chondrocytes monolayer system.

In summary, we performed the CBX4 overexpression in the sorted senescent
chondrocytes successfully. However, there were several technical difficulties that remain

to be overcome.
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