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1

1.1 Cartilage injury and treatment approaches

Articular cartilage is a connective tissue present on the articular surfaces of 
diarthrodial joints. Articular cartilage facilitates bone movements by 
providing a smooth surface for the joints and acting as a shock absorber. 
The unique properties of articular cartilage, such as carrying mechanical 
load without permanent distortion, are facilitated by the large amount of 
extracellular matrix (ECM), characterized by the presence of collagen and 
proteoglycan (Buckwalter and Mankin 1998). Type II collagen is the major 
collagen type present in articular cartilage, and forms a network of collagen 
fibrils (Strawich and Nimni 1971, Rhodes and Miller 1978, Myllyharju and 
Kivirikko 2004). Associated with these fibrils are proteoglycans with 
negatively charged sulphated glycosaminoglycan (GAG) side chains, which 
attracts cations and therefore retain water (Hardingham and Bayliss 1990). 
The ECM is maintained by chondrocytes which are located in matrix 
cavities (Stockwell 1978). Cartilage is avascular, therefore chondrocytes are 
nourished by the diffusion of nutrients and oxygen from synovial fluid in 
the joint cavity and the underlying bone (Maroudas, Bullough et al. 1968, 
Wang, Wei et al. 2013). Acute or repetitive trauma can cause cartilage 
damage, but cartilage has a low repair capacity. Damaged cartilage tissue 
loses its functional properties leading to degeneration and eventually this 
can lead to the degenerative joint disease osteoarthritis (OA) (Mankin 1982, 
Hunter 1995, Goldring and Goldring 2007). OA is a complex disease that 
affects the entire joint, including cartilage, subchondral bone and synovium, 
leading to pain, stiffness and disability. OA is the most common joint disease 
and affected around 7% of the population worldwide in 2019 (Hunter, 
March et al. 2020). Conventional treatment for OA include pain relief and 
physiotherapy and at the end stage, joint replacement, while no cure is yet 
available. Therefore, interventions to repair traumatic cartilage defects are 
necessary to prevent the development of OA.

1.1.1 Cartilage regeneration strategies
Surgical approaches commonly used to treat traumatic cartilage defects 
include, microfracture, osteochondral autograft, osteochondral allograft 
and autologous chondrocyte implantation (Kwon, Brown et al. 2019). Each 
of these treatments has its advantages and the preferred treatment depends 
on the size of the cartilage defect and on patient-specific factors. As far 
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as we are aware, no data exist showing that these surgical approaches 
prevent long-term cartilage degeneration and the development of OA. In 
addition, these treatments have a limited capacity to regenerate the articular 
cartilage surface (Kwon, Brown et al. 2019). As a consequence, alternative 
treatments to repair cartilage defects are emeriging. 

A promising alternative strategy to repair articular cartilage is the use of
mesenchymal progenitor cells. Mesenchymal progenitor cells can be 
isolated from different tissues, such as bone marrow, adipose tissue 
and umbilical cord. After isolation, the mesenchymal progenitor cells 
can be cultured in vitro and have the potential to differentiate towards 
chondrocytes, osteoblasts, adipocytes, and other mesodermal cell types 
(Prockop 1997, Dennis, Merriam et al. 1999, Pittenger, Mackay et al. 
1999). Besides their multilineage differentiation capacity, mesenchymal 
progenitor cells have immunomodulatory properties (Uccelli, Moretta 
et al. 2008). Mesenchymal progenitor cells are often referred to as 
mesenchymal stem or stromal cells (MSCs).  

Cultured MSCs are a heterogeneous population of cells and are characterized 
by adherence to plastic, expression for CD105, CD73 and CD90 and negative 
expression for CD45, CD34, CD11b or CD14, CD79a or CD19 and HLA class 
II (Dominici, Le Blanc et al. 2006). However, these surface markers are not 
stably expressed in MSCs and the expression doesn’t consistently correlate 
with the chondrogenic differentiation capacity of MSCs (Cleary, Narcisi 
et al. 2016). The use of autologous bone-marrow derived MSCs to repair 
articular cartilage defects in patients was first reported by Wakitani et al. in 
2007 (Wakitani, Nawata et al. 2007). Since then, MSCs are used in multiple 
clinical trials to repair cartilage defects (Lee and Wang 2017). An important 
requirement for the clinical use of MSCs to repair cartilage defects, is a 
reproducible good chondrogenic differentiation potential. Unfortunately, 
the chondrogenic differentiation potential of MSCs is gradually lost 
during in vitro expansion, a required step to obtain enough cells to repair 
damaged cartilage (Banfi, Muraglia 2000). Another limitation is that there 
is inter- and intra-donor variation in the expansion and chondrogenic 
differentiation capacity. Therefore, there is a need to define methods to 
reduce MSC heterogeneity and increase both the MSC’s expansion and
chondrogenic differentiation capacity. 
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1.2 In vitro expansion of MSCs results in cellular senescence
In order to have enough MSCs for cartilage repair, in vitro expansion is 
necessary. Expanded MSCs can diff erentiate towards chondrocytes in the 
presence of TGFβ1 (Figure 1.1). However, like other primary cells, MSCs 
can be expanded for a limited number of cell divisions, referred to as the 
Hayfl ick limit, and eventually undergo cellular senescence (Hayfl ick and 
Moorhead 1961, Banfi , Bianchi et al. 2002). Senescence is a phenomenon 
by which cells irreversibly stop dividing and enter a state of permanent 
growth arrest, without undergoing cell death. Cellular senescence is a 
safety mechanism of the cell to prevent damaged cells to multiply. In 
damaged cells, cellular senescence is induced by diff erent stress stimuli, 
such as telomere dysfunction, DNA damage and oncogene activation 
(Hernandez-Segura, Nehme et al. 2018). Cellular senescence alters the 
function of MSCs and could contribute to MSC heterogeneity and their 
reduced diff erentiation potential, therefor it is important to understand the 
consequence of MSC senescence for cartilage repair. 

1.2.1 Hallmarks of MSC senescence
Senescent MSCs show cell cycle arrest, increased lysosomal activity and 
abnormalities in cell morphology and secretory phenotype (Li, Wu et 
al. 2017). These diff erent characteristics of senescence are oft en used to 
identify cellular senescence in MSC populations.

Figure 1.1 - In vitro chondrogenesis. 
Mesenchymal Stem/Stromal Cells (MSCs) can be isolated from the bone marrow and can 
be expanded in monolayer cultures. To induce chondrogenesis, MSCs are cultured in a 3D 
culture in the presence of Transforming Growth Factor beta 1 (TGFβ1).

MSC isolation

Bone 
marrow

Bone 

Expansion Chondrogenesis
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Morphology and lysosomes
After isolation, MSCs generally have a uniform small size and a spindly-
like shape, but during passaging in culture, the cell becomes enlarged, the 
morphology flattened and irregular, the nuclei compromised, and the 
cytoplasm granular (Wagner, Horn et al. 2008). However, due to variation 
in morphology between MSCs, cell morphology is not a specific marker for 
cellular senescence in MSCs. One of the most common markers to assess 
cellular senescence in cells is the increased expression of the lysosomal 
enzyme senescence-associated-β-galactosidase (SA-β-gal; Figure 1.2) 
(Dimri, Lee et al. 1995, Lee, Han et al. 2006). Lysosomal β-galactosidase 
catalyzes the cleavage of β-D-galactose in β-D-galactosides (de Mera-
Rodríguez, Álvarez-Hernán et al. 2021). The consequence and molecular 
mechanism of this increased expression is, however, still unknown.
 

P53 P

P21

P16

Rb

Proliferation

SASP

SA-β-gal
activity

stress trigger

MSC Senescent MSC

Induction of cellular 
senescence

P21 P16

TWIST1
??

Figure 1.2 - Cellular senescence in mesenchymal stem/stromal cells (MSCs). 
Various stress triggers can induce cellular senescence in MSCs. These stress triggers 
activate various cell signaling pathways, which lead to activation of the P53-P21 
pathway and/or the P16-Rb pathway. P53 is activated via phosphorylation (P) 
and increases P21 expression, which induces cell cycle arrest. P16 also induces 
cell cycle arrest via Rb. It has been suggested that TWIST1 inhibits both P16 and 
P21. Senescent MSCs have an enlarged and flattened morphology, an increased 
senescence-associated beta galactosidase (SA-β-gal) activity in lysosomes and a
senescence associated secretory phenotype (SASP).

Cell cycle arrest
Permanent growth arrest in senescent MSCs is regulated by cyclin-
dependent kinase inhibitors P16INK4A (CDKN2A, hereafter P16) and P21CIP 
(CDKN1A, hereafter P21) (Shibata, Aoyama et al. 2007, Rodriguez, Rubio et 
al. 2009). Cell cycle arrest and the expression of P16 and P21 are often used 
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as markers to determine cellular senescence in MSCs. During in vitro culture, 
the expression of P16 is increased in senescent MSCs, while knockdown 
of P16 suppresses cellular senescence and enhances proliferation in MSCs 
(Shibata, Aoyama et al. 2007, Gu, Cao et al. 2012). P16 mediates cell cycle 
arrest via the retinoblastoma (Rb) pathway (Figure 1.2) (Liu, Ding et al. 
2020). A potential regulator of P16 in MSCs is the transcription factor 
TWIST1. During in vitro culture of MSCs, downregulation of TWIST1 
inhibits the expression of the transcription factor, E47, which induces P16 
expression (Figure 1.2) (Cakouros, Isenmann et al. 2012). Knockdown 
of P21 in MSCs increases cell proliferation and the expression of stemness 
markers Oct-4 and Nanog (Yew, Chiu et al. 2011). P21 inhibits proliferation 
directly through binding to cyclin-dependent kinase complexes (Jung, Qian 
et al. 2010). The main regulator of P21 is P53, which is a sensor of cellular 
stresses and DNA damage (Figure 1.2) (Jung, Qian et al. 2010). In hypoxic 
MSC cultures, P21 is downregulated by TWIST1, indicating that TWIST1 
might play a role in delaying senescence, at least under hypoxic conditions 
(Figure 1.2) (Tsai, Chen et al. 2011). Overall, these data suggest that 
TWIST1 might be a regulator of MSC senescence during in vitro culture. 

Senescence associated secretory phenotype (SASP)
MSCs acquiring a senescence associated secretory phenotype (SASP) 
could have both positive and negative effects during tissue regeneration 
processes. Factors that are often secreted by MSCs with a SASP are Il-6, 
IL-8, IL-1, IL-10, VEGF, MMP-1, MMP-3 and MMP-13 (Lunyak, Amaro-
Ortiz et al. 2017). The main driver of the SASP in senescent cells is the 
NF-KB pathway (Salminen, Kauppinen et al. 2012). The presence of a 
SASP is often used to confirm cellular senescence in MSCs, however, the 
composition of the factors secreted can be heterogeneous. For example, 
senescent fibroblasts lacking some of the pro-inflammatory cytokines, such 
as IL-1, were recently identified. The senescent fibroblasts lacking the pro-
inflammatory SASP had dysfunctioned mitochondria, and were therefore 
referred to as mitochondrial dysfunction-associated senescence (MiDAS) 
(Wiley, Velarde et al. 2016), while irradiation induced senescent cells have 
a pro-inflammatory SASP. 
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1.2.2 Cellular senescence may limit MSC-based cartilage regeneration

The appearance of cellular senescence in MSCs can be a major limitation for 
cartilage tissue engineering. One of the limitations is that senescent MSCs 
are in permanent growth arrest, which prevents cell expansion and thus 
resulting in limited cells available to repair the damaged cartilage. Besides, 
in the early phases of differentiation, proliferation is required for in vitro 
chondrogenesis of MSCs (Dexheimer, Frank et al. 2012), suggesting that 
senescent MSCs may have a reduced chondrogenic differentiation potential. 
The effect of senescence on the chondrogenic differentiation capacity of 
MSCs remains largely unknown. It has been reported that the differentiation 
capacity of MSCs towards the adipogenic lineage is reduced during in 
vitro aging (Geissler, Textor et al. 2012). The effect of MSC senescence 
on the osteogenic differentiation capacity remains debated, since some 
studies show that senescent MSCs have a reduced mineralization potential 
compared to control MSCs after osteogenic differentiation (Geissler, Textor 
et al. 2012, Despars, Carbonneau et al. 2013), while others demonstrate that 
the osteogenic differentiation is increased in senescent MSCs compared to 
control MSCs (Wagner, Horn et al. 2008). This indicates that more research 
is necessary to better understand how cellular senescence affects the
multilineage differentiation of MSCs. 

Another limitation of the use of senescent MSCs is their paracrine effect. 
Senescent cells secrete SASP-related factors, such as pro-inflammatory 
cytokines and metaloproteases, which can negatively affect the neighboring 
tissue (Coppé, Patil et al. 2008, Gnani, Crippa et al. 2019). The SASP of 
senescent chondrocytes is suggested to contribute to tissue degeneration, 
including degradation of cartilage tissue and development of osteoarthritis 
(Jeon, David et al. 2018). Indeed, transplanted senescent cells in healthy 
knees of mice can induce an osteoarthritis-like condition (Xu, Bradley et al. 
2017). Overall, these data suggest that senescent MSCs do not contribute 
to cartilage regeneration and could potentiality even lead to cartilage 
degradation.
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1.3 Signaling pathways involved in cartilage development and 
maintenance
To identify factors that prevent cellular senescence and enhance the 
chondrogenic capacity of MSCs, researchers often take inspiration from
in vivo cartilage development and maintenance. Primordial cartilage is
formed through condensation of mesenchymal progenitor cells, followed 
by differentiation into chondrocytes. The primordial cartilage will grow 
and form a cartilage template that starts to convert into bone in the center 
through a process called endochondral ossification (Mackie, Ahmed et al. 
2008). At the joint site, the interzone appears and will gradually differentiate 
into articular cartilage and synovial joints (Pacifici, Koyama et al. 2006). At 
the epiphysis, a secondary ossification center is formed, which seperates 
the growth plate cartilage and the articular cartilage. The cartilaginous 
region between the two ossifications centers forms the growth plate, while 
the region between the joint cavity and the secondary ossification centers 
forms the articular cartilage (Figure 1.3). Articular chondrocytes express 
many cartilage-specific genes such as ACAN and PRG4 (Doege, Sasaki et 
al. 1991, Flannery, Hughes et al. 1999). Upon aging, the synthesis of the 
cartilage-specific protein aggrecan declines and its structure alters in articular 
cartilage (Verbruggen, Cornelissen et al. 2000). As a consequence of these 
ECM related changes, the function of articular cartilage is declined during 
aging (Buckwalter, Roughley et al. 1994). Interestingly, a characteristic of 
aged articular cartilage is the increased number of senescent chondrocytes 
(Price, Waters et al. 2002, Martin and Buckwalter 2003), suggesting that 
senescent chondrocytes contribute to the pathophysiology of osteoarthritis 
(Price, Waters et al. 2002, Martin and Buckwalter 2003). In the next 
paragraphs we will describe how cartilage development and homeostasis is 
regulated by different transcription factors and growth factors. 

1.3.1 Transcription factors
The classical function of transcription factors is to bind to enhancers and 
promotors and activate or repress gene expression. SOX9 and RUNX2/3, 
are master regulators during chondrogenic differentiation(Liu, Samsa et 
al. 2017). These master regulators are supported by many other factors 
to control chondrogenic differentiation (TWIST1) (Reinhold, Kapadia 
et al. 2006), ECM production (SOX5/6) (Liu and Lefebvre 2015), and 
hypertrophic chondrocyte differentiation (MEF2C, HIF and GLI) (Arnold, 
Kim et al. 2007, Maes, Carmeliet et al. 2012, Alman 2015). In this thesis, 
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we focus on a subset of transcription factors that have a crucial role during
chondrogenesis of mesenchymal progenitor cells.

Figure 1.3 - Cartilage formation. 
Schematic representation of the key steps during limb development and joint formation. 
Limb development starts with limb bud outgrowth and the formation of the apical 
ectodermal ridge. Limb but outgrowth is followed by proliferation and migration of 
mesenchymal progenitor cells which express high levels of Twist1. Next, mesenchymal 
progenitor cells diff erentiate into chondrocytes via downregulation of Twist1 and 
upregulation of Sox9. At the joint side, a layer of condensed mesenchymal cells appears 
which forms the interzone. The cells in the interzone will give rise to the articular 
cartilage and synovial joints. Chondrocytes in the center of the growth plate undergo 
hypertrophy via upregulation of Runx2/3 and downregulation of Sox9 resulting in 
replacement of chondrocytes with endochondral bone. At the epiphyses a secondary
ossifi cation center is formed. This fi gure is adapted from Wang, Rigueur et al. 2014.

SOX transcription factors 
The SOX (SRY-related HMG-box) proteins are a family of transcription 
factors that are essential during cell fate decisions in a wide variety of cell 
types including chondrocytes (Kamachi and Kondoh 2013). SOX9 is 
essential during chondrogenic diff erentiation and mutations in SOX9 cause 
a severe cartilage malformation syndrome named campomelic dysplasia 
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(Cameron and Sinclair 1997). During limb bud formation, Sox9 is already 
expressed in mesenchymal progenitor cells, where its function remains 
unknown, since Sox9 knockout mice show no defect in their early limb 
buds until the stage of cartilage differentiation (Akiyama, Chaboissier et al. 
2002). During cartilage differentiation, Sox9 targets cartilage-specific genes 
including Acan and Col2a1 (Ohba, He et al. 2015). Absence of Sox9 during 
chondrogenesis results in cell death of the mesenchymal progenitor cells 
and absence of cartilage (Bi, Deng et al. 1999, Akiyama, Chaboissier et al. 
2002). Sox9 is still expressed in pre-hypertrophic chondrocytes where it 
prevents apoptosis and differentiation into osteoblasts (Ikegami, Akiyama 
et al. 2011). In hypertrophic chondrocytes Sox9 activity is reduced to 
stimulate osteoblast differentiation (Figure 1.3) (Dy, Wang et al. 2012). 
Postnatal absence of Sox9 resulted in the reduction of proteoglycans in 
the articular cartilage, indicating that Sox9 is necessary to keep articular 
chondrocytes healthy (Haseeb, Kc et al. 2021). The importance of SOX9 in 
articular cartilage homeostasis is further supported by the fact that SOX9 is 
downregulated in artilcular cartilage of late stage OA (Zhang, Ji et al. 2015).

Like Sox9, Sox5 and Sox6 are expressed in chondrocytes and bind to 
cartilage-specific super-enhancers (Lefebvre, Li et al. 1998, Liu and Lefebvre 
2015). Double Sox5 and Sox6 knockout in mice results in a dead fetus 
with chondrodysplasia, while single knockout mice are born with only 
mild cartilage defects, indicating that Sox5 and Sox6 are redundant during 
chondrogenic differentiation (Smits, Li et al. 2001). It is suggested that SOX5 
and SOX6 are also important for cartilage homeostasis, since the SOX5/6 
together with SOX9 are downregulated in late stage osteoarthritic cartilage 
(Lee and Im 2011).

SOX8 is closely related to SOX9 and it is expressed in mesenchymal 
progenitor cells and chondrocytes (Schepers, Bullejos et al. 2000, Herlofsen, 
Høiby et al. 2014). However, its function during chondrogenesis remains 
unknown, since Sox8 knockout mouse show no cartilage malformations 
(Sock, Schmidt et al. 2001). Another group of Sox proteins are Sox4, Sox11 
and Sox12 that are closely related to each other.  They are expressed in 
mesenchymal progenitor cells and chondrocytes (Dy, Penzo-Méndez et 
al. 2008, Bhattaram, Penzo-Méndez et al. 2014), where they support cell 
survival and determine cell fate (Kato, Bhattaram et al. 2015). 
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RUNX2 and RUNX3 transcription factors
Runx2 and Runx3 are expressed in pre-hypertrophic and hypertrophic 
chondrocytes and are essential in chondrocyte maturation (Figure 1.3) 
(Yoshida, Yamamoto et al. 2004). Runx2 knockout mice show complete lack 
of ossification and delay in chondrocyte maturation, indicating that Runx2 
promotes chondrocyte maturation (Komori, Yagi et al. 1997, Inada, Yasui 
et al. 1999). Runx3 knockout mice show a slight delay in endochondral 
ossification, while Runx2 and Runx3 double knockout mice show complete 
absence of pre-hypertrophic and hypertrophic chondrocytes, indicating 
that Runx2 and Runx3 are redundant (Yoshida, Yamamoto et al. 2004). 
Runx2 and Runx3 target hypertrophic markers such as Col10a1, Mmp13 
and Ihh (Yoshida, Yamamoto et al. 2004), and their binding sites are in 
close proximity of SOX5/6/9 binding sites in chondrocytes (Liu, Samsa et 
al. 2017). These data suggest that RUNX and SOX proteins interact during 
chondrogenesis (Liu, Samsa et al. 2017). 

TWIST1 transcription factor
TWIST1 is a basic-helix-loop-helix transcription factor expressed in 
mesenchymal progenitor cells and controls mesenchymal cell proliferation 
and differentiation (Isenmann, Arthur et al. 2009, Boregowda, Krishnappa 
et al. 2016). Heterozygous mutations in TWIST1 cause Seathre-
Chotzen syndrome, that is associated with skeletal abnormalities such as 
craniosynostosis and short stature (el Ghouzzi, Le Merrer et al. 1997, 
Howard, Paznekas et al. 1997). Twist1 inhibits differentiation of 
mesenchymal progenitor cells into downstream cell lineages, including 
chondrocytes (Figure 1.3) (Reinhold, Kapadia et al. 2006, Goodnough, 
Chang et al. 2012). TWIST1 expression is downregulated during 
chondrogenic differentiation, however during early chondrogenic 
differentiation of bone marrow derived MSCs, upregulation of TWIST1 is 
necessary (Guzzo, Andreeva et al. 2011, Cleary, Narcisi et al. 2017). Twist1 
regulates mesenchymal progenitor cell fate by interaction with the DNA 
binding site of other transcription factors including, Sox9, Runx2 and Runx3 
and thereby inhibiting its function (Yousfi, Lasmoles et al. 2002, Bialek, Kern 
et al. 2004, Gu, Boyer et al. 2012, Pham, Vincentz et al. 2012). 
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1.3.2 Growth factors

Besides transcription factors, growth factors play an essential role during 
chondrogenic differentiation and maintenance. FGF, TGFβ and WNT 
signaling pathways are involved in different stages of chondrogenic 
differentiation. 

FGF 
FGF signaling plays an important role in various biological processes such 
as tissue regeneration and skeletal tissue formation (Ornitz and Itoh 2015). 
The FGF signaling pathway currently consists of twenty-three signaling 
molecules that can signal through four tyrosine kinase FGF receptors 
(fibroblast growth factor receptors; FGFRs). The importance of FGF in the 
formation of skeletal tissues is highlighted by the fact that mutations in the 
FGF receptors FGFR1, 2 and 3 can lead to skeletal dysplasia (Naski, Wang 
et al. 1996, Brodie, Kitoh et al. 1999, Passos-Bueno, Wilcox et al. 1999, 
Tsai, Tsai et al. 1999, Wilkie, Patey et al. 2002, Cho, Guo et al. 2004, White, 
Cabral et al. 2005, Heuertz, Le Merrer et al. 2006, Leroy, Nuytinck et al. 
2007, Pollock, Gartside et al. 2007, Almeida, Campos-Xavier et al. 2009, 
Merrill, Sarukhanov et al. 2012, Wang, Sun et al. 2013). 

In the early stage of cartilage development, Fgf10 and Fgfr1 are expressed 
in the lateral plate mesoderm and initiate the apical ectodermal ridge 
(AER) at the distal limb bud and initiate Fgf8 expression through Fgfr2 
signaling (Crossley, Minowada et al. 1996, Vogel, Rodriguez et al. 1996, 
Deng, Bedford et al. 1997, Ohuchi, Nakagawa et al. 1997, Min, Danilenko 
et al. 1998, Xu, Weinstein et al. 1998, Arman, Haffner-Krausz et al. 1999, 
Sekine, Ohuchi et al. 1999, De Moerlooze, Spencer-Dene et al. 2000). Fgf8 
promotes cell proliferation and maintains the undifferentiated state by 
inhibiting Sox9 expression (Figure 1.4) (ten Berge, Brugmann et al. 2008). 
Besides Fgf8, Fgf2 and Fgf4 are expressed at the AER and induce limb bud 
outgrowth (Niswander, Tickle et al. 1993, Fallon, López et al. 1994). During 
mesenchymal condensation, Fgfr1 is expressed in the limb mesenchyme 
and the periphery of the condensation, while Fgfr2 is expressed in the 
condensation (Orr-Urtreger, Givol et al. 1991, Peters, Werner et al. 1992, 
Delezoide, Benoist-Lasselin et al. 1998, Ornitz and Marie 2002, Goldring, 
Tsuchimochi et al. 2006, Hellingman, Koevoet et al. 2010). 
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At the onset of chondrogenic diff erentiation, Fgfr3 is expressed at the 
center of the condensation (Hellingman, Koevoet et al. 2010). Later, Fgfr3 
is expressed in proliferating chondrocytes and suppresses chondrocyte 
proliferation and hypertrophic diff erentiation (Delezoide, Benoist-
Lasselin et al. 1998, Sahni, Ambrosetti et al. 1999, Ornitz and Marie 2002), 
while Fgfr1 is mainly expressed in hypertrophic chondrocytes (Goldring, 
Tsuchimochi et al. 2006, Hellingman, Koevoet et al. 2010). In articular 
cartilage, FGF2 and FGF18 regulate cartilage homeostasis. FGF2 signaling, 
via FGFR1, results in  activation of the catabolic pathway, while signaling 
through FGFR3 leads to anabolic activation (Gonzalez, Gomez et al. 1991). 
FGF18 signals via FGFR3 and stimulates matrix synthesis (Ellman, An et 
al. 2008). Thus, FGF signaling is dynamic and crucial for proliferation and 
maintenance of mesenchymal cells for cartilage formation and maintenance.

Figure 1.4 -  Simplifi ed hypothetical overview based on current literature of 
transcription factors and signaling pathways during mesenchymal stem/stromal cell 
diff erentiation.
In mesenchymal progenitor cells Wnt3a and FGF signaling are crucial to stimulate 
proliferation and inhibit diff erentiation via upregulation of Twist1 and repression 
of Sox9. TGFβ and Wnt5a signaling stimulate chondrogenic diff erentiation through 
activation of Sox9 and repression of Runx2. In pre-hypertrophic chondrocytes 
Smad1/5/9 activation inhibits Sox9 and activates Runx2. In addition Wnt4 stimulates 
hypertrophic diff erentiation through an increased expression of Runx2 and reduced 
expression of Sox9.
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TGFβ 
The transforming growth factor (TGF) β signaling pathway plays an essential 
role during cartilage formation and maintenance 9(Wang, Rigueur et al. 
2014). In mammals, the TGFβ superfamily consists of multiple subfamilies, 
including TGFβs (1, 2, 3), bone morphogenic proteins (BMPs; 2, 4-10) 
(Weiss and Attisano 2013) and growth and differenation factors (GDFs; 
1-15) (Ducy and Karsenty 2000). Ligands of the TGFβ superfamily can 
bind TGFβ receptors and activate downstream SMAD pathways. The TGFβ 
subfamily mainly signals via the SMAD2/3 pathway and the BMP subfamily 
mainly via the SMAD1/5/9 pathway (SMAD9 is also known as SMAD8), 
however TGFβs and BMPs can also crosstalk and signal through a SMAD 
independent pathway (Weiss and Attisano 2013). During all phases of 
chondrogenic differentiation in mice TGFβs, BMPs and GDFs are expressed 
and their coordination is essential for cartilage generation. TGFβ signaling 
stimulates mesenchymal condensation via up-regulation of N-cadherin 
and fibronectin during mesenchymal condensation (Tuli, Tuli et al. 2003). 
In addition, TGFβ signaling stimulates chondrogenic differentiation 
of mesenchymal progenitor cells through activation of Sox9 via Smad3 
(Furumatsu, Ozaki et al. 2009), while it blocks chondrogenic maturation 
(Ballock, Heydemann et al. 1993, Zhang, Ziran et al. 2004). On the other 
hand, activation of Smad1/5/9 signaling is required for hypertrophic 
differentiation of chondrocytes. TGFβ signaling regulates hypertrophic 
differentiation of chondrocytes via Runx2. Smad3 inhibits the 
function of Runx2 via direct binding (Alliston, Choy et al. 2001, Kang, 
Alliston et al. 2005, Chen, Thuillier et al. 2012), while Smad1/5-Runx2
interaction activates Runx2 (Figure 1.4) (Leboy, Grasso-Knight et al. 2001). 

Another essential factor for cartilage formation is GDF5. Gdf5 is an early 
marker for cells in the interzone during early joint development and there is 
a continuous influx of Gdf5 positive cells during joint formation (Shwartz, 
Viukov et al. 2016). Lineage tracing experiments, show that Gdf5 positive 
cells give rise to different tissues in the joint such a articular cartilage, 
synovium, menisci and ligaments (Rountree, Schoor et al. 2004). 
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WNT
Another family of secreted signaling molecules involved in cartilage 
development is the Wnt family (Ma, Landman et al. 2013). To date, 19 
members of the Wnt family are identified, which can signal through 
canonical and non-canonical pathways (Miller 2002). Canonical Wnt 
signaling is mediated by frizzeled receptors, which stabilize β-catenin and 
translocate to the nucleus, where it regulates gene transcription. β-catenin 
is degraded in the absence of Wnt signals (Dale 1998). The non-canonical 
pathway signals through multiple signaling pathways, including inositol 
triphosphate (IP3) and intercellular calcium (Semenov, Habas et al. 2007). 
During early limb development in mice, Wnt3a signaling interacts with 
Fgf10 signaling and induces AER formation (Kengaku, Capdevila et 
al. 1998, McQueeney, Soufer et al. 2002). Furthermore, Wnt3a inhibits 
chondrogenic differentiation via upregulation of Twist1 (Figure 1.4) 
(Reinhold, Kapadia et al. 2006). Later during chondrogenic differentiation, 
Wnt4, Wnt5a and Wnt5b are differently expressed; respectively in the joint 
regions, perichondrium and pre-hypertrophic chondrocytes (Hartmann 
and Tabin 2000, Church, Nohno et al. 2002). Each of these Wnt molecules 
has a different function during chondrogenesis. Wnt5a and Wnt5b promote 
early chondrogenesis through upregulation of Col2a1, while Wnt4 blocks 
chondrogenic differentiation and stimulates hypertrophic differentiation of 
chondrocytes (Figure 1.4) (Hartmann and Tabin 2000, Church, Nohno et 
al. 2002, Yang, Topol et al. 2003).

1.4 Aim and outline of this thesis
Human mesenchymal progenitor cells referred to as MSCs are a promising 
cell source to regenerate cartilage. The functional heterogeneity of MSCs 
among donors and within MSC populations, however, limits their clinical 
use. Moreover, their chondrogenic differentiation capacity is declined after 
in vitro expansion. Culture methods have been established to improve the 
proliferation capacity, while keeping their chondrogenic differentiation 
capacity. For example, FGF2 is a growth factor that is often added during 
expansion of MSCs, since it improves MSC proliferation and delays cellular 
senescence. However, MSCs eventually become senescent and gradually 
loose their chondrogenic differentiation capacity (Tsutsumi, Shimazu et al. 
2001, Bianchi, Banfi et al. 2003). In recent work it was shown that addition 
of both WNT3A and FGF2 synergistically enhances MSC expansion while 
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maintaining MSC characteristics such as a small cell morphology and a high 
TWIST1 expression (Narcisi, Cleary et al. 2015). These data suggest that 
high TWIST1 expression during the expansion phase of MSCs preserves 
the chondrogenic differentiation potential of MSCs via inhibition of cellular 
senescence (Lehmann, Narcisi et al. 2022). The main objective of this thesis 
is to determine how  MSCs can preserve their chondrogenic differentiation 
capacity during in vitro expansion. The answers of the following questions 
contribute to the main objective:

• How does cellular senescence impact the differentiation capacity of 
MSCs?

• How does TWIST1 expression during expansion affect MSC 
proliferation and chondrogenic differention?

• How can different expansion methods obtain MSCs with a high TWIST1 
expression?

In chapter 2, we study how MSC senescence affects the initiation of 
chondrogenic differentiation and maturation. Specifically, we investigate 
whether or not the senescence associated secretory phenotype (SASP) 
of MSCs plays a role. In chapter 3, we study how cellular senescence is 
regulated by TWIST1 expression. We elucidate how TWIST1 modulation in 
MSCs controls senescence, the SASP and the mitochondrial function of the 
cells. 

To find novel strategies to improve the expansion and chondrogenic 
capacity of MSCs, we optimize a method that allows single cell detection 
of TWIST1 mRNA levels in living MSCs using an RNA-based probe in 
chapter 4. Another strategy to increase chondrogenesis in MSCs is via direct 
modulation of TWIST1 expression. Since TWIST1 is upregulated by the pro-
inflammatory cytokine TNFα (Hasei, Teramura et al. 2017), in chapter 5 
we determine the effect of different TNFα pre-treatment conditions on the 
chondrogenic differentiation potential of MSCs. Finally, in chapter 6 we 
discuss the findings of this thesis in the light of further research on TWIST1 
and cellular senescence to improve MSCs for cartilage repair.
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 2.1 Abstract 

Objective. Cellular senescence is a state characterized by stable cell cycle 
arrest, metabolic alterations, and substantial changes in the gene expression 
and secretory profile of the cell. Mesenchymal stem/stromal cells (MSCs) 
are progenitors known for their possible application in cartilage repair 
strategies, however the effect of senescence on chondrogenic differentiation 
of MSCs is still poorly investigated. The aim of this study was to investigate 
how senescence and the senescence associated phenotype (SASP) affect 
chondrogenic differentiation of MSCs.

Design. Senescence was induced in MSCs during monolayer and at 
different time points during chondrogenic pellet culture using gamma 
irradiation. Chondrogenesis was evaluated by (immuno)histochemistry, 
dimethylmethylene blue assay and RT-PCR. To investigate how the SASP 
affects cartilage generation, chondrogenic pellets were exposed to medium 
conditioned by senescent pellets. Western blot analysis on phosphorylated 
SMAD2 was performed to determine TGFβ signaling activation. 

Results. Senescent MSCs had a significant reduction in cartilage matrix, 
when senescence was induced during MSC expansion or at day-7 of 
differentiation. When senescence was induced at day-14 of differentiation, 
chondrogenesis was not significantly altered. Moreover, exposure to medium 
conditioned by senescent pellets had no significant effect on the expression 
of anabolic or catabolic cartilage markers in recipient chondrogenic 
pellets, suggesting a neglectable paracrine effect of senescence on cartilage 
generation in this model. Senescent MSCs had lower phosphorylated 
SMAD2 levels after stimulation with TGFβ1 than control MSCs. 

Conclusions. This study demonstrated that chondrogenesis is reduced when 
senescence occurs early during MSC differentiation, possibly via a reduced 
responsiveness to the pro-chondrogenic factor TGFβ1.
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2.2 Introduction

Articular cartilage is prone to damage and has a limited repair capability. 
Full-thickness loss of articular cartilage does not regenerate spontaneous 
and can lead to the degenerative joint disease osteoarthritis (OA) (Mankin 
1982, Shapiro, Koide et al. 1993). Current treatment methods such as 
microfracture or autologous chondrocyte graft implantation have limitations 
and fail to prevent OA progression (Makris, Gomoll et al. 2015). An 
alternative strategy to repair damaged cartilage uses mesenchymal stem/
stromal cells (MSCs). MSCs are progenitor cells that can be isolated from 
several tissues such as bone marrow, synovial membrane and adipose tissue 
and have the capacity to differentiate towards the chondrogenic lineage 
(Pittenger, Mackay et al. 1999, Sakaguchi, Sekiya et al. 2005). 

To obtain enough MSCs to repair a cartilage defect, in vitro expansion 
is necessary. During extensive expansion, MSCs gradually lose their 
chondrogenic differentiation capacity (Banfi, Bianchi et al. 2002, Bonab, 
Alimoghaddam et al. 2006), limiting the applications of these cells. Expansion 
also triggers cellular senescence, a process leading to an irreversible cell 
cycle arrest, major metabolic changes and a senescence-associated secretory 
phenotype (SASP) (Hayflick and Moorhead 1961, Hernandez-Segura, Nehme 
et al. 2018). SASP factors produced by senescent cells include IL-6, IL-8, 
IL-1β, TNFα, MMP3 and MMP13 (Philipot, Guérit et al. 2014, Basisty, Kale 
et al. 2020, Chung, Chen et al. 2020). It is known that these SASP factors can 
hamper tissue regeneration (Josephson, Bradaschia-Correa et al. 2019), for 
example exposure to TNFα and IL-1β during in vitro chondrogenesis limit the 
chondrogenic differentiation capacity of MSCs (Wehling, Palmer et al. 2009). 
In addition, SASP factors such as TNFα and IL-1β are known 
pro-inflammatory factors contributing to the pathophysiology of OA 
(Pelletier, Roughley et al. 1991, Greene and Loeser 2015). This is further
supported by the fact that transplantation of senescent fibroblasts 
can lead to an OA-like phenotype, including cartilage erosion 
and delamination of the articular surface (Xu, Bradley et al. 
2017). In addition, the SASP factors such as CCL2, IL-6, IGFBP4
and IGFBP7 have been suggested to contribute to the spread of cellular 
senescence in MSC (Severino, Alessio et al. 2013, Lehmann, Narcisi et al. 
2022), known as paracrine senescence (Acosta, Banito et al. 2013). 
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It is known that cellular senescence alters the differentiation capacity of 
MSCs, especially the effects on the osteogenic and adipogenic lineages are 
studied. Loss of osteogenic and adipogenic potential has been demonstrated 
in senescent MSC (Bonab, Alimoghaddam et al. 2006), however it has also 
been reported that in late passaged MSCs the levels of mineralized matrix 
declines, while adipocyte differentiation increases (Stenderup, Justesen et al. 
2003, Kim, Kim et al. 2012), indicating the complexity of this phenomena. 
Moreover, cartilage displays a decline in repair capacity with aging (Im, 
Jung et al. 2006), but little is known about the effect of cellular senescence 
on the chondrogenic  differentiation capacity of MSCs. The aim of this study 
was therefore to determine how cellular senescence and their SASP affect 
chondrogenesis of MSCs.

2.3 Materials and methods

2.3.1 MSC isolation and expansion
Iliac crest bone chips were obtained from patients (9-13 years) undergoing 
alveolar bone graft surgery N=13. The tissue was procured as leftover/waste 
surgical material and it was reviewed and deemed exempt from full ethical 
review after ethical approval by the Erasmus Medical Ethical Committee 
(MEC-2014-16,). These pediatric MSCs have been previously characterized 
and used in this study because they exhibit a low number of senescent cells 
at early passages (Knuth, Kiernan et al. 2018, Lehmann, Narcisi et al. 2022). 
MSCs were isolated by rinsing bone chips twice with 10 mL alpha-MEM 
(Gibco brand ThermoFisher Scientific, Waltham, MA, USA) supplemented 
with 10% fetal calf serum (brand ThermoFisher Scientific; selected batch 
41Q2047K), 1.5 µg/mL fungizone (Invitrogen brand ThermoFisher Scientific), 
50 µg/ml gentamicin (Invitrogen brand ThermoFisher Scientific), 1 ng/mL 
FGF2 (R&D Systems, Minneapolis, MN, USA) and 0.1 mM ascorbic acid-
2-phosphate (Sigma-Aldrich, Zwijndrecht, the Netherlands). The MSCs 
were plated in T175 flasks and after 24 hours the non-adherent cells were 
washed away. MSCs were trypsinized at sub-confluency and reseeded in 
a density of 2,300 cells/cm2. MSCs between passage 3 and 6 were used for 
experiments. 
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2.3.2 Irradiation of MSCs in monolayer followed by chondrogenic 
differentiation
Senescence was induced in the cells using 20 Gy ionizing radiation by a RS320 
X-Ray machine (X-Strahl, Camberley, UK) (Voskamp, Anderson et al. 2021). 
MSCs in monolayer were irradiated in a T175 flask (60-70% confluency) for 22 
min (20 Gy). 24 hours post-irradiation the cells were trypsinized and seeded 
at a 9,600 cell/cm2 density. Mock irradiated MSC were used as non-senescent 
controls and seeded at 2,300 cells/cm2.  7 days post-irradiation, irradiated and 
non-irradiated MSCs were trypsinized, mixed (0, 25, 50, 75 and 100% irradiated 
versus non-irradiated cells) and centrifuged at 300 x g for 8 min to obtain 
pellets of 2x105 cells. To induce chondrogenesis, cell pellets were cultured in 
chondrogenic medium, containing DMEM-HG medium (Invitrogen brand 
ThermoFisher Scientific), supplemented by 1% ITS (BD, Franklin Lakes, NJ, 
USA), 1.5 µg/mL fungizone (Invitrogen brand ThermoFisher Scientific), 50 
µg/mL gentamicin (Invitrogen brand ThermoFisher Scientific), 1 mM sodium 
pyruvate (Invitrogen brand ThermoFisher Scientific), 40 µg/mL proline 
(Sigma-Aldrich), 10 ng/mL TGFβ1 (R&D Systems), 0.1 mM ascorbic acid-2-
phosphate (Sigma-Aldrich) and 100 nM dexamethasone (Sigma-Aldrich) for 
7, 14 or 21 days. The medium was renewed twice a week. 

2.3.3 Senescence-associated beta-galactosidase staining
To confirm cellular senescence, 7 days post-irradiation, cells from each 
donor (N=5) were trypsinized and seeded in monolayer cultures in 
triplicates. Subconfluent cells were washed twice with PBS. Next, the cells 
were fixed with 0.5% glutaraldehyde and 1% formalin in Milli-Q water 
for 5 min at room temperature. Then the cells were washed twice with 
Milli-Q water and subsequently the cells were stained with freshly made 
X-gal solution containing 0.5% X-gal, 5 mM potassium ferricyanide, 5 mM 
potassium ferrocyanide, 2mM MgCl2, 150mM NaCl, 7mM C6H8O7 and 
25mM Na2HPO4 incubated for 24 hours at 37°C. Cells were counterstained 
with 1:25 pararosaniline detected with bright field microscopy. Two 
independent researchers scored at least 100 cells as negative or positive as 
previously described (Voskamp, Anderson et al. 2021). 
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2.3.4 Irradiation of chondrogenic pellets and conditioned medium
To induce cellular senescence in chondrogenic pellets. Non-irradiated MSCs 
were cultured in chondrogenic medium and renewed twice a week. MSCs 
in pellets were irradiated at day 7 or 14 of chondrogenic differentiation in
a 15 mL tube for 22 min (20 Gy). Chondrogenic medium was renewed 24
hours after irradiation, next the medium was renewed twice a week. Mock 
irradiated cells/pellets were used as controls. To determine the effect of SASP 
factors on chondrogenic differentiation, we generated two different sets of 
chondrogenic pellets from the same donor, medium donating pellets from 
irradiated MSCs and medium recipient pellets from non-irradiated MSCs. 
To determine the effect at different time points during chondrogenesis we 
analyzed the RNA expression of the medium recipient pellets at day 9 and at 
day 16. 

First, to generated conditioned medium, the medium of the donating 
pellets was replaced by DMEM-HG medium supplemented with 1% ITS, 
1.5 µg/mL fungizone (Invitrogen brand ThermoFisher Scientific), 50 µg/
mL gentamicin (Invitrogen brand ThermoFisher Scientific), 1 mM sodium 
pyruvate (Invitrogen brand ThermoFisher Scientific) and 40 µg/mL proline 
24-48 hours before harvesting. The medium from the donating pellets (N=2) 
was collected and pooled per donor and time point. To remove cell debris, 
the medium was centrifuged at 14,000 x g for 1 min. Next, medium was 
mixed with DMEM-HG medium supplemented with 1% ITS, 1.5 µg/mL 
fungizone (Invitrogen brand ThermoFisher Scientific), 50 µg/mL gentamicin 
(Invitrogen brand ThermoFisher Scientific), 1 mM sodium pyruvate 
(Invitrogen brand ThermoFisher Scientific) and 40 µg/mL proline at ratio 
3:1, and 0.1 mM ascorbic acid-2-phosphate (Sigma-Aldrich) and 10 ng/ml 
TGFβ1 was added to the total volume. 

The conditioned medium mixture was added to non-irradiated recipient 
MSCs pellets for 2 consecutive days, specifically at day 7- and 8 (timepoint 
9 days), or at day 14- and 15 (timepoint 16 days) during chondrogenic 
differentiation.  24 h after the last addition of conditioned medium, at day 
9 and day 16 respectively, the medium recipient pellets were lysed in RNA-
STAT (Tel-Test, Friendswood, TX, USA) for mRNA expression analysis. 
Media from non-irradiated medium donating MSC pellets using cells from 
the same donor and at the same time points, were generated and used as a 
control conditioned media.
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2.3.5 (Immuno)Histochemistry chondrogenic pellets
Pellets were fixed with 3.7% formaldehyde after 7, 14 or 21 days of 
chondrogenic induction. Next, pellets were embedded in paraffin and 
sectioned at 6 µm. To detect glycosaminoglycans, sections were stained 
with 0.04% thionine solution. To detect collagen type-2, sections were first 
treated with 0.1% Pronase (Sigma-Aldrich) in PBS for 30 min at 37°C, 
followed by 1% hyaluronidase (Sigma-Aldrich) in PBS for 30 min at 37°C. 
Sections were incubated with 10% normal goat serum (Sigma- Aldrich) and 
1% bovine serum albumin (Sigma-Aldrich) in PBS for 30 min, followed by 
incubation with the collagen type-2 antibody (II-II 6B3, Developmental 
Studies Hybridoma Bank) for 1h. Then samples were incubated with a 
biotin-conjugated antibody (HK-325-UM, Biogenex) for 30 min, followed 
by incubation with alkaline phosphatase-conjugated streptavidin (HK-
321-UK, Biogenex) for 30 min. New Fuchsin chromogen (B467, Chroma 
Gesellschaft) was used as a substrate. As a negative control an IgG1 isotype 
antibody (X0931, Dako Cytomation) was used. The positive area per pellet 
was determined using ImageJ software. 

2.3.6 Osteogenic and adipogenic differentiation
To induce osteogenic differentiation, expanded MSCs were trypsinized, 
seeded at a density of 1.2 x 104  cells/cm2 and cultured in DMEM HG 
medium (Gibco brand ThermoFisher Scientific) with 10% fetal calf serum 
(Gibco brand ThermoFisher Scientific), 1.5 µg/mL fungizone (Invitrogen 
brand ThermoFisher Scientific), 50 µg/mL gentamicin (Invitrogen brand 
ThermoFisher Scientific), 10 mM β-glycerophosphate (Sigma-Aldrich), 0.1 
µM dexamethasone (Sigma-Aldrich) and 0.1 mM ascorbic acid-2-phosphate 
(Sigma-Aldrich) for 12-21 days. To detect calcium deposits the cultures 
were fixed in 3.7% formaldehyde, followed by hydration with Milli-Q water 
and incubation with 5% silver nitrate solution (Von Kossa; Sigma Aldrich) 
for 1 h in the presence of bright light. Next, the cultures were washed with 
distilled water followed by counterstaining with 0.4% thionine (Sigma-
Aldrich). MSCs were used in triplicates (N=3 donors). To induce adipogenic 
differentiation, expanded MSCs were trypsinized, seeded in a density of  2 
x 104 cells/cm2 and cultured in DMEM HG (Gibco brand ThermoFisher 
Scientific) with 10% fetal calf serum (Gibco brand ThermoFisher Scientific), 
1.5 µg/mL fungizone (Invitrogen brand ThermoFisher Scientific), 50 
µg/mL gentamicin (Invitrogen brand ThermoFisher Scientific), 1.0 
µM dexamethasone (Sigma-Aldrich), 0.2 mM indomethacin (Sigma-
 



Senescence reduced the chondrogenic differentiation capacity of mesenchymal  progenitors

35

2

Aldrich), 0.01 mg/mL insulin (Sigma-Aldrich) and 0.5 mM 3-isobutyl-l-
methyl-xanthine (Sigma-Aldrich) for 21 days. To detect intracellular lipid 
accumulation, cells were fixed in 3.7% formaldehyde, followed by incubation 
with 0.3% Oil red O solution (Sigma-Aldrich) for 10 min and washes with 
distilled water. MSCs were used in triplicates (N=3 donors).

2.3.7 DNA and Glycosaminoglycan (GAG) Quantification
Pellets were digested at day 21 of chondrogenic differentiation using 1 mg/
mL Proteinase K, 1 mM iodoacetamide, 10 µg/mL Pepstatin A in 50 mM 
Tris, 1 mM EDTA buffer (pH 7.6; all Sigma-Aldrich) for 16 h at 56°C, 
followed by Proteinase K inactivation at 100°C for 10 min. Afterwards, 
to determine the amount of DNA, cell lysates were treated with 0.415 IU 
heparin and 1.25 µg RNase for 30 min at 37°C followed by addition of 30 
µL CYQUANT GR solution (Invitrogen). Samples were analyzed using 
a SpectraMax Gemini plate reader with an excitation of 480 nm and an 
emission of 520 nm. As a standard, DNA sodium salt from calf thymus 
(Sigma-Aldrich) was used. To determine the amount of GAG, cell lysates 
were incubated with 1,9-dimethylmethylene blue (DMB) as previously 
described by Ferndale et al. (Farndale, Buttle et al. 1986), and analyzed with 
an extinction of 590 nm and 530 nm. The 530:590 nm ratio was used to 
determine the glycosaminoglycan concentration. As a standard chondroitin 
sulfate sodium salt from shark cartilage (Sigma-Aldrich) was used.

2.3.8 mRNA Expression analysis
For both MSCs in pellet cultures and MSCs in monolayer cultures, the medium 
was renewed 24 hours before cell lysis. Pellets were washed twice with PBS, 
lysed in RNA-STAT (Tel-Test) and manually homogenized. Next, RNA was 
isolated using chloroform and purified using the RNeasy micro kit (Qiagen, 
Hilden, Germany) following the manufacturer’s protocol. MSCs in monolayer 
were washed twice with PBS and RNA was isolated using RLT lysis buffer 
supplemented with 1% β-mercaptoethanol. Subsequently, RNA was purified 
using the RNeasy micro kit using the manufacturer’s protocol. The RevertAid 
First Strand cDNA synthesis kit (Fermentas brand ThermoFisher Scientific) 
was used to reverse transcribe the RNA to cDNA. Next, real-time polymerase 
chain reactions were done with SYBR Green (Fermentas brand ThermoFisher 
Scientific) and TaqMan (Applied Biosystems brand ThermoFisher Scientific) 
MasterMix on a CFX96TM PCR machine (Bio-Rad, Hercules, CA, USA) using 
different primers listed in Table 2.1. Genes with a housekeeping function are 
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often used as reference genes for qPCR analysis, however senescent cells often 
have altered their housekeeping functions (Hernandez-Segura, Rubingh et 
al. 2019). Therefore, we tested four different housekeeping genes (GAPDH, 
HPRT1, RPS27A and ACTB) for each dataset and only used the genes that were 
stable across the different conditions as reference. Gene expression levels were 
calculated using the 2-ΔCt formula.
 
2.3.9 Western blot
Irradiated MSCs and non-irradiated MSCs in monolayer were serum starved 
for 16 h in alpha-MEM (Invitrogen) supplemented with 1% BSA, 1.5 µg/mL 
fungizone (Invitrogen) and 50 µg/mL gentamicin (Invitrogen). Next, MSCs 
were stimulated with 0 or 10 ng/mL TGFβ1 for 30 min and subsequently, 
cells were lysed in MPER lysis buffer (ThermoFisher Scientific) with 1% 
Halt Protease Inhibitor (ThermoFisher Scientific) and 1% Halt Phosphatase 
Inhibitor (ThermoFisher Scientific). Protein samples, from MSCs from 
different donors (N=3 donors, in triplicates), were separated on a 4-12% 
SDS-PAGE gel (ThermoFisher Scientific) by electrophoresis using an equal 
amount of protein (5-12 µg) per sample. Proteins were transferred semi-
wet from the SDS-PAGE gel on a nitrocellulose membrane (Millipore). 
The membrane was transferred to a 5% dry milk powder blocking solution 
in Tris-Buffered Saline with 0.1% Tween-20 (Millipore Sigma; TBST) 
for 3 h. Next, the membrane was incubated with the primary monoclonal 
rabbit antibody against phospho-SMAD2 Ser465/Ser467 (Cell Signaling 
technology; 3108S;) using a 1:1000 dilution in 5% BSA in TBST overnight 
at 4°C. Later, the membrane was incubated with a secondary anti-rabbit 
antibody conjugated with peroxidase (Cell Signaling, 7074S) using a 1:1000 
dilution in 5% dry milk powder in TBST for 1.5 h at room temperature. 
Phospho-SMAD2 signal was detected with the SuperSignal Wester Pico 
Complete Rabbit IgG detection kit (ThermoFisher Scientific). 

3.3.10 Data analysis
The Kolmogorov-Smirnov test was used to verify the normal (Gaussian) 
distribution of all the histology, RNA expression and western blot data. For 
statistical evaluation, a linear mixed model was applied, using the different 
conditions as fixed parameters and the donors as random factors. Bonferroni 
post-hoc test was used to correct for multiple comparisons. Data analysis 
was performed using PSAW statistics 20 software (SPSS Inc., Chicago, IL, 
USA). p-values less than 0.05 were considered as statistically significant.
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Table 2.1- Primer sequences 
Gene Forward Reverse Probe Method
CDKN2A 
(P16)

GATCCAGGTG-
GGTAGAAGGTC

CCCCTG-
CAAACTTCGT-
CCT

- SYBR 
Green

CDKN1A 
(P21)

TGTCCGT-
CAGGACCCA-
TGC

AAAGTCGAAGT-
TCCATCGCTC

- SYBR 
Green

IL6 ACTCACCTCTT-
CAGAACGAAT-
TG

CCATCTTTG-
GAAGGTTCAG-
GTTG

- SYBR 
Green

FABP4 TGTCTCCAGT-
GAAAACTTT-
GATGATTA

CCATGCCAGC-
CACTTTCC

- SYBR 
Green

PPARG AGGGCGATCT-
TGACAGGAAA

TCTCCCATCA-
TTAAGGAATT-
CATG

ACAACAGA-
CAAATCACCAT-
TCGTTATCT

TaqMan

RUNX2 ACGTCCCCGTC-
CATCCA

TGGCAGTGT-
CATCATCT-
GAAATG

ACTGGGCT-
TCTTGCCATCA-
CCGA

TaqMan

ALPL GACCCTTGAC-
CCCCACAAT

GCTCGTACTG-
CATGTCCCCT

TGGACTACC-
TATTGG-
GTCTCTTCGAG-
CCA

TaqMan

COL2A1 GGCAATAGCAG-
GTTCACGTACA

CGA-
TAACAGTCTTG-
CCCCACTT

CCGGTATGTTT-
CGTGCAGCCA-
TCCT

TaqMan

ACAN TCGAGGACAG-
CGAGGCC

TCGAGGGTG-
TAGCGTGTAGA-
GA

ATGGAACAC-
GATGCCTTTCA-
CCACGA

TaqMan

SOX9 TCCACGAAGG-
GCCGC

CAACGCC-
GAGCTCAGCA

TGGG-
CAAGCTCTG-
GAGACTTCT-
GAACG

TaqMan

MMP3 TTTTGGCCA-
TCTCTTCCTT-
CA

TGTGGATG-
CCTCTTGGG-
TATC

AACTTCATAT-
GCGGCATCCA-
CGCC

TaqMan

MMP1 CTCAATTT-
CACTTCTGTTT-
TCTG

CATCTCTGTCG-
GCAAATTCGT

CACAACTGC-
CAAATGGGCTT-
GAAGC

TaqMan

MMP13 AAGGAGCATG-
GCGACTTCT

TGGCCCAG-
GAGGAAAAGC

CCCTCTGG-
CCTGCTGGCT-
CA

TaqMan

(Continued on next page)



Chapter 2

38

Continued
Gene Forward Reverse Probe Method
ADAMTS4 CAAGGTCCCAT-

GTGCAACGT
CATCTGCCAC-
CACCAGTGTCT

CCGAAGAGC-
CAAGCGCTTT-
GCTTC

TaqMan

COL1A1 CAGCCGCTT-
CACCTACAGC

TTTTGTATT-
CAATCACT-
GTCTTGCC

CCGGTGTG-
ACTCGTGCAG-
CCATC

TaqMan

COL10A1 CAAGGCACCA-
TCTCCAGGAA

AAAGGGTATT-
TGTGGCAGCA-
TATT

TCCAGCACG-
CAGAATCCA-
TCTGA

TaqMan

RPS27A TGGCTGTCCT-
GAAATATTA-
TAAGGT

CCCCAGCAC-
CACATTCATCA

- SYBR 
Green

GAPDH ATGGGGAAG-
GTGAAGGTCG

TAAAAGCAGC-
CCTGGTGACC

CGCCCAATACG-
ACCAAATCCGT-
TGAC

TaqMan

HPRT1 TTATGGACAGG-
ACTGAACGTCT-
TG

GCACACAGAG-
GGCTACCAT-
GTG

AGATGTGAT-
GAAGGAGATG-
GGAGGCCA

TaqMan

ACTB ACCGGGCA-
TAGTGGTTGGA

ATGGTACACG-
GTTCTCAACA-
TC

- SYBR 
Green

2.4 Results

2.4.1 Cellular senescence impaired the chondrogenic capacity of MSCs
Cellular senescence was induced in monolayer MSCs using gamma 
irradiation (20 Gy) and confirmed by an increased mRNA expression of cell-
cycle dependent CDKN2A (6.9-fold) and CDKN1A (4.8-fold), a higher mRNA 
expression of the SASP associated gene IL6 (8.6-fold) and a higher percentage 
of senescence associated β-galactosidase positive cells than the mock 
treated control MSCs (0 Gy; Figure 2.1A-B). After 21 days of chondrogenic 
induction, irradiated MSCs, had an impaired capacity to deposit the typical 
chondrogenic extracellular proteins GAG and COL2 (Figure 2.1C-D). To 
determine whether senescent MSCs have an overall reduced differentiation 
capacity or whether it was specific for the chondrogenic lineage, we assessed 
their osteogenic and adipogenic differentiation capacity. After adipogenic 
differentiation, the cells show lipid accumulation and expression of adipogenic 
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genes PPRG and FABP4 in both the irradiated and non-irradiated cells, 
(Figure 2.1E-F) although for FABP4 a reduced expression was detected 
compared to control MSCs. Aft er osteogenic diff erentiation, irradiated and 
non-irradiated cells show no signifi cant diff erences in the osteogenic markers 
RUNX2 and ALPL (Figure 2.1G-H). Overall, these results indicate that 
senescent MSCs can diff erentiate towards the adipogenic and the osteogenic 
lineage, while a strong negative eff ect was detected specifi cally for the 
chondrogenic diff erentiation. 

(Continued on next page)
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Figure 2.1 –  Chondrogenic diff erentiation was impaired in senescent MSCs. 
(A) MSCs that were gamma irradiated (20 Gy) or mock irradiated (0 Gy) aft er expansion.
CDKN2A (P16), CDKN1A (P21) and IL6 mRNA relative to the best housekeeping index 
(BHI; GAPDH, HPRT, RPS27A and ACTB). N=3 donors with 2-3 replicates per donor. 
Data show grand mean and standard deviation. 
(B) Representative images of MSCs stained for senescence-associated β-galactosidase
(SA-β-gal) activity. Scale bar represents 100 µm. N=3 donors with 2-3 replicates per donor. 
(C-D) Representative images of Thionine (C) and Collagen type 2 (D) staining of pellets 
of (mock-)irradiated MSCs that were chondrogenically diff erentiated for 21 days. Scale bar 
represents 250 µm. N=3 donors with 3 pellets per donor. 
(E) Representative images of Oil red O staining of (mock-)irradiated MSCs that were 
diff erentiated towards adipogenic lineage for 21 days. Scale bar represents 100 µm, N=3 
donors with 3 replicates per donor. 
(F) FABP4 and PPARG mRNA expression relative to the best housekeeping index (BHI; 
GAPDH, RPS27A and ACTB) of MSCs that were diff erentiated towards adipogenic lineage 
for 21 days. N=3 donors with 3 replicates per donor. 
(G) Representative images of Von Kossa staining of (mock-)irradiated MSC that were 
diff erentiated towards osteogenic lineage for 14-21 days. Scale bar represents 200 µm, N=3 
donors with 3 replicates per donor. 
(H) RUNX2 and ALP mRNA expression relative to the best housekeeping index (BHI; 
GAPDH, RPS27A and ACTB) of MSCs that were diff erentiated towards osteogenic lineage 
for 14-21 days. N=3 donors with 3 replicates per donor. Data show individual data points 
and grand mean. p-values were obtained with the linear mixed model, using the diff erent 
irradiation conditions as fi xed parameters and the donors as random factors.

2.4.2 Senescence during early MSC diff erentiation inhibited cartilage 
formation
In order to understand whether cellular senescence is aff ecting chondrogenic 
diff erentiation only when induced in specifi c diff erentiation stages, we used 
non senescent MSCs to generate pellets and triggered senescence by irradiation 
during chondrogenic diff erentiation. Specifi cally, we induced senescence in 
pellet cultures by gamma irradiation (20 Gy) at 7 or 14 days of chondrogenesis, in 
a 21-day diff erentiation protocol. As expected, mock treated pellets (0 Gy) had

F H
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an increased GAG deposition over time and the deposition is highest at 
day 21 of chondrogenic diff erentiation (p=0.028 compared to day 7), while 
pellets treated with 20 Gy at day 7 of culture had an average of 1.6-fold 
reduction of GAG deposition at day 21 compared to controls (Figure 2.2A
and Supplementary Figure 2.1; p=0.035). Immunostaining revealed an 
overall similar pattern between COL2 and GAG deposition, with a lower 
COL2 deposition detected at day 21 in day7-irradiated pellets compared to 
control pellets (Figure 2.2B and Figure S2.2; p=0.010). At gene expression 
level, COL2A1 and ACAN signifi cantly increased over time in both irradiated 
and control conditions, but at day 21 the day7-irradiated pellets showed a 
signifi cant reduced expression compared to control (Figure 2.2C; COL2A1 
and ACAN). The transcription factor SOX9 did not strongly increase over 
time and its expression was lower in day7-irradiated pellets compared 
to control at day 21 (Figure 2.2C; SOX9). Between day 14 and day 21 of 
chondrogenic diff erentiation, gene expression of COL2A1, ACAN and 
SOX9 remained similar (p=1.000). 
A

B

(Continued on next page)
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Figure 2.2 – 20 Gy irradiation at day 7 during MSC diff erentiation reduced 
chondrogenic markers at day 21. 
(A-B; left  panels) Representative images of (A) Thionine (GAG) and (B) Collagen type 
2 (COL2) staining of MSC control pellets that were chondrogenically diff erentiated 
for 7, 14 and 21 days or MSC pellets that were irradiated at day 7 during chondrogenic 
diff erentiation and subsequently diff erentiated for 7 or 14 days. The scale bar represents 
200 µm. (A-B; right panels) Quantifi cation of (A) GAG or (B) COL2 positive area per 
condition in mm2. N=4 donors with 1-3 replicates per donor. 
(C) Gene expression of chondrogenic markers in MSC control pellets that were 
chondrogenically diff erentiated for 7, 14 and 21 days or MSC pellets that were irradiated 
at day 7 during chondrogenic diff erentiation and subsequently diff erentiated for 7 and 14 
days. Gene expression levels were normalized using ACTB. N=3 donors with 2-3 replicates 
per donor. Data show individual data points and grand mean. p-values were obtained with 
the linear mixed model, using the diff erent irradiation conditions as fi xed parameters and 
the donors as random factors.

Interestingly, when we irradiated the pellets at day14  the deposition of GAG 
and COL2 did not change compared to non-irradiated controls (Figure 
2.3A-B and Figure S2.3).  Similarly, COL2A1, ACAN and SOX9 gene 
expression at day 21 were comparable between day-14 irradiated pellets and 
controls (Figure 2.3C). Overall, these data suggest that the chondrogenesis 
of MSCs was not negatively infl uenced by irradiation at day 14. To test 
whether there was at least an eff ect on the known hypertrophic tendency 
of MSCs during chondrogenesis, COL10A1, ALPL and RUNX2 expression 
were analyzed. No diff erences in COL10A1, ALPL and RUNX2 expression 
were observed between day14-irradiated and mock treated pellets (Figure 
2.3D). Although with donor variation, these data suggest that senescence 
during early diff erentiation (day-7) inhibits chondrogenic maturation, 
while senescence during late chondrogenesis (day-14) has no evident eff ect.

C
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(Legend on next page)
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◀ Figure 2.3 – Irradiation at day 14 during MSC differentiation did not alter 
chondrogenic markers at day 21. 
(A-B; left panels) Representative images of (A) Thionine (GAG) and (B) Collagen type 
2 (COL2) staining of MSC control pellets that were chondrogenically differentiated 
for 14 and 21 days or MSC pellets that were irradiated at day 14 during chondrogenic 
differentiation and subsequently differentiated for 7. The scale bar represents 200 µm. 
(A-B; right panels) Quantification of (A) GAG or (B) COL2 positive area per condition 
in mm2. N=4 donors with 1-7 replicates per donor. 
(C-D) Gene expression of (C) chondrogenic markers and (D) hypertrophic markers 
in MSC control pellets that were chondrogenically differentiated for 14 and 21 days 
or MSC pellets that were irradiated at day 14 during chondrogenic differentiation and 
subsequently differentiated for 7 days. Gene expression levels were normalized using 
ACTB. N=3 donors with 2-3 replicates per donor. Data show individual data points and 
grand mean. p-values were obtained with the linear mixed model, using the different 
irradiation conditions as fixed parameters and the donors as random factors.

2.4.3 Conditioned medium of senescent pellets had no major effect on 
cartilage formation
Senescent cells can affect their surrounding cells via the secretion of a 
SASP (Coppé, Desprez et al. 2010). To investigate whether or not the 
SASP contributes to reduced cartilage formation in chondrogenic pellets, 
conditioned medium of control and senescent pellets during chondrogenic 
differentiation (day 5-6 and day 12-13) was generated and added to non-
irradiated recipient chondrogenic pellets at day 7 or day 14 (Figure 2.4A). 
First, we confirmed an increased expression of selected SASP factors IL6 
(p<0.001) and MMP3 (p<0.001) in the irradiated pellets compared to 
non-irradiated control pellets (Figure 2.4B). Next, after exposition to the 
conditioned media of senescent pellets, we observed that COL2A1, ACAN, 
SOX9 and COL1A1 expression were not significantly different compared to 
the control pellets cultured in control conditioned media (Figure 2.4C), 
suggesting that factors secreted from senescent cells during chondrogenesis 
do not directly alter the expression of chondrogenic genes in recipient 
pellets in our experimental conditions. To understand whether the absence 
of changes in the expression of chondrogenic markers was influenced by 
an altered expression in catabolic genes, we  analyzed the expression of 
MMP13, MMP1, MMP3 and ADAMTS4. Pellets cultured in conditioned 
medium of irradiated pellets had similar expression of catabolic genes as 
pellets cultured in control conditioned medium at both day-9 and day-16 of 
chondrogenic differentiation (Figure 2.4C). Overall, these results suggest 
that the SASP-factors produced by senescent cells in the pellets have no 
major direct effect at different stages of cartilage formation.
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(Legend on next page)
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◀ Figure 2.4 – Conditioned medium from pellets of senescent MSCs did not alter the 
expression of chondrogenic genes in recipient non-senescent pellets. 
(A) Schematic overview of experimental setup. 
(B) mRNA expression of day 16 of chondrogenically differentiated pellets from 20 Gy 
gamma irradiated (during monolayer expansion) or not irradiated MSCs. N=2 donors 
with 3 replicates per donor. 
(C) mRNA expression of MSC pellets that were chondrogenically differentiated for 
9 or 16 days and treated with conditioned medium for the last 48 h. The conditioned 
medium was obtained from chondrogenic pellets from MSCs that were irradiated with 
20 Gy or not irradiated during expansion. Gene expression levels were normalized using 
best housekeeping index (BHI; GADPH, HPRT and RSP27A). MMP3 data shows one 
outlier in red. This value was excluded from the statistical analysis. N=2 donors with 6 
replicates per donor. Data show individual data points and grand mean. p-values were 
obtained with the linear mixed model, using the different irradiation conditions as fixed 
parameters and the donors as random factors.

2.4.4 The number of senescent cells is associated with a reduced cartilage 
production 
Next, we asked if the observed negative effect on chondrogenesis was 
dependent on the number of senescent cells present at the moment of pellet 
formation. To answer these questions, we generated pellets starting with a 
different ratio of irradiated and non-irradiated cells and we monitored their 
chondrogenic differentiation capacity. The number of irradiation-induced 
senescent cells prior to chondrogenic differentiation was indeed associated 
with a reduced GAG and COL2 deposition (Figure 2.5A-B and Figure S2.4) 
and both GAG and DNA content in chondrogenic pellets were negatively 
associated with the number of senescent MSCs (Figure S2.4B-C). MSC pellets 
with 20-30% senescent MSCs had an average of 42% lower GAG content than 
pellets with non-irradiated cells (Figure S2.4; p=0.008), suggesting that a 
low percentage of senescent cells already has a significant effect on the GAG 
deposition. MSC pellets with 45-55% senescent MSCs had, on average, 55% 
lower GAG/DNA than pellets with non-irradiated cells (Figure S2.4; p=0.003), 
indicating that the non-senescent MSCs were still able to deposit GAG in the 
mixed pellets. Histological analysis showed clearly reduced GAG and COL2 
deposition in MSC pellets with 45-55% senescent MSCs compared to pellets 
with non-irradiated cells (Figure 2.5A-B and Figure S2.5). Furthermore, 
MSC pellets with 45-55% senescent MSCs had lower expression of COL2A1, 
SOX9 and ACAN at day 21 of chondrogenic differentiation compared to non-
senescent control MSCs, albeit not statistically significant (Figure 2.5C). MSC 
pellets with 70-80% senescent MSCs had a lower GAG content compared
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to MSC pellets with 45-55% senescent MSCs, however these pellets still 
deposited GAG (Figure S2.4). On the other side, pellets with more than 
90% senescent cells did not deposit GAG (Figure 2.5A-B). These pellets 
also had a low expression of COL2A1 (97% reduced compared to non-
senescent control MSCs; p=0.013), SOX9 (75% reduced compared to non-
senescent control MSCs, p=0.002) and ACAN (97% reduced compared to 
non-senescent control MSCs, p=0.014). No signifi cant diff erences in the 
expression of COL1A1 and the catabolic markers MMP13, MMP1, MMP3, 
ADAMTS4 were observed between the diff erent conditions (Figure 2.5D-E). 
These data may suggest that there is an inverse association between the 
number of senescent cells and the ability of generating cartilage.

(Legend on next page)
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◀ Figure 2.5 – Higher ratio of senescent to non-senescent MSC resulted in less 
cartilage markers. 
(A-B) Representative images of Thionine and Collagen type 2 staining of MSCs that 
were gamma irradiated during expansion with 0 or 20 Gy, mixed and subsequently 
chondrogenically diff erentiated for 21 days. Scale bar represents 200 µm. N=3 donor with 
2-3 pellets per donor. 
(C-E) mRNA expression of MSC pellets that were gamma irradiated during expansion 
with 0 or 20 Gy, mixed and subsequently chondrogenically diff erentiated for 21 days. Gene 
expression levels were normalized using ACTB. Data show individual data points and 
grand mean. p-values were obtained with the linear mixed model, using the experimental 
conditions as fi xed parameters and the donors as random factors.

2.4.5 Senescent MSCs are less responsive to TGFβ signaling 
TGFβ is the main driver of chondrogenesis in MSC. In order to understand 
the reason why senescent cells have a reduced capacity to diff erentiate 
towards the chondrogenic lineage, we analyzed the TGFβ signaling 
activation by detecting the pSMAD2 levels in both irradiated MSCs (20 
Gy) and control MSCs (0 Gy) upon TGFβ1 stimulation. In the presence 
of TGFβ1, pSMAD2 levels were higher in non-irradiated control MSCs 
compared to irradiated MSCs (Figure 2.6A; +TGFβ and Figure 2.6B; 6.9-
fold, p=0.020), while no detectable pSMAD2 levels were present in MSCs 
without TGFβ1 stimulation (Figure 2.6A; -TGFβ). These data suggest that 
senescent MSCs are less responsive to TGFβ1, indicating that the reduced 
chondrogenic potential may be caused by a cell-intrinsic mechanism.

Figure 2.6 – Senescent MSCs had low TGFβ induced phosphorylated SMAD2 levels.
(A) Western blot for phosphorylated SMAD2 (p-SMAD2). 
(B) Quantifi cation of western blot results relative to α-Tubulin. N=3 donors with 2-3 biolo-
gical replicates per donor. Data show individual data points and grand mean. p-values were 
obtained with the linear mixed model, using the diff erent experimental conditions as fi xed 
parameters and the donors as random factors.

BA
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2.5 Discussion

MSCs are promising cells for cartilage tissue regeneration therapies. To 
obtain reproducible and safe clinical outcomes it is necessary to understand 
how the chondrogenic differentiation capacity in MSC populations 
is regulated. In this study, we demonstrated that cellular senescence 
impairs the chondrogenic differentiation capacity of MSCs, we showed 
there is an association between the number of senescent cells at the start 
of the culture and the reduced chondrogenic differentiation potential, 
and we observed that senescent cells have a reduced ability to respond 
to TGFβ, the main factor responsible for chondrogenic differentiation 
of MSCs. 

MSCs are a heterogeneous population of cells and the number of senescent 
cells varies between MSC cultures from different patients (Schellenberg, 
Stiehl et al. 2012) and, most importantly, with passaging in vitro (Bonab, 
Alimoghaddam et al. 2006, Lehmann, Narcisi et al. 2022). Here, we show 
for the first time that an increased number of senescent cells contribute 
to a reduced chondrogenic differentiation potential, indicating that the 
appearance of cellular senescence can contribute to heterogeneity in 
chondrogenic differentiation between MSC populations. This may be 
also linked with our previous observation that different MSC subtypes 
have a distinct differentiation capacity (Sivasubramaniyan, Ilas et al. 2018, 
Sivasubramaniyan, Koevoet et al. 2019). Furthermore, we show that in a 
mixed population with senescent MSCs, non-senescent MSCs are still able 
to differentiate towards the chondrogenic lineage and that the secretome of 
the senescent cells do not grossly influence the differentiation of neighboring 
non-senescent cells.

Our results suggest that senescent MSCs, while losing their chondrogenic 
differentiation potential, generally keep their osteogenic and adipogenic 
differentiation capacity. However, we identified some differences between 
gene expression and staining, specifically for the osteogenic assay. In fact, 
while mineral deposition seems slightly increased in irradiated MSCs, gene 
expression levels for osteogenic markers remain unaffected. This may explain 
why in the literature there is still no uniformed consensus on the effect of 
senescence in MSCs, with authors claiming minimal effect on osteogenic 
differentiation in late-passaged cells (Bonab, Alimoghaddam et al. 2006), others 
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claiming upregulation (Wagner, Horn et al. 2008) or even down-regulation of 
osteogenic differentiation (Geissler, Textor et al. 2012, Despars, Carbonneau et 
al. 2013) with passaging or senescence. This discrepancy might also be linked 
with the timing of senescence induction during the experiments or could 
possibly be due to the different ways to induce senescence. Indeed, we and 
others previously observed different senescence phenotypes depending on the 
way senescence was induced (Wiley, Velarde et al. 2016, Voskamp, Anderson 
et al. 2021), and we cannot exclude that this may have a different impact 
on MSC differentiation. 

In this study we demonstrated that the effect of irradiation-induced cellular 
senescence is largest during the early phases of chondrogenic differentiation. 
It has been shown that proliferation during the early phase of chondrogenesis 
is essential for proper chondrogenic differentiation (Dexheimer, Frank et al. 
2012). This indicates that impaired proliferation could be an explanation why 
MSCs failed to differentiate towards the chondrogenic lineage specifically when 
senescence is induced in monolayer or early during differentiation. Another 
explanation could be related to the differences we observed in the TGFβ 
signaling pathway activation in senescent MSCs compared to non-senescent 
MSCs. The TGFβ signaling has an important role in cartilage development 
and cartilage homeostasis (Thielen, van der Kraan et al. 2019). Particularly in 
the early phases of (re)differentiation, Smad2/3 phosphorylation is essential 
for chondrogenesis of MSCs (Hellingman, Davidson et al. 2011) and for re-
differentiation of de-differentiated chondrocytes (Narcisi, Signorile et al. 2012). 
Here, we demonstrated that senescent MSCs have reduced pSMAD2 levels after 
TGFβ1 stimulation, compared to non-senescent control MSCs, suggesting 
that the canonical TGFβ signaling is altered in senescent MSCs. However, 
other non-canonical TGFβ pathways may be also involved in the process of 
cellular senescence and need further investigations. 

It is known that senescent cells can affect the surrounding cells and tissues 
via their secretome. Previously, it has been shown that implantation of 
senescent cells can contribute to an OA-like phenotype in mice (Xu, Bradley 
et al. 2017). In order to safely use MSCs for cartilage repair strategies, it is 
crucial to understand whether the SASP factors released by senescence cells 
can limit chondrogenesis or even contribute to cartilage degeneration. In 
this study, we found that the conditioned medium of chondrogenic pellets of 
senescent MSCs had no direct effect on the expression of the chondrogenic
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(COL2A1, ACAN and SOX9) or the catabolic  (MMP1, MMP13, MMP3 or 
ADAMTS4) markers in recipient pellet cultures. These data indicate that in 
our in vitro model, the SASP factors released from senescent MSCs have 
no negative effect on MSC chondrogenesis nor on the matrix degradation 
processes. Despite the absence of a direct effect on the MSCs exposed to 
the medium of senescent MSCs, we did find that senescent MSCs in the 
pellets had higher expression levels of inflammatory factors IL6 and MMP3. 
The role of IL6 in cartilage tissue is controversial, since it has been shown 
to stimulate both cartilage degeneration and synthesis (Porée, Kypriotou 
et al. 2008, Ryu, Yang et al. 2011, Tsuchida, Beekhuizen et al. 2012), and 
MMP3 promotes cartilage loss via degradation of multiple extracellular 
matrix components (Murphy and Lee 2005), indicating that the SASP factors 
released by MSCs could thus also contribute to the pathophysiology of OA. 
On the other hand, the SASP factors have been shown to be essential for 
tissue regeneration via the recruitment of macrophages (Godwin, Pinto et al. 
2013). Therefore, more studies specifically focused on the role of individual 
SASP factors are necessary to better understand their role in cartilage 
generation and degeneration as well as possible interventions to counteract 
these effects. 

In this study we explored how senescence in MSCs affect the chondrogenesis 
process. We showed that the number of senescent cells in MSC cultures is 
associated with a reduced chondrogenic differentiation potential. Especially 
senescence in the early phase of chondrogenesis could be detrimental for 
MSC-based cartilage tissue engineering. Therefore strategies that prevent 
or abolish senescence in MSCs could be beneficial for MSC-based cartilage 
repair. 
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2.6 Supplemental Information

Figure S2.1 –Thionine staining of irradiated MSC pellets at day 7. 
Images of Thionine (GAG) staining of MSC control pellets that were chondrogenically 
diff erentiated for 7, 14 and 21 days or MSC pellets that were irradiated at day 7 during 
chondrogenic diff erentiation and subsequently diff erentiated for 7 or 14 days. The day 7 
pellets of donor MSC-9 are missing due to a technical issue during processing. The scale 
is the same in all images. Scale bar represents 200 µm and is indicated in the day 7 pellet 
of donor MSC-7.  The images of donor MSC-8 are the same as depicted in Figure 2A. 
N=4 donors with 2-3 pellets per donor.
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Figure S2.2 – Collagen type 2 staining of irradiated MSC pellets at day 7. 
Images of Collagen type 2 (COL2) immunohistochemical staining of MSC control pellets 
that were chondrogenically diff erentiated for 7, 14 and 21 days or MSC pellets that were 
irradiated at day 7 during chondrogenic diff erentiation and subsequently diff erentiated 
for 7 or 14 days. Positive staining in red. The day 7 pellets of donor MSC-9 are missing 
due to a technical issue during processing. The scale is the same in all images. Scale bar 
represents 200 µm and is indicated in the day 7 pellet of donor MSC-7. The images of donor 
MSC-8 are the same as depicted in Figure 2B. N=4 donors with 2-3 pellets per donor.
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◀ Figure S2.3 – Thionine and Collagen type 2 staining of irradiated MSC pellets at day 14. 
(Left  panels) Images of Thionine (GAG) and (right panels) images of Collagen type 2 
(COL2) staining of MSC control pellets that were chondrogenically diff erentiated for 
14 and 21 days or MSC pellets that were irradiated at day 14 during chondrogenic 
diff erentiation and subsequently diff erentiated for 7. The scale bar represents 200 
µm. The images of donor MSC-7 are the same as depicted in Figure 3A-B. N=4 donors 
with 2-3 pellets per donor.

Figure S2.4 - GAG and DNA content in MSCs pellets with senescent and non-senescent 
cells mixed. 
(A) Representative images of Thionine (GAG) and Collagen type-2 (COL2) staining of 
MSCs that were gamma irradiated during expansion with 0 or 20 Gy, mixed (percentages 
indicate the percentage of senescent MSCs) and subsequently chondrogenically 
diff erentiated for 21 days. Scale bar represents 200 µm. N=2 donors with 2-3 pellets per 
donor. 
(B-D) GAG, DNA and GAG/DNA content of MSCs that were gamma irradiated during 
expansion with 0 or 20 Gy, mixed (percentages indicate the percentage of senescent 
MSCs) and subsequently chondrogenically diff erentiated for 21 days. N=2 donors with 
2-3 pellets per donor. p-values were obtained with the linear mixed model, using the 
diff erent experimental conditions as fi xed parameters and the donors as random factors and 
Bonferroni post-hoc test was used to correct for multiple comparisons.

Figure S2.4 - GAG and DNA content in MSCs pellets with senescent and non-senescent 
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Figure S2.5 – Thionine and Collagen type 2 staining of MSC pellets with diff erent 
ratios of senescent MSCs. 
(A-B) Thionine (A) and Collagen type 2 (B) staining of MSCs that were gamma irradiated 
during expansion with 0 or 20 Gy, mixed and subsequently chondrogenically diff erentiated 
for 21 days. Representative images from diff erent technical triplicates are depicted Scale bar 
represents 200 µm. N=3 donors with 2-3 pellets per donor. The images of donor MSC-1 are 
the same as depicted in Figure 5A.  The images of the Collagen type 2 staining with 0-10% 
and 90-100% senescent MSCs for donor MSC-1 and MSC-3 are the same as depicted in 
Figure 1D.
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 3.1 Abstract 

Mesenchymal stem cells (MSCs) are promising cells for regenerative 
medicine therapies because they can differentiate towards multiple cell 
lineages. However, the occurrence of cellular senescence and the acquiring 
of the senescence-associated secretory phenotype (SASP) limit their 
clinical use. Since the transcription factor TWIST1 influences expansion 
of MSCs, its role in regulating cellular senescence was investigated. The 
present study demonstrated that silencing of TWIST1 in MSCs increased 
the occurrence of senescence, characterised by a SASP profile different 
from irradiation-induced senescent MSCs. Knowing that senescence alters 
cellular metabolism, cellular bioenergetics was monitored by using the 
Seahorse XF apparatus. Both TWIST1-silencing-induced and irradiation-
induced senescent MSCs had a higher oxygen consumption rate compared 
to control MSCs, while TWIST1-silencing-induced senescent MSCs had 
a low extracellular acidification rate compared to irradiation-induced 
senescent MSCs. Overall, data indicated how TWIST1 regulation influenced 
senescence in MSCs and that TWIST1 silencing-induced senescence was 
characterised by a specific SASP profile and metabolic state. 
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3.2 Introduction

Regenerative medicine strategies aim to regenerate tissues that have been 
damaged by injury or pathology. A promising cell source for regenerative 
medicine therapies is the multipotent progenitor cell referred to as MSC. 
MSCs have the capacity to self-renew and differentiate towards multiple 
lineages (Pittenger, Mackay et al. 1999); moreover, they can be isolated from 
several tissues (Haynesworth, Goshima et al. 1992, Pittenger, Mackay et al. 
1999, Erices, Conget et al. 2000, Halvorsen, Wilkison et al. 2000, Zuk, Zhu 
et al. 2001, Romanov, Svintsitskaya et al. 2003). However, a limitation that 
hinders the clinical use of MSCs is their inter- and intra-donor variability 
in differentiation capacity. This heterogeneity includes the occurrence of 
cellular senescence (Li, Wu et al. 2017). Cellular senescence is an irreversible 
state in which cells undergo permanent cell cycle arrest, while they are still 
metabolically active and can secrete pro-inflammatory factors. Senescence 
is generally induced by replicative exhaustion, DNA damage, oncogenes 
or mitochondrial dysfunction (Kumari and Jat 2021). The pool of factors 
secreted by senescent cells define the so called SASP (Lunyak, Amaro-
Ortiz et al. 2017); their occurrence is linked to the metabolic state of the 
cell (Dörr, Yu et al. 2013, Wiley, Velarde et al. 2016) and to the kind of 
stressor responsible for inducing senescence (Kumari and Jat 2021). Typical 
SASP genes common to most senescent cells are IL1B, IL6, MMPs, CCL2 
and VEGF. Glycolysis, which breaks down glucose into pyruvate, ATP and 
NADH, has been demonstrated to be increased in senescent cells (Bittles and 
Harper 1984, James, Michalek et al. 2015). In addition, senescent fibroblasts 
can have an impaired mitochondrial metabolism (Wiley, Velarde et al. 2016).

Cellular senescence has been shown to reduce the differentiation capacity 
of umbilical-cord-derived MSCs (Cheng, Qiu et al. 2011) and could also 
be unsafe for regenerative medicine strategies, since senescent MSCs can 
promote tumour formation (Li, Xu et al. 2015, Hochane, Trichet et al. 2017). 
In addition, senescent cells are known to contribute to tissue degeneration, 
since senescent cells transplanted into a mouse knee joint can induce an 
osteoarthritis-like phenotype showing reduced cartilage content, osteophyte 
formation and subchondral bone structure alterations (Xu, Bradley et 
al. 2017). Safe and reproducible clinical use of MSCs requires a better 
understanding of the molecular mechanisms behind cellular senescence and 
their SASP profile.
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MSC expansion has been associated with the expression of the transcription 
factor TWIST1 (Isenmann, Arthur et al. 2009, Narcisi, Cleary et al. 
2015, Voskamp, van de Peppel et al. 2020). Moreover, TWIST1 can 
regulate the expression of the cellular senescence marker p21 in hypoxic 
MSC cultures (Tsai, Chen et al. 2011), and loss-of-function mutation of 
TWIST1 in Saethre-Chotzen patient cells results in accelerated senescence 
(Cakouros, Isenmann et al. 2012). The present study showed that TWIST1 
overexpression in MSCs inhibited cellular senescence, while silencing of 
TWIST1 induced cellular senescence. In addition, TWIST1 could modulate 
the SASP and the bioenergetic profile in senescent MSCs, differently from 
senescence induced by irradiation. These results offered novel molecular 
insights in SASP and metabolism regulation and suggested that TWIST1
could be a target to modulate cellular senescence.

3.3 Materials and Methods

3.3.1 Cell culture 
MSCs were isolated from leftover iliac crest bone chip material (9-13 years old 
patients) as previously described (Knuth, Kiernan et al. 2018), in accordance 
with the Medical Ethical Commission of the Erasmus MC (protocol number 
MEC-2014-16). No morphological differences were observed between MSCs 
from different donors at passage 0 (P0). Cells from the selected donors 
represented a starting population of MSCs with a low number of senescent cells 
(< 10 % positivity for β-galactosidase, data not shown). MSCs were expanded 
in αMEM (Gibco) containing 10% fetal calf serum (Gibco, selected batch 
41Q2047K), 1.5 μg/mL fungizone (Invitrogen), 50 µg/mL gentamicin (Gibco), 
0.1 mmol/L ascorbic acid (Sigma-Aldrich) and 1 ng/mL FGF2 (Instruchemie, 
Delftzijl, the Netherlands). MSCs were cultured at a density of 2,300 cells/cm2 at 
37 °C and 5 % CO2. Cells were trypsinised and medium changed twice a week. 
Depending on the assay and the experimental plan, passage 3 (P3) to passage 
7 (P7) cells were used. Cells at P3 (with high TWIST1 expression) were used 
for the irradiation and silencing experiments to better appreciate the effect of 
TWIST1 downregulation compared to control. Cells at P7 (with lower TWIST1 
expression) were used for the overexpression experiment to better appreciate 
the effect of TWIST1 upregulation compared to controls. 
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3.3.2 TWIST1 silencing 
To study whether silencing of TWIST1 induced cellular senescence, low 
passage (P3-P4) MSCs were used. MSCs were seeded at a density of 2,300 
cells/cm2 and cultured for 24 h in standard expansion medium. Next, cells 
were either treated with 15 nmol/L TWIST1 (4390824, Ambion) or scramble 
(4390843, Ambion) siRNA in combination with Lipofectamine RNAMAX 
Transfection Reagent (1:1,150; Invitrogen) and optiMEM (1:6; Gibco) or left 
untreated. The treatment was repeated every 3-4 d for 13-14 d. 

3.3.3 Lentiviral constructs and virus generation 
To study the effect of TWIST1 overexpression upon MSC senescence, 
tetracycline-inducible lentiviral constructs of TWIST1 and GFP were used. 
TWIST1 cDNA was cloned into a lentiviral construct under the control of 
the tetracycline operator. The GFP lentiviral vector was a gift from Marius 
Wernig’s laboratory (Stanford School of Medicine, Stanford, CA, USA; 
Addgene plasmid #30130). An empty lentiviral construct was used as 
a control. Third generation lentiviral particles with a VSV-G coat were 
generated in HEK293T cells. HEK293T cells were cultured in DMEM HG 
GlutaMAX (Life Technologies) containing 10 % fetal calf serum, 1 mmol/L 
sodium pyruvate (Life Technologies) and 1:100 non-essential amino acids 
(Life Technologies) and seeded in poly-L-ornithine-coated plates at a density 
of 5 × 106 cells per 10 cm diameter dish. After 24 h, cells were transfected 
with one of the lentiviral packaging vectors PMDL (5 μg per 10 cm diameter 
dish), RSV (2.5 μg per 10 cm dish diameter) or VSV (2.5 μg per 10 cm 
diameter dish) and one of the experimental inserts rtTA, TWIST1, GFP or 
an empty vector (10 μg per 10 cm diameter dish) using polyethylenimine 
(1:166). Medium was changed 6 h post-transfection. Viral supernatants were 
filtered through a 0.45 µm filter 24 h after the last medium change and stored 
at -80°C until use. 

3.3.4 Lentiviral transduction 
To study whether TWIST1 overexpression inhibited cellular senescence, 
high passage (P7) MSCs were used. The transduction efficiency was 
determined by titration of the GFP lentivirus construct using different 
virus concentrations, 1:1:1, 1:1:3 and 1:1:8 of GFP:rtTA:MSC expansion 
medium. After transduction for 16 h, cells were washed with PBS and 
fresh expansion medium supplemented with 2 μg/mL doxycycline (Sigma-
Aldrich) was added. The transduction efficiency was assessed by analysis of 
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the percentage of GFP positive cells using fluorescent microscopy and flow 
cytometry. For flow cytometry analysis, GFP-transduced MSCs were fixed in 
2% formaldehyde (Fluka) and filtered through 70 µm filters. Untransduced 
MSCs were used as a negative control. Samples were analysed by flow 
cytometry using a BD LSRFortessaTM Cell Analyzer (BD Biosciences). Data 
were analysed using FlowJo V10 software. 

3.3.5 mRNA analysis 
For each experiment involving RNA evaluation, the medium was changed 
24 h before cell harvesting. MSCs were washed with PBS and lysed in 
RLT buffer containing 1% β-mercaptoethanol. Subsequently, RNA was 
isolated from the cells using the RNeasy micro kit (Qiagen) according to 
the manufacture’s instructions. cDNA was synthesised using the RevertAid 
First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time 
polymerase chain reactions were performed using TaqManTM Universal 
PCR MasterMix (FAM + TAMRA chemistry; Applied Biosystems) or SYBR 
Green MasterMix (Fermentas) using a CFX96TM PCR detection system 
(Bio-Rad). The following thermal protocol was used: 10 min at 95°C + 40 
cycles consisting of 15 s at 95°C followed by 1 min at 60°C as annealing 
step, except for CDKN2A (P16), CDKN1A (P21) and CCL2, which needed 
an annealing temperature of 61.5°C. The melting curve protocol consisted of 
ramping from 65°C to 95°C with an increase of 0.5°C/min. Primers are listed 
in Table 3.1 and housekeeping genes GAPDH, HPRT1 and RPS27A were 
chosen for their stable expression in MSCs. The BHI, the geometric mean 
of the three housekeeping genes, was calculated according to the (CtGAPDH × 
CtHPRT × CtRPS27A)1/3 formula (Pfaffl, Tichopad et al. 2004). Each primer used 
was validated to generate an unique melting peak. Data were visualised based 
on the 2-∆Ct method. 

3.3.6 Irradiation-induced senescence
Irradiation-induced senescence of MSCs was performed by a 20 Gray protocol 
(20 Gy) using ionising radiation by a RS320 X-Ray machine (X-Strahl, 
Camberley, UK). P3 MSCs at 60-70 % confluence in T175 flasks were used 
for the irradiation protocol. Cells were exposed for 22 min. After irradiation, 
cells were left in the flask for 48 h, trypsinised, seeded at 9,600 nc/cm2 and 
cultured for another 3-5 d to allow for senescence to occur. At day 7 post 
irradiation β-galactosidase staining was performed. Control cells underwent 
the same protocol and were exposed to a 0 Gy irradiation. Following 
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trypsinisation, they were re-seeded at 2,300 nc/cm2.

Table 3.1- Primer sequences 
Gene Forward Reverse Probe Method
TWIST1 5’-GTCCG-

CAGTCTTAC-
GAGGAG-3’

5’-CCAGCTT-
GAGGGTCT-
GAATC-3’

- SYBR 
Green

CDKN2A 
(P16)

5’-GATCCAGGT-
GGGTAGAAG-
GTC-3’

5’-CCCCTG-
CAA-ACTTCGT-
CCT-3’

- SYBR 
Green

CDKN1A 
(P21)

5’-TGTCCGT-
CAGGACCCAT-
GC-3’

5’-AAAGTC-
GAAGTTCCAT-
CGCTC-3’

- SYBR 
Green

IL6 5’-ACTCA-
CCTCTTCA-
GAACGAATTG-3’

5’-CCATCTTTG-
GAAGGTTCAG-
GTTG-3’

- SYBR 
Green

CXCL8 
(IL8)

5’- TTTTT-
GAAGAGGGCT-
GAGAATTC-3’

5’-ATGAAGTGT-
TGAAGTAGATT-
TGCTTG-3’

- SYBR 
Green

CCL2 5’-GAGCCAGAT-
GCAATCAATG-
CC-3’

5’-TGGAATCCT-
GAACCCACT-
TCT-3’

- SYBR 
Green

IL1B 5’-CCTAAACA-
GATGAAGTGCT-
CCTT-3’

5’-GTAGTCG-
GATGCCGC-
CAT-3’

SYBR 
Green

VEGFA 5’-CTTGCCT-
TGCTGCTC-
TACC-3’

5’-CACACAG-
GATGGCTT-
GAAG-3’

SYBR 
Green

MMP13 5’-AAGGAGCA-
TGGCGACT-
TCT-3’

5’-TGGCC-
CAGGAG-
GAAAAGC-3’

5’-CCCTCTGG-
CCTGCTGGCT-
CA-3’

TaqMan

GAPDH 5’-ATGGGGAAG-
GTGAAGGT-
CG-3’

5’-TAAAAGCAG-
CCCTGGTG-
ACC-3’

5’-CGCCCAAT-
ACGACCAAATC-
CGTTGAC-3’

TaqMan

RPS27A 5’-TGGCTGT-
CCTGAAATAT-
TATAAGGT-3’

5’-CCCCAGCA-
CCACATTCAT-
CA-3’

- SYBR 
Green

HPRT1 5’-TTATGG-
ACAGGACT-
GAACGTCTTG-3’

5’-GCACACA-
GAGGGCTAC-
CATGTG-3’

5’-AGATGTGAT-
GAAGGAGATG-
GGAGGCCA-3’

TaqMan
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3.3.7 SA-β-gal staining
Cells were washed twice with PBS and fixed with 0.5% glutaraldehyde and 
1% formalin in Milli-Q water. Then, cells were washed with Milli-Q water 
and incubated for 24 h at 37 °C with freshly made X-gal solution (0.5% 
X-gal, 5 mmol/L potassium ferricyanide, 5 mmol/L potassium ferrocyanide, 
2mmol/L MgCl2 , 150mmol/L NaCl, 7mmol/L C6H8O7 , 25 mmol/L 
Na2HPO4 ). Cells were counterstained with pararosaniline (1:25 in Milli-Q 
water) and imaged using a bright-field microscopy. For each condition, two 
independent researchers blinded to the experimental plan scored at least 300 
cells as negative, low positive or high positive. 

3.3.8 Bioenergetics assays 
Mitochondrial respiration was measured as OCR using a XF-24 Extracellular 
Flux Analyzer (Seahorse Bioscience) as previously described (Milanese, 
Bombardieri et al. 2019). MSCs were seeded at a density of 3 × 104 cells/well 
on Seahorse plates. Optimal cell densities were determined experimentally 
to ensure a proportional response to FCCP (oxidative phosphorylation 
uncoupler). 24 h after cell seeding, the medium was changed to unbuffered 
DMEM (XF Assay Medium, Agilent Technologies) supplemented with 2 
mmol/L glutamine, 10 mmol/L glucose and 1 mmol/L sodium pyruvate and 
incubated for 1 h at 37 °C in the absence of CO2 . Three baseline measurements 
were performed, followed by subsequent measurements after injections of 
mitochondrial toxins, 1.0 µmol/L oligomycin (ATP-synthase inhibitor), 
2.0 µmol/L FCCP and 1 µmol/L antimycin A (complex III inhibitor). 
Medium and reagents were adjusted to pH 7.4 according to manufacturer’s 
instructions. Non-mitochondrial respiration, basal respiration, proton leak, 
ATP production, maximal respiration and spare capacity were calculated. 
The non-mitochondrial respiration was defined as the average OCR values 
after antimycin A injection. Basal respiration was calculated as the difference 
between basal respiration and respiration measured after antimycin A 
injection. Proton leak was calculated as the difference between 
respiration measured after oligomycin and after antimycin A injections. 
ATP production was calculated as the difference between baseline 
respiration and respiration measured after oligomycin injection. 
Maximal respiration was calculated as the difference between respiration 
measured after FCCP and after antimycin A injections. Spare capacity 
was defined as the difference between respiration measured after 
FCCP injection and baseline respiration (Figure 3.5A).
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3.3.9 Data analysis 
Results were statistically analysed using PSAW statistics 20 software 
(SPSS Inc., Chicago, IL, USA). The normal distribution of the data was 
determined using the Kolmogorov-Smirnov test. When necessary, data 
were Log-transformed to meet the normal distribution criteria. A linear 
mixed model was applied; in this model the conditions were considered 
as fixed parameters and the donors as random factors. p<0.05 was 
considered statistically significant. The grand mean was determined by 
calculating the mean of the donor means, with 2-6 replicates per donor. 

3.4 Results 

3.4.1 TWIST1 expression was negatively associated with cellular senescence 
in MSCs
To determine whether TWIST1 expression was involved in cellular senescence 
in human MSCs, its expression was analysed in irradiation-induced 
senescent MSCs, a commonly used experimental setup to induce senescence. 
Cellular senescence was induced in MSCs by gamma irradiation (20 Gy) and 
confirmed by SA-β-gal staining (Figure 3.1A). TWIST1 expression was overall 
significantly reduced in irradiation-induced senescent MSCs compared to 
mock-irradiated MSCs; although only ~15 % reduction was observed for 
donor MSC-2 (Figure 3.1B; p=0.022), indicating that TWIST1 expression 
was negatively associated with cellular senescence in MSCs. Following this 
observation, the study hypothesis was that high expression of TWIST1 was 
able to delay the entrance into the senescence state during passaging in vitro. To 
test this hypothesis, TWIST1 was overexpressed in MSCs by a lentiviral-based 
approach. Transduction was determined by the percentage of GFP positive 
cells (> 65 % transduced cells; data not shown) and overexpression confirmed 
by qPCR analysis (103-fold increase compared to empty vector control; 
Figure 3.1C). Then, control and TWIST1-overexpressing P7 MSCs were 
serially passaged for 11 d (up to P10), followed by SA-β-gal analysis (Figure 
3.1D), when the cells were divided into negative, low positive or high positive 
(Figure 3.1E). TWIST1-overexpressing MSCs showed an average of 15 % SA-
β-gal low positive cells and 0.4 % SA-β-gal high positive cells, while empty 
vector control cells had an average of 52 % SA-β-gal low positive cells (p<0.001) 
and 2 % high positive cells (p=0.052; Figure 3.1F). Overall, these results 
suggested that TWIST1 expression could inhibit cellular senescence in MSCs.
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Figure 3.1 - TWIST1 expression was negatively associated with SA-β-gal. 
(A)Representative images of SA-β-gal staining counterstained with pararosaniline of 
MSCs 7 d aft er gamma irradiation with 0 or 20 Gy. Scale bar: 100 µm. 
(B) TWIST1 mRNA levels of MSCs 7 d aft er gamma irradiation with 0 or 20 Gy. Data 
show individual data points and grand mean with N=8 (0 Gy) or N=9 (20 Gy), 3 donors 
with 2-3 replicates per donor, linear mixed model. 
(C) TWIST1 mRNA levels of MSCs transduced with an empty overexpression lentiviral 
construct (Empty) or a TWIST1 overexpression lentiviral construct (TWIST1) aft er 11d 
of expansion. Data show individual data points and grand mean with N=6, 2 donors 
with 3 replicates per donor, linear mixed model. 
(D) Representative images of SA-β-gal staining counterstained with pararosaniline of 
MSCs transduced with an empty overexpression lentiviral control construct (Empty) or 
a TWIST1 overexpression lentiviral construct (TWIST1) aft er 11 d of expansion. Scale 
bar: 100 µm. 
(E) MSCs were categorised as negative for SA-β-gal staining if no blue staining was 
detected in the cells (pink arrow). MSCs were categorised as low positive for SA-β-
gal staining if cells showed partial cytoplasmic staining (green arrow). MSCs were 
categorised as high positive for SA-β-gal staining if cells showed complete cytoplasmic 
staining (blue arrow). Scale bar: 50 µm.
(F) SA-β-gal quantifi cation of MSCs transduced with an empty overexpression lentiviral 
construct (Empty) or a TWIST1 overexpression lentiviral construct (TWIST1) aft er 11 
d of expansion. Data show individual data points and grand mean with N=4, 2 donors 
with 2 replicates per donor, linear mixed model.
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3.4.2 TWIST1 silencing induced cellular senescence with a specifi c SASP in 
MSCs 
To elucidate whether cellular senescence could be induced by TWIST1
modulation, TWIST1 expression was silenced in MSCs (siTWIST1-MSCs) 
using an siRNA approach. Aft er 24 h, TWIST1 mRNA levels in siTWIST1-
MSCs were reduced by 53 % (p=0.035) compared to scramble controls (Figure 
3.2A), with an increased expression of the cell cycle inhibitor and senescence 
marker CDKN2A (1.8-fold; p=0.015; Figure 3.2B) and no diff erence in 
CDKN1A (another commonly used senescence marker) expression (Figure 
3.2C). Additionally, SA-β-gal analysis revealed no statistically signifi cant 
diff erence in the number of cells negative or positive for this senescence 
marker 24 h aft er TWIST1 silencing (Figure 3.2D), while following 2 
passages, siTWIST1-MSCs become increasingly highly positive for SA-β-gal 
(Figure 3.3). 

Figure 3.2 - Senescence markers expression aft er 24 h of TWIST1 silencing treatment 
in MSCs. 
(A-C) TWIST1 (A), CDKN2A (B) and CDKN1A (C) mRNA levels in MSCs treated for 24 h 
with scramble siRNA (Scramble) or siRNA against TWIST1 (siTWIST1). N=6, 2 donors 
with 3 replicates per donor, linear mixed model. Graphs show individual data points and 
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◀ grand mean. 
(D) SA-β-gal quantifi cation of MSCs treated for 24 h with scramble siRNA (Scramble) 
or siRNA against TWIST1 (siTWIST1). N=4, 2 donors with 2 replicates per donor, linear 
mixed model. Graphs show individual data points and grand mean of percentage of 
SA-β-gal negative (left ), low positive (middle panel) and high positive (right panel) cells.

Figure 3.3 - Senescence markers expression aft er 2 passages of TWIST1 silencing 
treatment in MSCs. 
SA-β-gal quantifi cation of MSCs treated for 2 passages with scramble siRNA (Scramble) 
or siRNA against TWIST1 (siTWIST1). N=6, 3 donors with 2 replicates per donor, linear 
mixed model. Graphs show individual data points and grand mean of percentage of 
SA-β-gal negative (left ), low positive (middle panel) and high positive (right panel) cells.

Aft er 4 passages, siTWIST1-MSCs showed an average of 64 % knockdown of 
TWIST1 mRNA levels (p<0.001; Figure 3.4A) and TWIST1 silencing increased 
the expression of CDKN2A (6.5-fold, p < 0.001) and CDKN1A (2.1-fold, p= 
0.060; Figure 3.4B). In addition, aft er 4 passages, TWIST1 silencing increased 
SA-β-gal activity in MSCs (Figure 3.4C-D) and decreased cell expansion 
rate (Figure 3.4E), overall indicating that TWIST1 knockdown induced 
senescence-associated growth arrest. Since the SASP can drive chronic 
infl ammation and thereby contribute to age-related diseases such as 
osteoarthritis and cancer (as reviewed by Zhu, Armstrong et al. 2014 and 
Loeser, Collins et al. 2016), the expression of the SASP related genes IL6, 
IL1B, MMP3, IL8, CCL2 and VEGFA was determined in siTWIST1-
MSCs. Interestingly, siTWIST1-MSCs expressed higher levels of CCL2 
and IL1B compared to control condition, although the eff ect was donor 
dependent (3.3-fold p=0.008, 7.4-fold p=0.008, respectively; Figure 3.4F). 
Moreover, the expression of IL6, MMP3 and   VEGFA was not signifi cantly 
aff ected and IL8 expression was even signifi cantly decreased (p=0.291, 
p=0.077, p=0.087, p=0.912, p<0.001, respectively; Figure 3.4F). These 
results indicated that senescence was induced in MSCs by TWIST1 
knockdown but generating a non-classical SASP profi le.
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◀ Figure 3.4 - TWIST1 silencing induced cellular senescence in MSCs with a specifi c 
SASP mRNA expression profi le.
(A) TWIST1 mRNA levels in MSCs treated for 4 passages with scramble siRNA (Scramble) 
or siRNA against TWIST1 (siTWIST1). N=9, 3 donors with 3 replicates per donor, linear 
mixed model. 
(B) CDKN2A and CDKN1A mRNA levels in MSCs treated for 4 passages with scramble 
siRNA (Scramble) or siRNA against TWIST1 (siTWIST1). N=9, 3 donors with 3 replicates 
per donor, linear mixed model. 
(C) Representative images of SA-β-gal staining counter stained with pararosaniline of 
MSCs treated for 4 passages with scramble siRNA (Scramble) or siRNA against TWIST1 
(siTWIST1). Scale bar: 100 µm. 
(D) SA-β-gal quantifi cation of MSCs treated for 4 passages with scramble siRNA 
(Scramble) or siRNA against TWIST1 (siTWIST1). N=6, 3 donors with 2 replicates 
per donor, linear mixed model. Graphs show individual data points and grand mean of 
percentage of SA-β-gal negative (left ), low positive (middle panel) and high positive (right 
panel) cells. 
(E) Cell number data during expansion of MSCs treated with scramble siRNA (Scramble) 
or siRNA against TWIST1 (siTWIST1) at day 0, 3, 7, 10 and 14 of treatment, N = 3 donors. 
(F) IL6, IL8, IL1B, CCL2, MMP3 and VEGFA mRNA levels in MSCs treated for 4 passages 
with scramble siRNA (Scramble) or siRNA against TWIST1 (siTWIST1). N=9, 3 donors 
with 3 replicates per donor, linear mixed model. Graphs show individual data points and 
grand mean.

3.4.3 TWIST1 silencing altered MSC bioenergetics 
Since the expression of the SASP is associated with the metabolic state of the 
cell (Dörr, Yu et al. 2013, Wiley, Velarde et al. 2016, Lunyak, Amaro-Ortiz 
et al. 2017), the bioenergetic profi le in siTWIST1-MSCs was monitored 
using a Seahorse XF-24 Extracellular Flux Analyzer. The OCR refl ecting 
cellular respiration was measured followed by subsequent measurement aft er 
injection of mitochondrial toxins: oligomycin, FCCP and antimycin A (see 
Materials and Methods and Figure 3.5A). First, optimal cell density (30,000 
cells/well; Figure 3.5B) and the ideal concentration of FCCP (2.0 µmol/L; 
Figure 5C) to detect OCR in human MSCs were identifi ed.
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Figure 3.5 - Optimisation of the cell number and FCCP concentration for the 
mitochondrial stress test using Seahorse technology. 
(A) The OCR in MSCs was measured using Seahorse technology followed by subsequent 
measurements aft er injection of mitochondrial toxins: oligomycin, FCCP and antimycin 
A. This assay used the built-in injection ports on Seahorse XF sensor cartridges to add the 
mitochondrial toxins (modulators of respiration) into cell wells during the assay to reveal 
the key parameters of mitochondrial function. Specifi cally, using the mitochondrial stress 
test basal OCR, ATP production, maximum OCR, spare capacity, non-mitochondrial 
respiration and proton leak were determined. 
(B) Mitochondrial stress test with diff erent MSC densities per well (5,000, 10,000, 20,000, 
30,000 and 40,000) using 1.0 µmol/L FCCP. 
(C) Mitochondrial stress test with 30,000 MSCs per well using diff erent concentrations 
of FCCP (0.25, 0.5, 1.0 and 2.0 µmol/L). N=5-7, 1 donor with 5-7 replicates per donor. 
Graphs represent mean with SD. A detailed explanation of the mitochondrial stress test is 
provided in Materials and Methods.

Then, a signifi cant increase in basal respiration levels was observed in 
siTWIST1-MSCs compared to scramble controls (p=0.011; Figure 3.6A-C). 
In addition, siTWIST1-MSCs showed higher values for maximum OCR, 
proton leak, ATP production and spare respiratory capacity compared to 
scramble control cells (p=0.001, p=0.006, p=0.002 and p=0.001, respectively; 
Figure 3.6D-G). No diff erences in non-mitochondrial respiration were 
observed between scramble control and siTWIST1-MSCs (p=0.251; Figure 
3.6H). Overall, these data indicated that TWIST1 silencing induced changes 
in the MSC mitochondrial function, although in one of the two donors 
(MSC-6) the eff ect of the silencing was less pronounced. SASP expression 
was diff erent between TWIST1-silencing-induced senescent MSCs and 
irradiation-induced senescent MSCs (Figure 3.4). Therefore, possible 
diff erences in their metabolic profi le were investigated. 
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Figure 3.6 - Increased oxygen consumption rate (OCR) in TWIST1-silenced MSCs. 
(A-B) Graphs show the OCR in MSCs treated with a scramble or TWIST1 siRNA at basal 
level and aft er addition of oligomycin, FCCP and antimycin A in two diff erent donors, (A) 
MSC-6 and (B) MSC-7. Values represent mean with SD, N=3-5 replicates per donor. 
(C-H) Graphs show calculated values for (C) basal OCR, (D) maximum OCR, (E) proton 
leak, (F) ATP production, (G) spare capacity and (H) non-mitochondrial respiration in 
MSCs treated with scramble or TWIST1 siRNA. N=6-9, 2 donors with 3-5 replicates per 
donor, linear mixed model. Graphs show individual data points and grand mean.
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As a measure of mitochondrial respiration, the ORC value of siTWIST1-
MSCs was compared to irradiation-induced senescent MSCs. Similarly 
to siTWIST1-MSCs, irradiation-induced senescent MSCs showed higher 
values for basal OCR, maximum OCR, proton leak and ATP production 
compared to non-irradiated control cells (p<0.001,  p=0.046, p=0.016 and 
p<0.001, respectively; Figure 3.7A-F). Moreover,  no overall diff erences 
were observed in spare respiratory capacity – due to an opposite response 
of the two donors tested – and in non-mitochondrial respiration compared 
to controls (p=0.256; Figure 3.7G-H). These data suggested that both 
siTWIST1-MSCs and irradiation-induced senescent MSCs had a similar 
increased OCR to non-senescent MSCs. 
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◀ Figure 3.7 - Increased oxygen consumption rate (OCR) in irradiated MSCs. 
(A-B) Graphs show the OCR in MSCs irradiated with 0 or 20 Gy aft er addition of 
oligomycin, FCCP and antimycin A in two diff erent donors, (A) MSC-7 and (B) MSC-8. 
Values represent mean with SD, N=5-6 replicates per donor. 
(C-H) Graphs show calculated values for (C) basal OCR, (D) maximum OCR, (E) proton 
leak, (F) ATP production, (G) spare capacity and (H) non-mitochondrial respiration in 
MSCs irradiated with 0 or 20 Gy. N=11, 2 donors with 5-6 replicates per donor, linear mixed 
model. Graphs show individual data points and grand mean.

As a measure of glycolytic fl ux, the ECAR in siTWIST1-MSCs and irradiated 
MSCs was analysed. Irradiated MSCs had a higher ECAR compared to 
control MSCs, while no signifi cant diff erences in ECAR were observed 
between scramble control cells and siTWIST1-MSCs, indicating that TWIST1 
silencing did not alter the glycolytic fl ux in MSCs (Figure 3.8). This suggested 
that, in contrast to irradiation-induced senescent MSCs, the glycolytic
capacity was unaltered in siTWIST1-MSCs compared to untreated controls.
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◀ Figure 3.8 - TWIST1 silencing did not increases extracellular acidification rate 
(ECAR) in MSCs. 
(A) Graphs show the ECAR in MSCs treated with a scramble or TWIST1 siRNA at basal 
level and after addition of oligomycin, FCCP and antimycin A in two different donors, 
MSC-6 and MSC-7. Values represent mean with SD, N=3-5 replicates per donor. 
(B) Graphs show the ECAR in MSCs irradiated with 0 or 20 Gy after addition of 
oligomycin, FCCP and antimycin A in two different donors, MSC-7 and MSC-8. Values 
represent mean with SD, N=5-6 replicates per donor. 
(C,E) Graphs show ECAR values for (C) basal oxygen consumption rate (OCR) and (E) 
maximum OCR in MSCs treated with scramble or TWIST1 siRNA. N=8, 2 donors with 
3-5 replicates per donor, linear mixed model. Graphs show individual data points and 
grand mean. 
(D,F) Graphs show ECAR values for (D) basal OCR and (F) maximum OCR in MSCs 
irradiated with 0 or 20 Gy. N=11, 2 donors with 5-6 replicates per donor, linear mixed 
model. Graphs show individual data points and grand mean.

3.5 Discussion

TWIST1 expression has been associated with rapid cell growth and a high 
proliferation capacity of MSCs (Isenmann, Arthur et al. 2009, Boregowda, 
Krishnappa et al. 2016, Voskamp, van de Peppel et al. 2020). High TWIST1 
expression levels in MSC are associated with enhanced differentiation 
capacity, especially towards the adipogenic and chondrogenic lineage 
(Narcisi, Cleary et al. 2015, Cleary, Narcisi et al. 2017). The present study 
showed that enforced TWIST1 expression suppressed MSC senescence 
and increased their proliferation capacity. On the other hand, the study 
demonstrated that TWIST1 silencing in MSCs induced cellular senescence 
with a non-classical SASP profile, lacking IL6 and IL8 expression. The 
expression of SASP is regulated by mitochondria and TWIST1 plays an 
essential role in the mitochondrial metabolism of cancer cells and adipocytes, 
since downregulation of TWIST1 promotes mitochondrial dysfunction 
(Seo, Kim et al. 2014, Lu, Wang et al. 2018). Mitochondrial dysfunction 
can induce cellular senescence with a different SASP profile, referred to 
as MiDAS (Wiley, Velarde et al. 2016). Cells with MiDAS have a SASP 
expression profile similar to siTWIST1-MSCs (Wiley, Velarde et al. 2016), 
suggesting that TWIST1 silencing might induce cellular senescence in 
MSCs through mitochondrial dysfunction. 

Both mitochondrial dysfunction and cellular senescence are hallmarks of 
ageing and senescent cells have an altered mitochondrial biogenesis. The 
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present study showed that both TWIST1-silencing-induced and irradiation-
induced senescent MSCs had an increased proton leak, indicating
that senescent MSCs have dysfunctional mitochondria. Dysfunctional 
mitochondria can trigger cellular senescence (Wiley, Velarde et al. 2016) 
and removal of mitochondria in senescent cells has been shown to reduce 
the senescence phenotype (Correia-Melo, Marques et al. 2016), suggesting 
that dysfunctional mitochondria are essential for the senescence phenotype. 
Dysfunctional mitochondria are associated with altered mitochondrial 
bioenergetics and increased mitochondrial mass. Indeed, senescent MSCs 
had an increased OCR, which could be the results of either increased 
mitochondrial respiration or increased mitochondrial mass. An increase 
in mitochondrial mass has been reported before for senescent fibroblasts 
(Lee, Yin et al. 2002, Correia-Melo, Marques et al. 2016). In addition, 
dysfunctional mitochondria produce enhanced levels of reactive oxygen 
species, which stimulate the induction of cellular senescence (Brookes 
2005, Nelson, Kucheryavenko et al. 2018). Dysfunctional mitochondria can 
modulate the SASP through complex mechanisms (Chapman, Fielder et al. 
2019). Despite the difference in the SASP, both TWIST1- silencing-induced 
and irradiation-induced senescent MSCs showed a similar increase in 
mitochondrial respiration. 

In addition to mitochondrial respiration, glycolysis plays an important 
role in MSC energy metabolism (Pattappa, Heywood et al. 2011). Cellular 
senescence has been associated with an increased glycolytic capacity after in 
vitro expansion in fibroblasts (Bittles and Harper 1984). The present study 
showed that irradiation-induced senescent MSCs had an increased ECAR 
compared to control MSCs, confirming earlier published data in fibroblasts 
(James, Michalek et al. 2015). However, TWIST1-silencing-induced 
senescent MSCs did not show significant differences in ECAR compared 
to control MSCs. These data suggested that the glycolytic capacity was 
unaltered in siTWIST1- MSCs and showed that senescent MSCs could have 
a different bioenergetic profile depending on the inducer of senescence. 

It is of note that SASP factors are not only known to play a role in senescence 
but they are also involved in development and tissue repair (Rhinn, Ritschka 
et al. 2019). For example, cells transiently exposed to the SASP have enhanced 
expression of classical stem cell markers and regenerative capacity, while 
prolonged exposure induces cell-intrinsic senescence arrest (Ritschka, 
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Storer et al. 2017). This indicates that these factors can play different roles 
depending on the exposition time of the cell to the stimuli. However, 
very little is known about how different kinds of senescent cells and SASP 
contribute to the induction of senescence or tissue regeneration, for example 
by transiently or permanently changing the metabolic state of the cells. A 
better understanding of these processes could contribute to develop new 
tools that may be used in regenerative medicine.

In summary, the present study provided novel insights in the function 
of TWIST1 in regulating cellular senescence in MSCs, suggesting that 
reduction in TWIST1 expression might drive the ageing phenotypes of 
MSCs. Furthermore, the phenotype of these siTWIST1-induced senescent 
MSCs differs from irradiation-induced senescent cells regarding their 
expression of the SASP and their bioenergetics, highlighting that senescent 
MSCs can manifest in different ways.
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4.1 Abstract

Bone marrow derived mesenchymal stromal cells (BMSCs) are multipotent 
progenitors of particular interest for cell-based tissue engineering therapies. 
However, one disadvantage that limits their clinical use is their heterogeneity. 
In the last decades a great effort was made to select BMSC subpopulations 
based on cell surface markers, however there is still no general consensus 
on which markers to use to obtain the best BMSCs for tissue regeneration. 
Looking for alternatives we decided to focus on a probe-based method 
to detect intracellular mRNA in living cells, the SmartFlare technology. 
This technology does not require fixation of the cells and allows us to sort 
living cells based on gene expression into functionally different populations. 
However, since the technology is available it is debated whether the probes 
specifically recognize their target mRNAs. We validated the TWIST1 
probe and demonstrated that it specifically recognizes TWIST1 in BMSCs. 
However, differences in probe concentration, incubation time and cellular 
uptake can strongly influence signal specificity. In addition we found 
that TWIST1high expressing cells have an increased expansion rate. The 
SmartFlare probes recognize their target gene, however for each probe and 
cell type validation of the protocol is necessary.
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4.2 Introduction

Multipotent progenitor cells from bone marrow aspirates can differentiate 
into chondrocytes, osteoblasts and adipocytes (Pittenger, Mackay et al. 
1999). These progenitor cells, often referred to as bone marrow-derived 
mesenchymal stem or stromal cells (BMSCs), are appealing for cell-based 
tissue engineering purposes. Unfortunately, their limited expansion capacity 
and their heterogeneity, hinder their clinical use (Banfi, Muraglia et al. 2000, 
Chen, Sotome et al. 2005, Bonab, Alimoghaddam et al. 2006, Li, Liu et al. 
2011). Several studies investigated cell surface molecules to identify specific 
subpopulations of BMSCs (Buhring, Battula et al. 2007, Sacchetti, Funari et 
al. 2007, Delorme, Ringe et al. 2008, Sivasubramaniyan, Harichandan et al. 
2013, Alvarez-Viejo, Menendez-Menendez et al. 2015, Cleary, Narcisi et al. 
2016). However, despite the great effort, there is still no general consensus on 
the surface markers that need to be used to define or select the best BMSC 
subset for tissue engineering. One drawback of surface markers is that their 
function is often unknown, so alternative markers are necessary to select 
cells according to their function (Clevers and Watt 2018).

Recently, a probe-based method to detect intracellular mRNA in living single 
cells has been developed, the SmartFlare technology (Seferos, Giljohann 
et al. 2007, Prigodich, Seferos et al. 2009). The SmartFlare technique is a 
promising tool to sort BMSCs into functionally different populations. The 
SmartFlare probes are taken up by the cells via endocytosis and if the target 
mRNA is present, the probes bind to the target mRNA and fluorescent 
reporters are released and detectable (Figure S4.1A). Since the SmartFlare 
technology is available, this technique already successfully identified 
cancer cells (Kronig, Walter et al. 2015, McClellan, Slamecka et al. 2015) 
and pluripotent stem cells (Lahm, Doppler et al. 2015). Additionally it was 
applied to investigate a Nodal expressing subpopulation of melanoma cells 
(Seftor, Seftor et al. 2014), and to study a subpopulation of human BMSCs 
with an enhanced osteogenic potential (Li, Menzel et al. 2016). However, 
other studies did not find a correlation between the SmartFlare fluorescence 
intensity and mRNA expression measured by RT-PCR (Czarnek and Bereta 
2017, Yang, Anholts et al. 2018). In addition, Czarnek et al. found that the 
SmartFlare signal intensity correlates with the probe uptake ability of the 
cells (Czarnek and Bereta 2017).
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To assess if the SmartFlare technique can be used to sort different populations 
of BMSCs based on gene expression, we focused on the validation of a 
probe for TWIST1. TWIST1 is a transcription factor that is involved in the 
regulation of BMSC proliferation (Isenmann, Arthur et al. 2009, Goodnough, 
Chang et al. 2012, Tian, Xu et al. 2015) and differentiation (Isenmann, 
Arthur et al. 2009, Narcisi, Cleary et al. 2015, Boregowda, Krishnappa et al. 
2016, Narcisi, Arikan et al. 2016, Cleary, Narcisi et al. 2017). In the present 
study, we evaluated the SmartFlare protocol in order to detect a specific 
probe signal in our culture conditions and illustrated that the SmartFlare 
fluorescence intensity is associated with probe concentration, incubation 
time and cellular uptake capacity. 

4.3 Materials and methods

4.3.1 Isolation and culture of human adult bone marrow mesenchymal 
stem cells
Human adult bone marrow aspirates were obtained from femoral biopsies of 
8 patients (22-79 years) undergoing total hip replacement (MEC 2015-644, 
MEC 2004-142: Erasmus Medical Center, Rotterdam; MEC 2011.07 Albert 
Schweitzer Hospital, Dordrecht), after obtaining informed consent and full 
ethical approval by the Erasmus MC and Albert Schweitzer ethics committee. 
Human BMSCs were isolated, seeded at the density of 2,300 cells/cm2 and 
cultured as previously described in standard expansion media, containing 
10% FCS (Lonza, Verviers, Belgium; selected batch:1S016) and 1 ng/mL 
FGF2 (AbD Serotech, Kidlington, United Kingdom) (Narcisi, Arikan et al. 
2016). The medium was refreshed twice a week. BMSCs expanded for 3 to 6 
passages were used for experiments. 

4.3.2 SmartFlare probes
Cells were treated with the SmartFlare probe when they were sub-confluent. 
SmartFlare probes TWIST1-Cy3 (the only label available for TWIST1), 
Uptake-Cy5, and GAPDH-Cy5 were purchased from Merck. The probes 
were resuspended in 50 µL sterile nuclease free water, 1:20 prediluted in 
PBS (Lonza) and added to the cells with a final concentration of 50 pM or 
100 pM. The cells were incubated for 6 or 16 hrs at 37°C and 5% CO2 and 
analyzed using flow cytometry. To assure a broad range of TWIST1 gene 
expression during the validation of the TWIST1-Cy3 probe, BMSCs from
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two different donors were mixed and treated with the TWIST1-Cy3 probe.

4.3.3 Flow cytometry and FACS
Flow cytometry analysis was performed using a BD Fortessa and the data 
was analyzed using FlowJo V10 software. The cells were sorted using a BD 
Biosciences FACS Aria and the data was analyzed using BD FACS Diva 
8.0.1 software. Cell debris were excluded from the population through 
forward scatter (FSC)/ side scatter (SSC) gate and doublets were excluded 
using FSC-A/FSC-H gate (Figure S4.2A). To confirm effective sorting, 
the sorted populations were reanalyzed (Figure S4.2B). Mean fluorescent 
intensity (MFI) was measured using FlowJo V10 software. The two different 
gates TWIST1high and TWISTlow were established based on the TWIST1-
Cy3 fluorescence intensity, 15-25% of the extremes or two different gates 
TWIST1/Uptakehigh and TWIST1/Uptakelow were established based on the 
TWIST1-Cy3 fluorescence intensity, 15% of the extremes with a comparable 
Uptake-Cy5 fluorescence intensity. The sorted cells were collected in PBS 
with 1% FCS and reseeded with a density of 2,300 cells per cm2 or used for 
RNA isolation.

4.3.4 Real time PCR analysis
Post-sorting, 200,000 BMSCs per sample were spun down and treated 
on ice with RLT lysis buffer (Qiagen, Hilden, Germany) with 1% 
β-mercaptoethanol. BMSCs in monolayer were washed with PBS and 
treated on ice with RLT lysis buffer (Qiagen) with 1% β-mercaptoethanol. 
A range of 0.25-1.00 µg of purified RNA (RNeasy Micro Kit; Qiagen) was 
reverse transcribed into cDNA (RevertAid First Strand cDNA Synthesis Kit; 
MBI Fermentas, St. Leon-Rot, Germany). RT-PCR was performed using an 
annealing temperature of 60 °C on a C1000 TouchTM Thermal Cycler using 
SybrGreen (Eurogentec, Seraing, Belgium). The data were normalized to the 
housekeeper gene RPS27A. The relative expression was calculated according 
to the 2-ΔΔCt formula. The primers used for RT-PCR are listed in (Table 
S4.1).

4.3.5 Data Analysis
Linear correlation was analyzed with GraphPad Prism Software 5.00 
assuming a normal distribution of the data.
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4.4 Results

4.4.1 TWIST1 SmartFlare detect TWIST1 mRNA after 6 hours using a 
concentration of 50 pM in human BMSCs 
SmartFlare probes enter the cell via endocytosis and this process can vary 
between different cell types (Choi, Hao et al. 2013). The probe incubation 
time and concentration which is suggested by the manufacturer is 16 
hours and 100 pM. However we also included a 6 hours timepoint and 
a concentration of 50 pM in order to verify whether or not it was possible 
to further optimize the SmartFlare protocol for TWIST1 in BMSCs. 
Interestingly, already after 6 hours with a probe concentration of 50 pM, 
98.5% of the cells were positive for TWIST1 SmartFlare signal (Figure 4.1A; 
lowest panel). No major differences in SmartFlare signal intensity were 
observed between the different probe concentrations and incubation times
(Figure 4.1A). 

To study TWIST1-Cy3 signal specificity, BMSCs were treated with TWIST1-
Cy3 probe for 16 hours or 6 hours, sorted based on the TWIST1-Cy3 signal 
by FACS and subsequently tested by RT-PCR. Our FACS gating strategy 
consisted of sorting 15% of the BMSCs with the lowest TWIST1-Cy3 signal 
and 15% of the BMSCs with the highest TWIST1-Cy3 signal (TWIST1low 
vs TWIST1high; Figure 4.1B). To our surprise no difference in relative 
TWIST1 gene expression was detected between TWIST1low and TWIST1high 
cells after 16 hours of probe incubation (Figure 4.1C). This indicates that 
although we observe a TWIST1 SmartFlare signal after 16 hours, this signal 
is probably not specific for TWIST1 gene expression. However after 6 hours 
incubation we confirmed that TWIST1high BMSCs have a higher TWIST1 
gene expression than the TWIST1low population (6.25-fold difference; 
Figure 4.1C). 

These data show that the TWIST1 probe specifically detects TWIST1 gene 
expression in this population of BMSCs already after 6 hours incubation 
with a concentration of 50 pM probe. In addition, we observed that 
more than 97.3% of cells were positive for the Uptake control probe, a 
probe which is always fluorescent without binding to a target (Figure 
S4.3), with 50 pM after 6 hours of incubation.
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Figure 4.1- TWIST1 SmartFlare probes are effi  ciently taken up by BMSCs aft er 6 hours. 
(A) Flow cytometry histogram of untreated BMSCs and BMSCs with 100 pM or 50 pM 
TWIST1-Cy3 probe incubated for 16 or 6 hours, % shows percentage Cy5 positive cells. 
(B) Gating strategy based on TWIST1-Cy3 intensity. The doted graph represents 
unstained BMSCs and the gray graph represents BMSCs with TWIST1-Cy3 probes. 
(C) BMSCs were sorted based on TWIST1-Cy3 intensity aft er 16 and 6 hours of probe 
incubation. TWIST1 transcripts were analysis by RT-PCR. Values represent the mean 
±SD from duplicates or quadruplicate.

To further determine the signal specifi city of the TWIST1 probe aft er 6 hours, 
we analyzed the correlation between the TWIST1-Cy3 signal intensity and 
TWIST1 expression by RT-PCR. TWIST1 probe signal intensity from two 
BMSC populations (referred to as donor 1 and donor 2) was measured using 
fl ow cytometry, showing a higher intensity in donor 2 diff erence in TWIST1 
expression between the two donors, showing a higher expression in donor 2
(8775 vs 5645 MFI;   Figure 4.2A). Transcript analysis confi rmed the
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diff erence in TWIST1 expression between the two donors, showing a 
higher expression in donor 2 (Figure 4.2B). We therefore repeated the 
analysis in four other donors showing a positive and consistent correlation 
between TWIST1-Cy3 probe intensity and TWIST1 gene expression 
(r2=0.997; Figure 4.2C). These data again confi rms that the TWIST1 probe 
specifi cally targets the TWIST1 mRNA aft er 6 hours of incubation.

Figure 4.2 - TWIST1 SmartFlare detects 
TWIST1 mRNA expression. 
(A) Flow cytometry histogram of BMSCs 
from two donors untreated or treated with the 
TWIST1-Cy3 probe for 6 hours. 
(B) TWIST1 RT-PCR results, values represent 
the mean ±SD from triplicates. 
(C) Correlation between TWIST1 expression 
measured by RT-PCR and TWIST1-Cy3 MFI. 
Values represent diff erent donors (N=4). Exact 
p value is 0.015.

4.4.2 Correction for cellular probe uptake improves TWIST1 gene 
detection
When we repeated the sorting experiment with other donors not always 
diff erences in TWIST1 expression by RT-PCR were observed between 
TWIST1low and TWIST1high sorted cells (Figure S4.4). Given that, and 
considering that Czarnek et al. recently showed that uptake capacity can 
infl uence the SmartFlare signal specifi city (Czarnek and Bereta 2017), we 
decided to carefully monitor uptake in our BMSC populations.

To evaluate the eff ect of cellular uptake on the TWIST1 signal, BMSCs from 
4 diff erent donors were double labeled with TWIST1-Cy3 and Uptake-Cy5 
probes (Figure S4.1B). At least 65% of the BMSCs were able to take up both 
the TWIST1-Cy3 and Uptake-Cy5 probe (Figure 4.3A) and we demonstrated  
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that BMSCs from diff erent donors have a diff erent uptake capacity (Figure 
S4.5). Moreover, it is clear from the FACS analysis that there is a general 
positive correlation between Uptake-Cy5 signal and TWIST-Cy3 signal (the 
higher the TWIST1 signal, the higher the Uptake signal), although with 
variation between donors (Figure 4.3A and Figure S4.5). Th is indicates that 
in BMSCs from diff erent donors the TWIST1-Cy3 signal can be aff ected by 
the cellular uptake capacity, with a degree that depends on the individual 
uptake capacity of the cells in the BMSC population. 

To determine whether or not the detected diff erences in cellular uptake 
have an eff ect on TWIST1 gene detection, BMSCs with a high variation 
in Uptake-Cy5 fl uorescence intensity were treated with both TWIST1-
Cy3 and Uptake-Cy5 probes and were sorted by FACS using two diff erent 
sorting strategies or left  unsorted. In the fi rst gating strategy, similar to that 
previously used, 15% of the BMSCs with the lowest TWIST1-Cy3 signal and 
15% of the BMSCs with the highest TWIST1-Cy3 signal (TWIST1high) were 
sorted (Figure 4.3B; left  panel). In the second gating strategy we corrected 
for the uptake signal (Figure 4.3C; left  panel) by sorting TWIST1high and 
TWIST1low cells with a minimal uptake variation. Gene expression analysis 
showed no diff erences between TWIST1low and TWIST1high populations in 
the absence of uptake correction (Figure 4.3B; left  middle panel), while a 
strong diff erence (13.3-fold) was detected between the subpopulations where 
the TWIST1 signal was corrected for the uptake  (Figure 4.3C; left  middle 
panel). Th ese data indicate that diff erences in cellular uptake can strongly 
infl uence TWIST1 detection using SmartFlare. In addition, we observed that 
the sorted populations of BMSCs corrected for cellular uptake had a similar 
cellular granularity (Figure 4.3B-C; right middle panel) and cell size (Figure 
4.3B-C; right panel) compared to the populations sorted without uptake 
correction.
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4Figure 4.3- Correction for cellular probe uptake improves TWIST1 gene detection. 
(A) Flow cytometry plots of BMSCs of four donors treated with both TWIST1-Cy3 and 
Uptake-Cy5 probe for 6 hours (grey). Th e perpendicular lines represent the unstained 
control (black) for each donor. % shows percentage Cy3 and Cy5 double positive cells. 
(B-C) FACS gating strategies using TWIST1-Cy3 and Uptake-Cy5 probes for 6 hours and 
TWIST1 RT-PCR results, values represent the mean ±SD from duplicates. SSC-A MFI and 
FSC MFI of Standard and Uptake correction low vs high.  

4.4.3 TWIST1high BMSCs have a high expansion capacity
In order to further validate our sorting strategy and prove for the fi rst time 
the pro-proliferative role of TWIST1 in a subpopulation of BMSCs, we 
sorted TWIST1high and TWIST1low cells and we compared their expansion 
capacity post-sorting. RT-PCR confi rmed that TWIST1high BMSCs had a 
higher relative TWIST1 gene expression than TWIST1low BMSCs (1.6-fold 
diff erence; Figure 4.4A). No evident diff erences in morphology between 
TWIST1low and TWIST1high were observed 5 days post sorting, while 16 
days post sorting TWIST1low  BMSCs appeared more enlarged compared 
to the TWIST1high BMSCs (Figure 4.4B). Moreover, TWIST1high BMSCs 
showed a higher expansion capacity than the TWIST1low population (Figure 
4.4C; 1.5 fold diff erence aft er 3 passages) and, 16 days post sorting, the 
TWIST1low BMSCs stop growing while the TWIST1high BMSCs were still 
expanding (data not shown). Th is indicates that within the same population 
of BMSCs, the TWIST1high expressing cells have a higher expansion rate 
compared to the TWIST1low expressing cells.
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Figure 4.4- TWIST1���� BMSCs have a high proliferation capacity. 
(A) TWIST1 RT-PCR results of Untreated, TWIST1low and TWIST1high populations, values 
represent the mean ±SD from duplicates. 
(B) Morphology of BMSCs 5 days and 16 days aft er being sorted. Scale bar represents 
100 µm. 
(C) Cell numbers relative to t=0 of Untreated, TWIST1low and TWIST1high were passaged 
and counted on day 0, day 5, day 10 and day 16.

4.5 Discussion

In this study, we evaluated the SmartFlare technique to detect TWIST1 
expression at a single cell level in living BMSCs. Multiple studies successfully 
detected mRNA expression with the SmartFlare technique (Seft or, Seft or et 
al. 2014, Kronig, Walter et al. 2015, Lahm, Doppler et al. 2015, McClellan, 
Slamecka et al. 2015, Li, Menzel et al. 2016). However, two recent studies 
showed that diff erent SmartFlare probes were not able to specifi cally detect
their target mRNAs in cell lines and monocytes (Czarnek and Bereta 
2017, Yang, Anholts et al. 2018). However, here we show that SmartFlare 
is an eff ective tool to detect TWIST1 gene expression in living BMSCs, but 
diff erences in probe concentration, incubation time and cellular uptake can 
infl uence the SmartFlare sensitivity and possibly lead to misinterpretation of 
the results.
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We observed that specific detection of TWIST1 mRNA expression in BMSCs 
is possible already after 6 hours of incubation with a concentration of 50 
pM, TWIST1-Cy3 probe. While most of the studies used 16 hours (Seftor, 
Seftor et al. 2014, McClellan, Slamecka et al. 2015, Li, Menzel et al. 2016, 
Czarnek and Bereta 2017) or even 24 hours (Kronig, Walter et al. 2015, Lahm, 
Doppler et al. 2015, Czarnek and Bereta 2017) as optimal incubation time, 
we were not able to specifically detect TWIST1 after 16 hours incubation 
(Figure S4.4). The SmartFlare technology was recently applied in BMSCs 
(Li, Menzel et al. 2016), but never for the detection of TWIST1 expression. In 
our study a different protocol was needed compared to the RUNX2 and the 
SOX9 probes used by Li et al. (Li, Menzel et al. 2016). Possible explanations 
could be ascribed  to differences in culture conditions, origin of BMSCs or 
binding efficiency of the probe to the target. 

In addition, our data illustrates that BMSCs can have a high difference in probe 
uptake. We observed that these differences strongly influence the TWIST1 
SmartFlare specificity. This confirms a previous report where SmartFlare 
intensity was affected by cellular uptake in 293T cells (Czarnek and Bereta 
2017). The differences in uptake capacity can be explained by differences in cell 
cycle stage between the BMSCs, since endocytosis is reduced during mitosis 
(Fielding, Willox et al. 2012). Here, we were able to overcome this problem by 
correcting TWIST1 detection for the cellular uptake based on Uptake probe 
intensity during sorting. Next, we demonstrate that TWIST1high expressing 
BMSCs have a higher expansion capacity than TWIST1low expressing BMSCs 
derived from the same donor. A population of BMSCs with a high TWIST1 
expression and a high proliferation rate have already been reported by us 
and others (Isenmann, Arthur et al. 2009, Narcisi, Cleary et al. 2015, Cleary, 
Narcisi et al. 2017). Here, we show for the first time that within the BMSCs of 
the same donor, the subpopulation of TWIST1high expressing BMSCs have a 
higher expansion capacity than the TWIST1low expressing BMSCs. In a previous 
report the ratio between two functional markers, RUNX2 and SOX9, was used
(Li, Menzel et al. 2016). This is a possible alternative to correct for uptake, 
since this approach would automatically take into account differences in 
uptake, as these would not change the ratio, but only the intensity of the 
individual signals.
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4.6 Conclusion

In summary, our data indicate that for each probe and cell type, a validation 
of the SmartFlare protocol is necessary. Giving that we were able to 
successfully use the TWIST1 probe to detect TWIST1 mRNA in living cells 
and that we were able to sort TWIST1high cells, SmartFlare is a promising 
tool to divide a heterogeneous population of cells based on gene expression 
in functionally diff erent populations.

4.7 Supplemental Information

Figure S4.1 – Schematic overview of detection of TWIST1 expression by the 
SmartFlare probe. 
Figure S4.1 is based on the fi gures in the SmartFlare manufacture user guide. 
(A) Th e TWIST1 SmartFlare probe exists of a gold particle with a TWIST1 antisense strand 
attached to it. To this antisense strand a fl uorescent reporter is bound, which is quenched by 
the gold particle. Th e probes enter the cells via endocytosis and if there is TWIST1 mRNA 
in the cells, the fl uorescent probe will be released and fl uorescent. 
(B) Th e TWIST1-Cy3 probe is designed for specifi c detection of TWIST1 mRNA. Th e 
Uptake-Cy5 is a control probe which is permanent fl uorescent. Th e uptake-Cy5 fl uorophore 
is not quenched because the fl uorophore is located far from the gold particle. 

A

B
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Figure S4.2 – FACS gating strategy to 
exclude cell debris and cell doublets. 
(A) Cell debris are excluded by 
plotting FSC-A versus SSC-A (P1). 
Cell doubles are excluded by plotting 
FSCA versus FSC-H (P2). 
(B) Sorted populations were reanalyzed 
to test eff ective sorting.

Figure S4.3 – SmartFlare 
probes are taken up by 
BMSCs aft er 6 hours. 
(A) Uptake fl ow cytometry 
histograms of untreated 
BMSCs and BMSCs with 100 
pM or 50 pM Uptake-Cy5 
probe incubated for 6 hours. 
% shows percentage of Cy5 
positive cells.

Figure S4.4 – RT-PCR results of 
TWIST1high and TWIST1low sorted 
BMSCs. 
(A) BMSCs are treated for 6 hours with 
50 pM TWIST1-Cy3 probe and sorted 
based on TWIST1-Cy3 intensity (15% of 
the extremes) or left  untreated. RT-PCR 
results, values represent the mean 
±SD from triplicates. 

A

A

B

A
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Figure S4.5– Diff erent MSC donors have a diff erent probe uptake capacity. 
(A) Flow cytometry plots of BMSCs of four donors treated with Uptake-Cy5 probe and 
TWIST1-Cy3 probe for 6 hours show uptake variation (indicated in grey). Variation is 
coeffi  cient of variation of the Uptake-Cy5 signal.

Table S4.1- RT-PCR primers 
Gene Primers
TWIST1 Fw: 5’- GTCCGCAGTCTTACGAGGAG-3’ 

Rv: 5’- CCAGCTTGAGGGTCTGAATC-3’
RPS27A Fw: 5’-TGGCTGTCCTGAAATATTATAAGGT-3’ 

Rv: 5’-CCCCAGCACCACATTCATCA-3’
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5.1 Abstract 

Mesenchymal stem cells (MSCs) are promising cells to treat cartilage 
defects due to their chondrogenic differentiation potential. However, an 
inflammatory environment during differentiation, such as the presence of the 
cytokine TNFα, inhibits chondrogenesis and limits the clinical use of MSCs. 
On the other hand, it has been reported that exposure to TNFα during in vitro 
expansion can increase proliferation, migration and the osteogenic capacity 
of MSCs and therefore can be beneficial for tissue regeneration. This indicates 
that the role of TNFα on MSCs may be dependent on the differentiation stage. 
To improve the chondrogenic capacity of MSCs in the presence of an inflamed 
environment, we aimed to determine the effect of TNFα on the chondrogenic 
differentiation capacity of MSCs. Here, we report that TNFα exposure during 
MSC expansion increased the chondrogenic differentiation capacity regardless 
of the presence of TNFα during chondrogenesis and that this effect of TNFα 
during expansion was reversed upon TNFα withdrawal. Interestingly, pre-
treatment with another pro-inflammatory cytokine, IL-1β, did not increase 
the chondrogenic capacity of MSCs indicating that the pro-chondrogenic 
effect is specific for TNFα. Finally, we show that TNFα pre-treatment 
increased the levels of SOX11 and active β-catenin suggesting that these 
intracellular effectors may be useful targets to improve MSC-based cartilage 
repair. Overall, these results suggest that TNFα pre-treatment, by modulating 
SOX11 levels and WNT/β-catenin signaling, could be used as a strategy to 
improve MSC-based cartilage repair.
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5.2 Introduction

Cartilage has a limited repair capacity and, if left untreated after damage, it 
will often undergo progressive, irreversible degeneration. The treatment of 
cartilage defects still remains challenging and novel regenerative medicine 
strategies are needed. Mesenchymal stem cells (MSCs) are promising cells 
for cell-based cartilage regeneration approaches (Caplan 1991, Caplan and 
Dennis 2006) because ease of isolation, chondrogenic potential (Johnstone, 
Hering et al. 1998, Pittenger, Mackay et al. 1999) and anti-inflammatory 
properties (Kinnaird, Stabile et al. 2004, Caplan and Dennis 2006, Ren, 
Zhang et al. 2008, van Buul, Villafuertes et al. 2012). These properties 
can be affected by factors present in the microenvironment, such as pro-
inflammatory cytokines. TNFα is one of the pro-inflammatory cytokines 
that can be present in symptomatic cartilage defects (Tsuchida, Beekhuizen 
et al. 2014), osteoarthritic cartilage and synovium (Chu, Field et al. 1991, 
Kapoor, Martel-Pelletier et al. 2011, Tsuchida, Beekhuizen et al. 2014) and 
that contributes to the pathophysiology of osteoarthritis (reviewed by 
Fernandes, Martel-Pelletier et al. 2002, Goldring and Otero 2011). 

Exposure to TNFα during MSC chondrogenesis in vitro reduces the 
chondrogenic capacity (Wehling, Palmer et al. 2009), increasing the 
expression of aggrecanases and decreasing expression of proteoglycans 
(Markway, Cho et al. 2016). However TNFα is known to be involved in 
several biological processes such as apoptosis, proliferation and cell survival 
(Brenner, Blaser et al. 2015, Cheng, Li et al. 2019). In addition, there is also 
evidence that TNFα can promote tissue regeneration since it can increase 
osteogenesis (Daniele, Natali et al. 2017) and MSC proliferation and 
migration (Bocker, Docheva et al. 2008, Bai, Xi et al. 2017, Shioda, Muneta 
et al. 2017). It has been shown that MSCs primed with TNFα in vitro survive 
better than control MSCs when transplanted in vivo (Giannoni, Scaglione 
et al. 2010). Overall these data suggest that the effect of TNFα may depend 
on the dynamics of exposure and that its effect may be beneficial for MSC-
based tissue regeneration. Specifically, the effect on chondrogenesis of TNFα 
administration during MSC expansion has been incompletely investigated 
whether in the presence or absence of an inflamed environment during the 
subsequent phase of cell differentiation.
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In order to increase the chondrogenic capacity of MSCs under inflammatory
conditions, we hypothesized that TNFα administration during cell 
expansion (pre-treatment) would have a beneficial effect on the subsequent 
chondrogenesis performed in the presence of TNFα. Here we demonstrated 
that TNFα pre-treatment increases MSC chondrogenesis regardless of the 
presence of TNFα during differentiation and that the effect of TNFα on 
the chondrogenic capacity is reversible. This pro-chondrogenic effect could 
not be obtained by pre-treatment with interleukin 1β (IL-1β) another pro-
inflammatory cytokine involved in local inflammation in the joint (Goldring 
and Otero 2011). Finally, to identify a possible TNFα target pathway in the 
pre-treated MSCs, we investigated the levels of the SOXC protein (SOX4 
and SOX11), this group of SRY-related transcription factors was previously 
described to be stabilized by TNFα and involved in cartilage primordia and 
growth plate formation (Bhattaram, Muschler et al. 2018); (Kato, Bhattaram 
et al. 2015). In addition, we also analyzed active β-catenin levels, since SOXC 
can increase β-catenin protein levels (Bhattaram, Penzo-Méndez et al. 2014) 
and WNT/β-catenin signaling can increase the chondrogenic potential of 
MSCs (Narcisi, Cleary et al. 2015). 

5.3 Materials and Methods

5.3.1 MSC isolation and expansion
MSCs were isolated from human bone marrow aspirates from patients (17-73 
years old, Table S1) undergoing total hip replacement after informed consent 
and with approval of the ethics committee (MEC 2015-644: Erasmus MC, 
Rotterdam). Patients with radiation therapy in the hip area, hematologic 
disorders and mental retardation or dementia were excluded from our 
study population. MSCs were isolated by plastic adherence and the day after 
seeding the non-adherent cells were washed away with PBS with 1% fetal 
calf serum (Gibco, selected batch 41Q2047K). They were cultured in alpha-
MEM (Invitrogen), with 10% fetal calf serum, 1.5 µg/ml fungizone (Gibco), 
50 µg/mL gentamicin (Invitrogen), 1 ng/mL FGF2 (AbD Serotec) and 0.1 
mM ascorbic acid-2-phosphate (Sigma-Aldrich). After 10-12 days, the MSCs 
were trypsinized and re-seeded at a density of 2,300 cells/cm2. MSCs in our 
study were selected based on their capacity to chondrogenically differentiate, 
their MSC morphology (small elongated and spindle-shaped cells) and 
expansion capacity (cells with less than 0.15 doublings/day were excluded). 
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To investigate whether exposure to TNFα during expansion prior to 
chondrogenic differentiation (pre-treatment) could inhibit the negative effect 
of TNFα, MSCs were pre-treated with different concentrations of TNFα (0, 
1, 10 or 50 ng/mL TNFα, PeproTech) for different exposure times  24 h, 
4-6 days (1 passage) or 8-10 days (2 passages) and then chondrogenically 
differentiated in the presence of 0 or 1 ng/mL TNFα. When indicated, 
MSCs were first treated with TNFα for 1 passage (4 days) followed by 
removal of TNFα for 1 passage (4 days) and subsequently chondrogenically 
differentiated in the presence of 1 ng/mL TNFα. To investigate the effect of  
IL-1β pre-treatment on the chondrogenic differentiation, MSCs were pre-
treated for 1 passage with different concentrations of IL-1β (0, 0.1, 1, 10 
and 50 ng/mL, PeproTech), followed by chondrogenic differentiation in the 
absence of IL-1β. MSCs from different donors are indicated as donor 1, 2, 4, 
5, 6, 7, 8, or 9.

5.3.2 Chondrogenic differentiation
To obtain a 3D pellet culture, 2 x 105 MSCs were centrifuged at 300 x g for 
8 min in polypropylene tubes. To induce chondrogenesis, the pelleted 
cells were cultured in DMEM-HG (Invitrogen), 1% ITS (B&D), 1.5 µg/mL 
fungizone (Invitrogen), 50 µg/mL gentamicin (Invitrogen), 1mM sodium 
pyruvate (Invitrogen), 40 µg/mL proline (Sigma-Aldrich), 10 ng/mL TGFβ1 
(R&D Systems), 0.1 mM ascorbic acid 2-phosphate (Sigma-Aldrich), and 
100 nM dexamethasone (Sigma-Aldrich), referred to as chondrogenic 
medium (Johnstone, Hering et al. 1998). After 24 h, the medium was 
renewed with chondrogenic medium with or without 1 ng/mL TNFα, as 
indicated. Afterwards the medium was renewed two times per week for a 
period of 4 weeks.

5.3.3 COL2A1 reporter assays
Cultures of human bone marrow-derived MSCs from healthy de-identified 
adult volunteer donors (31-33 years old, Table S5.1) were established as 
previously described (Lennon and Caplan 2006) after informed consent. The 
bone marrow was collected using a procedure reviewed and approved by the 
University Hospitals of Cleveland Institutional Review Board (IRB# 09-90-
195). MSCs from different donors are indicated as donor 3 or 10. Lentiviral 
constructs for the COL2A1 promoter were placed upstream of the Gaussia 
luciferase reporter gene. MSCs were transduced with the COL2A1 reporter 
lentivirus as previously described for a SOX9 reporter (Correa et al., 2018). 



Enhanced chondrogenic capacity of mesenchymal stem cells after TNFα pre-treatment

107

5

MSCs with the COL2A1 luciferase reporter were expanded as indicated 
above. At different time points during chondrogenesis, medium of MSCs 
with the COL2A1 reporter was harvested 48 h after the last medium renewal. 
Per condition, 50 µL of the medium was transferred to a white 96-well plate 
and 20 µM coelenterazine substrate (NanoLight technology) was injected 
into the wells. The Gaussia Luciferase (Gluc) activity was measured using a 
GloMax-96 Microplate Luminometer (Promega) in technical duplicates.

5.3.4 CD marker analysis
Per condition, 2 x 105 MSCs were re-suspended in 500 µL FACSFlow solution 
(BD Biosciences) and stained with antibodies against human CD45-APC 
(368515, BioLegend), CD90-APC (FAB2067A, R&D Systems), CD73-PE 
(550257, BD Biosciences) or CD105-FITC (FAB10971F, R&D Systems), 
following the manufacturer’s guidelines. Afterwards, the cells were fixed 
using 2% formaldehyde (Fluka) and were filtered through 70-µM filters. 
Unstained cells were used as a negative control. Samples were analyzed by 
flow cytometry using a BD Fortessa machine (BD Biosciences). The data 
were analyzed using FlowJo V10 software.

5.3.5 Apoptosis analysis
Per condition, 5 x 105 MSCs were re-suspended in 1x Binding Buffer 
and stained with Annexin V and Propidium Iodide using manufacturer’s 
instructions (all products from eBioscience, San Diego, USA). Samples were 
analyzed by flow cytometry using a BD Fortessa machine (BD Biosciences) 
and analyzed using FlowJo V10 software.

5.3.6 (Immuno)Histochemistry
After 4 weeks of chondrogenic induction, pellets were fixed with 
3.8% formaldehyde, embedded in paraffin and sectioned (6 µm). 
Glycosaminoglycans (GAG) were stained with 0.04% thionine solution 
and collagen type-2 was immunostained using a collagen type-2 primary 
antibody (II-II 6B3, Developmental Studies Hybridoma Bank). Antigen 
retrieval was performed with 0.1% Pronase (Sigma-Aldrich) in PBS for 30 
min at 37°C, followed by incubation with 1% hyaluronidase (Sigma-Aldrich) 
in PBS for 30 min at 37°C to improve antibody penetration. The slides were 
pre-incubated with 10% normal goat serum (Sigma-Aldrich) in PBS with 
1% bovine serum albumin (BSA; Sigma-Aldrich). Next, the slides were 
incubated for 1 h with collagen type-2 primary antibody, and then with a 
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biotin-conjugated secondary antibody (HK-325-UM, Biogenex), alkaline 
phosphatase-conjugated streptavidin (HK-321-UK , Biogenex), and the 
New Fuchsine chromogen (B467, Chroma Gesellschaft). An IgG1 isotype 
antibody (X0931, Dako Cytomation) was used as negative control.

5.3.7 DNA and glycosaminoglycan (GAG) quantification
After chondrogenic induction for 28 days, pellets were digested using 250 µl 
digestion solution containing in 1 mg/mL Proteinase K, 1 mM iodoacetamide, 
10 µg/mL Pepstatin A in 50 mM Tris, 1mM EDTA buffer (pH 7.6; all Sigma-
Aldrich) for 16 h at 56°C. Next, Proteinase K was inactivated at 100°C for 10 
min. To determine the DNA content, 50 µl cell lysate was treated with 100 µL 
heparin solution (8.3 IU/mL) and 50 µL RNase (0.05 mg/mL) solution for 30 min 
at 37°C. Next 50 µL ethidium bromide (25 µg/mL) was added and the samples 
were analyzed on a Wallac 1420 Victor2 plate reader (Perkin-Elmer) using an 
excitation of 340 nm and an emission of 590 nm. In case the amount of DNA was 
lower than 1 µg per mL, 50 µL cell lysate was treated with 50 µL heparin solution 
and 25 µL RNase for 30 min at 37°C. After incubation, 30 µL CYQUANT GR 
solution (Invitrogen) was added and samples were analyzed on a SpectraMax 
Gemini plate reader using an excitation of 480 nm and an emission of 520 nm. 
DNA sodium salt from calf thymus was used as a standard (Sigma-Aldrich). 
GAG content was determined using the 1,9-dimethylmethylene blue (DMB) 
assay, as previously described (Farndale, Buttle et al. 1986). In short, 100 µL cell 
lysate, containing up to 5 µg GAG, was incubated with 200 µl DMB solution 
and analyzed using an extinction of 590 nm and 530 nm. Chondroitin sulfate 
sodium salt from shark cartilage was used as a standard (Sigma-Aldrich). 

5.3.8 mRNA expression analysis
After chondrogenic induction for 14 or 28 days, pellets were lysed in 
RNA-Bee (TEL-TEST) and manually homogenized. RNA was extracted 
using chloroform and purified using the RNeasy Kit (Qiagen), following 
manufacturer’s guidelines. RNA was reverse-transcribed with a RevertAid 
First Strand cDNA synthesis kit (MBI Fermentas). Real-time polymerase 
chain reactions were performed with TaqMan Universal PCR MasterMix 
(Applied Biosystems) or SYBR Green MasterMix (Fermentas) using 
a CFX96TM PCR detection system (Bio-Rad). Primers are listed in 
Table S5.2 and the genes GAPDH, RPS27A and HPRT1 were used as 
housekeeping genes. The best housekeeping index (BHI) was calculated 
using the formula (CtGAPDH* CtRPS27A* CtHPRT1)1/3. Relative mRNA levels were 



Enhanced chondrogenic capacity of mesenchymal stem cells after TNFα pre-treatment

109

5

calculated using the formula 2-ΔΔCt.

5.3.9 Adipogenic differentiation
To induce differentiation towards the adipogenic lineage, 2 x 104 cells/
cm2 were seeded and cultured in DMEM HG (Invitrogen) with 10% 
fetal calf serum (Gibco), 1.5 µg/mL fungizone (Invitrogen), 50 µg/mL 
gentamicin (Invitrogen), 1.0 µM dexamethasone (Sigma-Aldrich), 0.2 
mM indomethacin (Sigma-Aldrich), 0.01 mg/mL insulin (Sigma-Aldrich) 
and 0.5 mM 3-isobutyl-l-methyl-xanthine (Sigma-Aldrich) for 14 days. In 
order to visualize intracellular lipid accumulation, cells were fixed in 3.8% 
formaldehyde, treated with 0.3% Oil red O solution (Sigma-Aldrich) for 
10 min and then washed with distilled water. In addition, PPARG mRNA 
expression was analyzed as indicated above. 

5.3.10 Osteogenic differentiation
To induce differentiation towards the osteogenic lineage, 3 x 103 cells/cm2 

were seeded  and cultured in DMEM HG (Invitrogen) with 10% fetal calf 
serum (Gibco), 1.5 µg/mL fungizone (Invitrogen), 50 µg/mL gentamicin 
(Invitrogen), 10 mM β-glycerophosphate (Sigma-Aldrich), 0.1 µM 
dexamethasone (Sigma-Aldrich) and 0.1 mM ascorbic acid-2-phosphate 
(Sigma-Aldrich) for 14-18 days. For the detection of calcium deposits 
(Von Kossa staining), cells were fixed in 3.8% formaldehyde, hydrated with 
distilled water, treated with 5% silver nitrate solution (Sigma-Aldrich) 
for 60 min in the presence of bright light and then washed with distilled 
water followed by counterstaining with 0.4% thionine (Sigma-Aldrich). In 
addition, ALPL mRNA expression was analyzed as indicated above.

5.3.11 Western Blot
To test for SMAD2 activation, MSC monolayers were pre-treated for 4 days 
with 0 or 50 ng/mL TNFα in standard MSC growth medium, followed by 
serum starvation overnight (16 h) in DMEM-HG (Invitrogen) containing 
1% ITS (B&D), 1.5 µg/mL fungizone (Invitrogen), 50 µg/mL gentamicin 
(Invitrogen), 1mM sodium pyruvate (Invitrogen), 40 µg/mL proline (Sigma-
Aldrich) and 0 or 50 ng/mL TNFα. Next, MSCs were stimulated for 30 min 
with 0 or 10 ng/mL TGFβ1 in the presence or absence of 1 ng/mL TNFα. 
To assess the SOXC proteins (SOX11 and SOX4), and (active) β-catenin 
levels, MSCs were pre-treated for 4 days with 0 or 50 ng/mL TNFα in 
standard MSC medium. 24 h prior to harvest, the medium was renewed with 
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standard MSC growth medium containing 0 or 50 ng/mL TNFα. Western 
blot were made using MSC lysates prepared using M-PER lysis buffer 
containing 1% Halt Protease Inhibitor and 1% Halt Phosphatase Inhibitor 
(Thermo Scientific). Total protein concentration was determined using a 
BCA assay (Thermo Scientific). 8-10 µg protein was electrophoresed on a 
4-12% gradient SDS-PAGE gel. Proteins were transferred to a nitrocellulose 
membrane (Millipore) by semi-wet transfer, followed by blocking with 5% 
milk powder dissolved in Tris-buffered saline containing 0.1% Tween (TBST) 
for 3 h. Membranes were incubated overnight at 4°C with primary antibody 
according to Table S5.3 in 5% BSA in TBST, followed by incubation at room 
temperature for 1.5 h with peroxidase-conjugated anti-rabbit secondary 
antibody (Cell Signaling, 7074S) in 5% dry milk in TBST. Proteins were 
detected using the SuperSignal Wester Pico Complete Rabbit IgG detection 
kit (ThermoFisher scientific) following manufacturer’s instructions. 

5.3.12 Statistical Analysis
Data were analyzed using SPSS software (IBM SPSS statistics 25). Normal 
distribution was tested using the Kolmogorov-Smirnov test. Since the 
Kolmogorov-Smirnov test showed that the COL2A1 reporter data was not 
normally distributed a Mann-Whitney U test was applied to analyze these 
data. All other data were normally distributed and a linear mixed model, 
with the different conditions considered as fixed parameters and the 
donors as random parameters was applied. Bonferroni post-hoc tests were 
performed to correct for multiple comparisons. p-values less than 0.05 were 
considered statistically significant. 

5.4 Results

5.4.1 MSCs pre-treated with TNFα had an increased chondrogenic 
potential when subsequently maintained under stimulation by TNFα 
during differentiation 
To study if TNFα exposure during MSCs expansion (pre-treatment) could 
inhibit the negative effect of TNFα during chondrogenic differentiation, 
MSCs were pre-treated with different concentrations of TNFα and incubation 
time prior to chondrogenic differentiation in the presence of 1 ng/mL TNFα 
(Figure S5.1A). First, we confirmed that the presence of 1 ng/mL TNFα 
during the chondrogenic phase reduced the ability of MSCs to differentiate 
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(Figure  S5.1B-D; condition 0/0 versus 0/1). Pre-treatment for 1 passage 
increased GAG deposition in MSC pellets after chondrogenic induction in 
the presence of TNFα (Figure S5.1C), with the larger effect occurring when 
the pre-treatment was performed with 10 and 50 ng/mL TNFα (Figure S5.1C; 
condition 0/1 vs 10/1 and 50/1). Pre-treatment with TNFα for 24 h and 2 
passages did not have a clear effect on chondrogenesis  (Figure S5.1B and D; 
0/1 versus 1/1, 10/1 and 50/1). Given these observations, we performed the 
rest of the experiments using TNFα pre-treatment for 1 passage 
(Figure 5.1A). 

Next, we analyzed MSCs from four other donors and observed that 
chondrogenic pellets of MSCs pre-treated for 1 passage with 50 ng/mL 
TNFα had a higher GAG content after 28 days of chondrogenic induction 
in the presence of TNFα compared to MSCs without TNFα pre-treatment 
(Figure 5.1B and Figure S5.2A; 0/1 versus 50/1, p=0.003), while no effect 
on DNA content was observed (Figure S5.2A). Moreover, GAG staining 
demonstrated an increased GAG content in the TNFα pre-treated MSCs at 
day 28 (Figure 5.1C; 0/1 versus 50/1). Staining for collagen type-2 did not 
show differences (Figure 5.1D). No increase in GAG content was observed 
after pre-treatment for 1 passage with 10 ng/mL TNFα (Figure 5.1B-C). 
In order to determine whether the effect of 50 ng/mL TNFα is due to an 
acceleration of chondrogenic differentiation, first a non-destructive luciferase-
based method was validated as a proxy for endogenous COL2A1 expression 
in pellet cultures (Figure S5.3) and then applied to assess COL2A1 promoter 
activation at day 3 and day 7 of chondrogenic differentiation. However, no 
significant differences were observed in COL2A1 promoter activation at day 
3 and day 7 (Figure S5.4A) of chondrogenesis, suggesting that TNFα pre-
treatment did not increase the rate of chondrogenesis during the first week 
of differentiation. Subsequent analysis performed by RT-PCR on SOX9, 
COL2A1 and ACAN showed no significant differences at day 14 and 28 
during chondrogenesis between the conditions (Figure S5.4A-B).

Overall, these data indicate that pre-treatment of MSC monolayers with 
50 ng/mL TNFα significantly increases the chondrogenic potential of 
MSCs when exposed to 1 ng/mL TNFα during differentiation, but without 
prompting the onset of chondrocyte marker expression. For this reason, the 
following experiments were performed using 50 ng/mL TNFα 
pre-treatment.
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Figure 5.1 - Pre-treatment of MSC monolayers with 50 ng/mL TNFα reduced the 
inhibitory eff ect of the cytokine in subsequent chondrogenic conditions.
(A) Schematic overview of the experiment. 
(B) GAG content of MSC pellets aft er 28 days of chondrogenic induction. N=4 donors with 
2-5 pellets per donor. 
(C-D) Representative images of pellets stained for GAG with (C) thionine and (D) COL2A1 
aft er 28 days of chondrogenic induction. N=5 donors with 2-3 pellets per donor. Scale bar 
represents 250 µm.

5.4.2 Pre-treatment with TNFα increased the chondrogenic potential 
of MSCs regardless the presence of the cytokine during chondrogenic 
diff erentiation
Next, we tested whether the eff ect of TNFα pre-treatment on the 
chondrogenic potential of MSCs was dependent on the presence of the 
cytokine during the diff erentiation phase. MSCs were pre-treated during 
expansion with 0 and 50 ng/mL TNFα, followed by chondrogenic induction 
in the absence of TNFα (Figure 5.2A). Biochemical assays determined 
that chondrogenic pellets of MSCs pre-treated with TNFα had a higher 
GAG concentration (p=0.011; Figure 5.2B and Figure S5.2B) and DNA 
content (Figure S5.2B). Histological staining confi rmed increased GAG 
accumulation (Figure 5.2C), while no clear eff ect on collagen type-
2 content was observed aft er chondrogenic induction (Figure 5.2D). 

A B

C D
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To further investigate the eff ect of TNFα pre-treatment on the speed of 
chondrogenic induction in the absence of TNFα, we determined COL2A1
promoter activation over time using a COL2A1 luciferase reporter system. 
Analysis on 3-day pellet cultures indicated that TNFα pre-treated MSCs had 
enhanced luciferase activity, while no diff erences between the conditions were 
observed at day 7 (Figure 5.2E). Th ese data suggest that TNFα pre-treatment 
accelerates chondrogenic diff erentiation probably via an early induction of 
COL2A1 expression among other genes. Th ese data indicate that TNFα pre-
treatment increases the chondrogenic potential of the MSCs regardless of the 
presence of TNFα during chondrogenesis. 

A B

C D

E

(Legend on next page)
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 ◀ Figure 5.2 - Pre-treatment with 50 ng/mL TNFα increased the chondrogenic potential. 
(A) Schematic overview of the experiment. 
(B) GAG content of MSC pellets after 28 days of chondrogenic induction. N=3 donors with 
2-4 pellets per donor. 
(C-D) Representative images of pellets stained for (C) GAG with thionine and (D) COL2A1 
after 28 days of chondrogenic induction. N=4 donors with 2-3 pellets per donor. Scale bar 
represents 250 µm. 
(E) Relative secreted Gaussia Lucificerase (Gluc) activity of medium from MSC pellets 
containing the COL2A1 promoter reporter after 3 and 7 days of chondrogenic induction. 
Values represent the mean ± SD with 4-6 pellets.

To better understand the effect of the TNFα pre-treatment on MSCs and the 
specificity for the chondrogenic lineage, we determined if TNFα increased 
apoptosis, expansion and multilineage differentiation potential. No clear 
effect on apoptotic rates was observed after 24 h or 5 days of exposure to 
TNFα (Figure S5.5A-B), but a slight increase in MSC expansion capacity 
was detected after pre-treatment for 1 passage (1.4-fold difference; Figure 
S5.5C). Adipogenically induced MSCs pre-treated with TNFα showed less 
lipid accumulation compared to control MSCs (p=0.039; Figure S5.5D) and 
a reduced PPARG expression, which codes for a transcription factor involved 
in the adipogenic differentiation process (Figure S5.5E). No statistically 
significant effect of TNFα pre-treatment on the osteogenic differentiation 
capacity was observed although, on average, mineralization and ALPL 
expression slightly increased (Figure S5.5F-G). Overall, these data suggest 
that TNFα pre-treatment specifically enhances the chondrogenic potential of 
the MSCs. 

5.4.3 IL-1β pre-treatment did not increase the chondrogenic potential of 
MSCs
We then investigated whether the effect of pre-treatment on the 
chondrogenic potential of MSCs was specific for TNFα or whether IL-
1β another pro-inflammatory cytokine can have a similar effect (Figure 
5.3A). No differences in GAG deposition were observed after pre-treatment 
with different concentrations of IL-1β, based on histology (Figure 5.3B), 
indicating that in contrast to TNFα, IL-1β pre-treatment for 1 passage does 
not increase the chondrogenic potential of the MSCs. These data suggest 
distinct effects of TNFα and IL-1β pretreatments on MSCs.
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Figure 5.3 - IL-1β pretreatment did not increase the chondrogenic diff erentiation 
capacity of MSCs. 
(A) Schematic overview of experiment. 
(B) GAG staining with thionine of MSCs pellets aft er 28 days culture in chondrogenic 
medium. Representative image of MSC pretreated for 1 passage with diff erent 
concentrations IL-1β. N=2 donors with 3 pellets per donor. Scale bar represents 250 µm.

5.4.4 The eff ect of TNFα pre-treatment on the chondrogenic capacity and 
expression of MSC marker CD105 was reversible
To study whether the eff ect of TNFα is reversible, MSCs were pre-treated 
with TNFα for one passage followed by TNFα withdraw for one additional 
passage and subsequently subjected to chondrogenic diff erentiation (Figure 
5.4A). Interestingly, GAG staining and biochemical assays showed that the 
positive eff ect of TNFα on the amount of GAG was lost aft er TNFα withdrawal 
(p<0.001; Figure 5.4B-C, Figure S5.2C). No consistent eff ect on DNA 
content and collagen type-2 expression was observed aft er chondrogenic 
induction (Figure 5.4D and Figure S5.2C). To further characterize the MSCs 
aft er TNFα pre-treatment, we analyzed the expression of the MSC markers 
CD73, CD90 and CD105 (Dominici et al., 2006) together with the negative 
MSC marker CD45 (hematopoietic marker). In the control condition without 
TNFα pre-treatment, more than 97% of the MSCs expressed CD73 and 
CD105, on average 77% of the cells expressed CD90 (Figure 5.4E), while 
no cells expressed CD45 (data not shown). TNFα administration had no 
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eff ect on the expression of CD73 and CD90, but it signifi cantly decreased 
the number of CD105 positive MSCs (p=0.013; Figure 5.4E), indicating 
that TNFα can modulate the MSC phenotype. Interestingly, the number of 
CD105 positive cells returned back to control levels aft er TNFα withdrawal 
for one passage (p=0.020; Figure 5.4E). Th ese data indicate that the eff ect 
of TNFα pre-treatment on MSC chondrogenic capacity and phenotype is 
reversible.
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(Legend on next page)



Enhanced chondrogenic capacity of mesenchymal stem cells after TNFα pre-treatment

117

5

 ◀ Figure 5.4. The effect of TNFα pre-treatment on chondrogenesis and MSC marker 
expression was reversible after TNFα withdraw. 
(A) Schematic overview of the experiment. 
(B) GAG content of MSC pellets after 28 days of chondrogenic induction. N=3 donors with 
3 pellets per donor. 
(C-D) Representative images of pellets stained for (C) GAG with thionine and (D) COL2A1 
after 28 days of chondrogenic induction. N=3 donors with 3 pellets per donors. Scale bar 
represents 250 µm. 
(E) Flow cytometry analysis of surface markers CD73, CD90 and CD105. The values 
represent the percentage of positive cells for the indicated surface marker, N=3 donors.

5.4.5 TNFα pre-treatment increased SOX11 and active β-catenin 
expression in MSCs
To elucidate how TNFα pre-treatment increases the chondrogenic 
differentiation capacity of MSCs we first evaluated effects on the TGFβ1 
signaling pathway, since exposure to TNFα reduced the expression of the 
TGFβ co-receptor CD105 (Figure 5.4E). MSCs were then stimulated by 
10 ng/mL TGFβ1 for 30 min in the presence or absence of 1 ng/mL TNFα. 
TGFβ1 increased pSMAD2 levels, however the levels were not altered by 
TNFα pre-treatment (0/1 vs 50/1 and 0/0 vs 50/0; Figure S5.6A-B). These 
data suggested that TNFα pre-treatment does not alter the canonical 
TGFβ1/SMAD2 signaling pathway in MSCs.

We next studied the effect of TNFα pre-treatment on SOXC proteins, SOX11 
and SOX4 in MSCs. The level of SOX11 protein was significantly increased 
(6.5-fold; p<0.001; Figure 5.5A), while no significant effect was observed 
for SOX4 (p=0.983; Figure 5.5A). Finally, since SOXC proteins can stabilize 
β-catenin (Bhattaram, Penzo-Méndez et al. 2014), we analyzed the level of 
active β-catenin in the TNFα pre-treated MSCs. Interestingly, the amount of 
active β-catenin was increased after TNFα pre-treatment in MSCs (2.0-fold; 
p=0.003; Figure 5.5A). This suggests that TNFα pre-treatment increased 
canonical WNT signaling in MSCs, possibly via SOXC stabilization, and 
thereby enhanced the chondrogenic potential (Figure 5.5B).
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Figure 5.5. TNFα pre-treatment increased SOXC and active β-Catenin expression in 
MSCs. 
(A) Western blot for SOXC (SOX11 and SOX4, pan-SOXC antibody) and non-phospho 
(active) β-Catenin (Ser33/37Thr41). Below: quantifi cation of western blot results relative 
to GAPDH and normalized to 0 ng/mL TNFα pre-treatment. N=3 donors with biological 
duplicates per donor. 
(B) Possible working mechanism of TNFα pre-treatment on the chondrogenic 
potential of MSC. Solid lines show known interactions, [1] Bhattaram, P. et al. Arthritis 
Rheumatol 2018. [2] Bhattaram, P et al. J Cell Biol 2014. [3] Narcisi, R. et al. Stem Cell 
Reports 2015. Dotted lines indicate unknown interactions. 

A

B



�����������������������������
��	�������
��������������������� α��������������

119

5

5.5 Discussion

In this study, we demonstrated that TNFα pre-treatment of MSCs in 
monolayers reduced the inhibitory eff ect of TNFα during chondrogenic 
diff erentiation by boosting the chondrogenic capacity of these cells. 
Th is pro-diff erentiation eff ect was both temporal and specifi c for the 
chondrogenic lineage and possibly mediated by SOX11 and WNT signaling. 
SOX11 is a SOXC protein which TNFα is known to stabilize in fi broblast-like 
synoviocytes (Bhattaram, Muschler et al. 2018). SOXC genes play a crucial role 
in mesenchymal progenitor cell fate during skeletal development (reviewed 
in (Lefebvre and Bhattaram 2016). In addition, SOXC proteins are known 
to synergize with canonical WNT signaling via stabilization of β-catenin 
(Bhattaram, Penzo-Méndez et al. 2014). WNT signaling has been shown before 
to play a role in stem cell fate (ten Berge, Brugmann et al. 2008). We previously 
showed that induction of WNT signaling during monolayer increases the 
expansion and chondrogenic potential of MSCs (Narcisi, Cleary et al. 2015, 
Narcisi, Arikan et al. 2016).  A link between SOX11 and WNT signaling has 
been suggested before in a study with rat MSCs where Sox11 overexpression 
also increased the β-catenin level and resulted in improved cartilage defect 
repair (Xu, Shunmei et al. 2019). Th e results of the current study suggest that 
SOX11 may play a role during chondrogenesis of human MSCs. Furthermore, 
we show that the expression of SOX11 in MSCs can be modulated by TNFα.

MSCs are a heterogeneous population of cells with known intra and inter-donor 
phenotypic and potency variability. Th is is what we also observed in our study 
where we used MSCs from both healthy donors and from patients undergoing 
total hip replacements. In addition, MSCs from patients with a broad age 
range were used for which we cannot exclude a possible eff ect of unknown 
underlying conditions. Th e diff erences in the chondrogenic capacity of MSCs 
in our study could be due to diff erences in cell subpopulations, since the bone 
marrow houses MSC subpopulations with diff erent chondrogenic capacities 
(Sivasubramaniyan, Ilas et al. 2018). In addition the age of the donor can have 
an eff ect on the chondrogenic capacity of MSCs (Payne, Didiano et al. 2010). 
Although diff erences in chondrogenic potential were observed between MSCs 
from diff erent patients, a similar eff ect aft er TNFα stimulation was detected 
in all cases, indicating that TNFα increases the chondrogenic potential of 
MSCs regardless of their chondrogenic capacity before TNFα pre-treatment.
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Immunophenotyping of MSC is often used to characterize the cells 
(Dominici, Le Blanc et al. 2006), even though it is a topic of discussion. We 
here demonstrated a clear difference in the expression of CD105, a surface 
marker commonly associated with the MSC phenotype (Haynesworth, 
Goshima et al. 1992, Dominici, Le Blanc et al. 2006), after pre-treatment with 
TNFα. In line with our previous work (Cleary, Narcisi et al. 2016), we further 
confirmed that CD105 is not a good marker to predict the chondrogenic 
potential of bone marrow-derived MSCs and, on the contrary, its expression 
was inversely associated with the chondrogenic capacity of MSCs. In 
addition, we show that the expression of CD105 can be strongly influenced 
by inflammatory environmental changes. This could be an explanation for 
contradictory published results regarding CD105 and MSCs (Majumdar, 
Banks et al. 2000, Kastrinaki, Andreakou et al. 2008, Jiang, Liu et al. 2010, 
Asai, Otsuru et al. 2014, Cleary, Narcisi et al. 2016). In addition, a reduced 
adipogenic differentiation was observed after TNFα pre-treatment. It is 
known that TNFα can reduce the adipogenic differentiation in 3T3-L1 pre-
adipocytes by preventing Pparg and Cebpa expression (Cawthorn, Heyd 
et al. 2007), which is in line with the reduction of PPARG gene expression 
levels that we found after TNFα pre-treatment. In agreement with other 
studies (Daniele, Natali et al. 2017), we observed that TNFα pre-treatment 
slightly increased the osteogenic differentiation capacity of MSCs. Overall, 
these data suggest that TNFα pre-treatment changes the immunophenotype 
and multipotency of MSCs.
 
In this study, we tested three different concentrations and incubation times 
and found that pre-treatment with 50 ng/mL TNFα for 1 passage (4-6 days) 
increased the chondrogenic capacity in a more reproducible way than the 
other conditions. Since a previous study indicated that 50 ng/mL TNFα can 
induce apoptosis in MSC (Cheng, Li et al. 2019), we investigated apoptosis. 
No large effect on apoptosis was observed after addition of TNFα. Given 
the fact that our apoptosis rates are relatively low, we assume that the pro-
chondrogenic effect of TNFα on MSCs in not due to an increased apoptotic 
rate. In addition TNFα can activate several transduction pathways, among 
which are the NF-κB, ERK and JNK pathways (Lu, Chen et al. 2016, Bai, Xi 
et al. 2017). Since a 24-h pre-treatment was not sufficient to observe an effect 
on chondrogenesis, we assume that the effect of TNFα on the chondrogenic 
capacity of MSCs was not mediated via direct induction of these pathways, 
since they are already activated after 24 h (van Buul, Villafuertes et al. 2012). 
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In addition, TNFα pre-treatment for 2 passages (8-10) did not increase the 
chondrogenic potential suggesting that long-term exposure to TNFα during 
expansion does not improve the chondrogenic capacity of MSCs. Moreover, 
no increase in chondrogenic differentiation was observed after pre-treatment 
with 0.1, 1, 10 and 50 ng/mL IL-1β for 1 passage. Similar to TNFα, IL-1β 
is involved in joint inflammation (Goldring and Otero 2011). This suggests 
that TNFα induces the pro-chondrogenic effect in MSCs via an intracellular 
pathway that is not activated by IL-1β. As far as we know, no previous 
research has investigated whether IL-1β can increase SOXC and WNT levels 
in human MSCs. Overall, these data indicate that not all pro-inflammatory 
cytokines can increase the chondrogenic potential of MSCs and that the 
effect seems to be specific for TNFα. 

As previously reported, TNFα exposure during the chondrogenic 
differentiation phase reduces chondrogenesis of MSCs (Markway, Cho et 
al. 2016). Although the TNFα concentrations used during chondrogenic 
differentiation in this in vitro study are higher than the TNFα concentrations 
in post-traumatic and OA joints (4-24 pg/mL, (Sward, Frobell et al. 2012, 
Tsuchida, Beekhuizen et al. 2014, Imamura, Ezquerro et al. 2015, Alonso, 
Bravo et al. 2020), our data indicate that in vitro pre-treatment  with 50 
ng/mL TNFα can be beneficial for cartilage regeneration in an inflamed 
environment. In addition we found an association between TNFα pre-
treatment and SOX11 and β-catenin activation in MSCs, therefore regulation 
of these pathways might improve cartilage repair in the presence of TNFα. 
Overall, the results of our study suggest that exposure to TNFα during the 
expansion phase of MSCs could improve cartilage regeneration approaches.
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5.6 Supplemental Information

Figure S5.1 - The eff ect of TNFα pre-treatment of MSCs on chondrogenesis is time- 
and dose- dependent. 
(A) Schematic overview of the experiment. 
(B-D) GAG staining with thionine of MSC pellets aft er pre-treatment in monolayer 
with diff erent concentrations TNFα followed by 28 days in chondrogenic medium. 
Representative images of MSCs pretreated for 24 h; N=1 donor with 3 pellets per donor 
(B), for 1 passage (4-6 days); N=5 donors with biological triplicates (C), for 2 passages 
(8-10 days); N=2 donors with biological triplicates (D). Scale bar represents 250 µm.
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Figure S5.2 - DNA and GAG/DNA of MSC pellets aft er 28 days of culture in 
chondrogenic medium. 
(A) Eff ect of TNFα pre-treatment on DNA and GAG/DNA content in cell pellets aft er 
chondrogenic diff erentiation in the presence of TNFα. N=3 donors with duplicates-
quintuplicates per donor. 
(B) Eff ect of TNFα pre-treatment on DNA and GAG/DNA content in cell pellets aft er 
chondrogenic diff erentiation in the absence of TNFα. N=2 donors with biological 
duplicates-quintuplicates per donor. 
(C) Eff ect of TNFα withdrawal aft er pre-treatment on DNA and GAG/DNA content in 
the pellet aft er chondrogenic diff erentiation in the presence of TNFα. N=3 donors with 
biological triplicates per donor.

A

B

C



���������

124

Figure S5.3 - Validation COL2A1 reporter in pellets during chondrogenesis. 
(A) mRNA expression relative to best housekeeper index (BHI) of pellets at t=9, t=16, t=23 
and t=30 during chondrogenic diff erentiation. Values represent the mean ± SD, triplicates. 
(B) Relative Gaussia Lucifi cerase (Gluc) activity of medium from COL2A1 reporter 
transduced pellets at various days. Values represent the mean ± SD from quintuplicates.
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Figure S5.4 - 50 ng/mL pre-treatment with TNFα did not alter the expression of 
chondrogenic genes aft er chondrogenic induction in TNFα environment. 
(A) Relative Gaussia Lucifi cerase (Gluc) activity of medium from MSC pellets 
containing the COL2A1 reporter gene aft er 3 and 7 days of chondrogenic induction. 
Values represent the mean ± SD with 4-6 pellets. 
(B-C) COL2A1, ACAN, SOX9 mRNA expression relative to best housekeeping index 
(BHI) of pellets at t=14 (B) and t=28 (C). N=3 donors with 2-3 pellets per donor.
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Figure S5.5 -  TNFα pre-treatment aff ected the multi-potency, increased expansion and 
did not aff ect apoptosis of MSCs. 
(A) Percentages of apoptotic cells determined by Annexin V and Propidium Iodide (PI) 
using fl ow cytometry. Early apoptotic cells are Annexin V/PI+/-, Late apoptotic cells are 
Annexin V/PI+/+, Dead cells are Annexin V/PI-/+, Viable cells are Annexin V/PI-/-. 
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◀ 
(B) Representative graph of MSCs incubated for 24 hours with 0 or 50 ng/mL TNFα 
followed by Annexin V and PI staining and fl ow cytometry analysis. 
(C) Cell number data during expansion aft er 1 passage with 0 or 50 ng/mL TNFα. N=9 
donors. 
(D) Representative image of Oil red O staining of MSCs 21 days aft er adipogenic 
diff erentiation. Scale bar represents 100 µm. Right, quantifi cation of Oil red O positive 
(lipids) area. N=2 donors with biological triplicates per donor. 
(E) PPARG mRNA expression of MSCs aft er 21 days of adipogenic diff erentiation. N=2 
donors with three replicates per donor. 
(F) Representative image of Von Kossa staining of MSCs 21 days aft er osteogenic 
diff erentiation. Scale bar represents 100 µm. Right, quantifi cation of Von Kossa positive 
(mineralized) area. N=2 donors with biological singlicate-triplicates per donor. 
(G) ALPL mRNA expression of MSCs 21 days aft er osteogenic diff erentiation. N=2 donors 
with 2-3 replicates per donor.

Figure S5.6 - TNFα pre-treatment did not alter SMAD2 activation aft er TGFβ1 
exposure. 
(A) Representative western blot showing the expression levels of phospho-SMAD2 of MSCs 
pre-treated for 4 days with 0 or 50 ng/mL TNFα followed by 30 min 10 ng/ml TGFβ1 and/or 
1 ng/mL TNFα stimulation, N=2 donors. 
(B) Quantifi cation of western blot results relative to GAPDH, N=2 donors.
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Table S5.1. List of MSC donors 
Donor Sex Age (years) Donor source

1 F 17 Total hip replacement patients
2 F 55 Total hip replacement patients
3 M 33 Healthy volunteers
4 M 42 Total hip replacement patients
5 F 20 Total hip replacement patients
6 F 73 Total hip replacement patients
7 M 23 Total hip replacement patients
8 M 50 Total hip replacement patients
9 F 29 Total hip replacement patients
10 M 31 Healthy volunteers

Table S5.2. List of primers used to detect mRNA levels by qRT-PCR
Gene Forward primer Reverse primers
GAPDH 5’-ATGGGGAAGGT-

GAAGGTCG-3’
5’-TAAAAGCAGCCCT-
GGTGACC-3’

TaqMan

RPS27A 5’-TGGCTGTCCT-
GAAATATTATAAGGT-3’

5’-CCCCAGCACCACA-
TTCATCA-3’

SYBR 
Green

HPRT1 5’-TTATGGACAGG-
ACTGAACGTCTTG-3’

5’-GCACACAGAGGGC-
TACCATGTG-3’

TaqMan

COL2A1 5’-GGCAATAGCAGGT-
TCACGTACA-3’

5’-CGATAACAGTCTT-
GCCCCACTT-3’

TaqMan

ACAN 5’-TCGAGGACAGC-
GAGGCC-3’

5’-TCGAGGGTGTAG-
CGTGTAGAGA-3’

TaqMan

SOX9 5’-TCCACGAAGGGC-
CGC-3’

5’-CAACGCCGAGCT-
CAGCA-3’

TaqMan

ALPL 5’-GACCCTTGACCCC-
CACAAT-3’

5’-GCTCGTACTGCAT-
GTCCCCT-3’

TaqMan

PPARG 5’-AGGGCGATCTTGA-
CAGGAAA-3’

5’-TCTCCCATCAT-
TAAGGAATTCATG-3’

TaqMan
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Table S5.3. List of antibodies used to detect specific proteins in Western blots 
Protein Antibody Dilution Catalog
Pan-SOXC (Sold as SOX11), 
binds SOX11 more efficiently 
than SOX4 and SOX12 
(Bhattaram, et al. 2018)

Rabbit, 
polyclonal

1/1000 Atlas antibodies, 
HPA000536

Non-phospho (Active) 
β-catenin (Ser33/37/Thr41)

Rabbit, 
monoclonal

1/1000 Cell Signaling 
technology, 8814S

GAPDH Rabbit, 
monoclonal

1/1000 Cell Signaling 
technology, 2118S

Phospho SMAD2 (Ser465/
Ser467)

Rabbit, 
monoclonal

1/1000 Cell Signaling 
technology, 3108S
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6.1 Discussion

Articular cartilage has a limited regeneration capacity and if left untreated 
after damage it can lose its functional properties, eventually leading to the 
development of osteoarthritis (OA) (Mankin 1982, Shapiro, Koide et al. 
1993). Mesenchymal progenitor cells referred to as mesenchymal stem or 
stromal cells (MSCs) have emerged as a promising cell source for cartilage 
regenerative purposes. Despite several clinical trials, currently there is no 
robust and routine clinical application using MSCs for cartilage repair. One 
of the challenges for MSC-based cartilage regeneration strategies is the fact 
that MSCs lose their chondrogenic differentiation potential during in vitro 
expansion. In vitro expansion is necessary to obtain enough cells to repair 
the cartilage defect (Bonab, Alimoghaddam et al. 2006). However, during 
expansion of MSCs, accumulation of senescent cells occurs and it is largely 
unknown how senescent MSCs affect the chondrogenic differentiation 
capacity of the MSC population and how this is influencing its neighboring 
cells. Notably, the expression of the transcription factor TWIST1, which is 
known to play a role in cell proliferation and differentiation, is downregulated 
during in vitro expansion (Narcisi, Cleary et al. 2015). These data suggest 
that both cellular senescence and TWIST1 expression alter the chondrogenic 
differentiation potential of MSCs. In this thesis we aimed to determine 
the effect of cellular senescence and TWIST1 expression on MSC fate. 
In addition, we aimed to establish culture methods to improve MSC 
expansion and chondrogenesis via TWIST1 modulation. The following 
paragraphs discuss the implications of cellular senescence, inflammatory 
cytokines, TWIST1 and in vitro expansion methods for MSC-based cartilage 
repair. 

6.1.1 Cellular senescence: good or bad for cartilage repair? 
In 1961, Hayflick and Moorehead were the first to describe the accumulation 
of senescent cells after in vitro expansion (Hayflick and Moorhead 1961, 
Hayflick 1965). Besides that, senescent cells accumulate in different tissues 
during aging, including cartilage and bone (Farr, Fraser et al. 2016, Diekman, 
Sessions et al. 2018). In addition, it is known that senescent cells are present 
in the joint tissue of patients with OA, suggesting that senescent cells drive, 
or are at least linked, to the development of OA (Jeon, David et al. 2018). 
In line with this hypothesis, it has been observed that transplantation of 
senescent fibroblasts into the knee of mice resulted in an OA-like phenotype 
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with articular cartilage damage and osteophyte formation (Xu, Bradley et 
al. 2017). At the same year, it has been reported that clearance of senescent 
cells, using the senolytic molecule XBX0101, reduced the development of 
post-traumatic OA (Jeon, Kim et al. 2017). Together these results suggest 
that the use of senescent MSCs for cartilage repair may be detrimental for 
cartilage regeneration. On the other hand, several studies have discovered 
that senescence can favor tissue regeneration (Rhinn, Ritschka et al. 2019). 
For example, senescent cells are induced during cutaneous wound healing 
and the senescence-associated secretory phenotype (SASP) factor PDGF-A 
stimulates optimal wound closure (Demaria, Ohtani et al. 2014). In addition, 
senescent cells induce the expression of stem cell markers in skin cells 
(Ritschka, Storer et al. 2017). Furthermore, cellular senescence is induced 
during limb regeneration in salamanders (Yun, Davaapil et al. 2015), and 
occurs in mice during embryonic development in limbs (Storer, Mas et al. 
2013), and during puberty in long bones (Li, Chai et al. 2017). All these 
findings combined indicate that the senescent MSCs can be both detrimental 
and beneficial for joint tissue homeostasis. 

Cellular senescence impairs chondrogenic differentiation via cell-intrinsic 
mechanisms 
Studies focusing on senescent MSCs mainly focused on the adipogenic 
and osteogenic differentiation potential. The outcome of these studies is 
controversial, so it remains debated whether the osteogenic and adipogenic 
differentiation potential of senescent MSCs is decreased, unaltered or even 
increased (Stolzing, Jones et al. 2008, Wagner, Horn et al. 2008, Geissler, Textor 
et al. 2012). In this thesis, we show that senescent MSCs have an impaired 
chondrogenic differentiation capacity (chapter 2). Moreover, we show that 
the chondrogenic differentiation capacity was reduced in a dose dependent 
way by the number of senescent MSCs prior to chondrogenic induction. 
These data are in line with the fact that MSCs reduce their chondrogenic 
differentiation potential during in vitro expansion (Bonab, Alimoghaddam 
et al. 2006). How senescence in MSCs reduces their differentiation potential 
remains unknown. One of the main characteristics of senescent cells is the 
absence of proliferation and it is known that proliferation is required in the 
early stage of in vitro chondrogenesis of MSCs (Dexheimer, Frank et al. 2012). 
Another characteristic of senescent cells is increased oxidative stress (Coryell, 
Diekman et al. 2021). In chapter 3, we show that indeed senescent MSCs have 
an increased oxidative consumption rate. It is known that oxidative stress can 
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modulate the ability of transcription factors to bind the DNA via disulfate post-
translational modifactions (O’Brian and Chu 2005). So, it can be speculated 
that oxidative stress in senescent cells alter the function of key transcription 
factors such as SOX9 and TWIST1 during chondrogenesis. Furthermore, we 
show that TGFβ signaling activation is altered in senescent MSCs (chapter 2). 
TGFβ signaling stimulates chondrogenic differentiation via Sox9 (Furumatsu, 
Ozaki et al. 2009). Overall, these data suggest that elimination of senescent 
MSCs prior to chondrogenic differentiation can increase the chondrogenic 
differentiation capacity and might reduce chondrogenic heterogeneity. 

The effect of senescence associated secretory factors on cartilage regeneration 
may be factor, time and dose dependent
Besides growth arrest, another hallmark of senescent cells is the release of 
high levels of chemokines (such as CCL2), cytokines (such as IL6, IL8, IL10, 
IL1 and TNF) proteases (such as MMP1, MMP3, MMP13 and ADAMTS5) 
and growth factors (such as TGFβ and VEGF), known as the SASP. These 
SASP factors are elevated in cartilage tissue of patients with symptomatic 
cartilage defects and in synovial fluid of patients with OA and can induce 
a variety of different physiological and pathological responses in cartilage 
tissue (Tsuchida, Beekhuizen et al. 2014, Coryell, Diekman et al. 2021). 
Therefore, it is crucial to understand how the SASP of senescent MSCs 
affect the cartilage tissue. For example, Ccl2 knockout mice had reduced 
endogenous cartilage after injury (Jablonski, Leonard et al. 2019), suggesting 
that Ccl2 contribute to cartilage regeneration. On the other hand, Ccl2 
knockout mice had reduced pain after destabilization of the medial meniscus 
(DMM) (Miotla Zarebska, Chanalaris et al. 2017). Furthermore, it is known 
that CCL2 inhibits chondrogenesis of synovial MSCs (Harris, Seto et al. 
2013). Cytokines IL1β and TNFα are known to induce matrix degradation 
and reduce the differentiation potential of MSCs (Wehling, Palmer et al. 
2009, Markway, Cho et al. 2016). In chapter 5, however, we show that MSCs 
pre-treated with the SASP factor TNFα had an increased chondrogenic 
differentiation capacity in vitro. Suggesting that TNFα can have a beneficial 
role during early cartilage repair. IL10 induces chondrocyte proliferation 
and hypertrophic differentiation (Jung, Kim et al. 2013). Additionally,  
matrix metalloproteinases (MMPs) can contribute to extracellular matrix 
degradiation (Murphy and Lee 2005). All these findings, indicate that the 
effect of SASP factors on cartilage regeneration is complex and may be factor, 
dose and time dependent. 
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In chapter 3, we show that TWIST1-silencing-induced senescent MSCs and 
irradiation induced senescent MSCs have a different SASP profile, highlighting 
the complexity of the SASP in MSCs. In this thesis, we showed that the 
secretome of senescent MSCs, in a three-dimensional pellet, did not alter 
the expression of chondrogenic markers, COL2A1, SOX9 and ACAN during 
chondrogenic differentiation of MSCs (chapter 2). Based on these findings it 
could be suggested that the SASP factors of senescent MSCs have no effect on 
cartilage formation during chondrogenesis of MSCs in vitro. However, more 
studies are necessary to fully exclude that SASP factors from senescent MSCs 
have no effect on chondrogenic differentiation. As highlighted in chapter 3, 
the composition of the SASP of MSCs could be heterogeneous and, depending 
on the composition, it might have a different effect on surrounding tissues. For 
optimal cartilage regeneration and safe MSC-based cartilage tissue engineering, 
it is important to understand the effect of the SASP on cartilage and synovium 
tissues in the joints. Chondrocytes and synoviocytes lose their functional 
properties upon exposure to inflammatory cytokines (Benito, Veale et al. 2005, 
Sutton, Clutterbuck et al. 2009, Goldring, Otero et al. 2011). A next step would 
be to determine the composition of SASP factors produced by senescent MSCs 
and study the dose and time dependent effects on different joint tissues, such 
as chondrocytes and synovial membrane cells in vivo. 

Chondrocyte senescence and osteoarthritis
Senescent chondrocytes are present in cartilage tissue from OA patients 
(Price, Waters et al. 2002). Aging chondrocytes have reduced anabolic 
activity, while increasing their catabolic activity (Forsyth, Cole et al. 2005). 
One of the catabolic markers that was elevated in aging chondrocytes was 
the SASP factor MMP13 (Forsyth, Cole et al. 2005). It has been hypothesized 
that senescent chondrocytes contribute to the development of OA (Price, 
Waters et al. 2002). This is further supported by the fact that cartilage 
from patients with OA had high expression levels of MMP13 (Wang, 
Manner et al. 2004). During the progression of OA, chondrocytes become 
hypertrophic leading to mineralization of the cartilage tissue (von der Mark, 
Kirsch et al. 1992). Hypertrophic chondrocytes share some of the markers 
of senescent chondrocytes, such as MMP13 and VEGF (Rim, Nam et al. 
2020). These results suggest that chondrocyte hypertrophy and senescence 
might be linked. One striking result in this thesis is the fact that induction 
of cellular senescence during chondrogenesis did not alter the expression of 
hypertrophic markers compared to non-irradiated control pellets (chapter 5). 
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These findings suggest that the occurrence of cellular senescence during 
chondrogenesis has no direct effect on hypertrophic marker expression in 
vitro. Whether chondrocyte hypertrophy and senescence are causality linked, 
remains to be determined. Techniques such as single-cell RNA sequencing 
identified different subpopulations in chondrocytes from OA patients (Ji, 
Zheng et al. 2019), and is a promising tool to provide new insights on how 
cellular senescence affects the cartilage tissue. 

Modulation of cellular senescence in MSCs to improve chondrogenic 
differentiation 
Since senescent MSCs had an impaired chondrogenic differentiation capacity 
(chapter 2), the next step would be to eliminate senescent cells from the 
cultures. Senolytic molecules appear as promising drugs since they specially 
kill senescent cells (Kirkland and Tchkonia 2020). Only a limited number of 
studies have been performed to test the effect of senolytics on MSC cultures. 
The senolytic drugs quercetin, nicotinamide riboside, and danazol did not 
specifically kill senescent MSCs during in vitro culture (Grezella, Fernandez-
Rebollo et al. 2018). However, ABT-263 reduced the number of SA-β-gal 
positive MSCs, but did not increase the expansion capacity (Grezella, 
Fernandez-Rebollo et al. 2018). Another senolytic molecule, dasatinib, 
reduces the expression of the senescence associated genes in MSCs 
(Suvakov, Cubro et al. 2019). Overall, these data show that senolytic 
molecules are promising to eliminate senescent cells in MSCs cultures. 
It remains to be determined whether senolytic molecules have a positive 
effect on chondrogenic differentiation. Another strategy to reduce cellular 
senescence in MSC populations, is to develop culture methods that prevent 
induction of cellular senescence such as addition of the signaling protein 
WNT3A (Lehmann, Narcisi et al. 2022), or hypoxia (Tsai, Chen et al. 
2011). More studies are necessary to find the best treatment to eliminate 
senescent MSC.
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6.1.2 TWIST1 as a marker to select chondrogenic MSC
In this thesis we show that the transcription factor TWIST1 has an 
important role in MSCs and that it is involved in MSC expansion, senescence 
and metabolism. 

TWIST1 regulates cell fate in MSCs
TWIST1 plays an essential role in MSC expansion and maintenance 
(Isenmann, Arthur et al. 2009). It has been shown that enforced expression 
of TWIST1 in MSCs increases the population doubling level (Isenmann, 
Arthur et al. 2009). During expansion, TWIST1 expression levels are 
downregulated, suggesting that high TWIST1 expression stimulates MSC 
growth (Isenmann, Arthur et al. 2009, Cakouros, Isenmann et al. 2012, 
Narcisi, Cleary et al. 2015). In addition, TWIST1 inhibits chondrogenic and 
osteogenic differentiation of MSCs (Reinhold, Kapadia et al. 2006, Isenmann, 
Arthur et al. 2009). It has been hypothesized that TWIST1 inhibits MSCs 
differentiation via direct binding to the DNA-binding domain of SOX9 
and RUNX2 via its C-terminal transactivation domain (Bialek, Kern et al. 
2004, Gu, Boyer et al. 2012). Indeed, TWIST1 expression is downregulated 
during chondrogenic differentiation of MSCs (Cleary, Narcisi et al. 2017). 
However, TWIST1 silencing does not improve chondrogenic differentiation 
and TWIST1 is upregulated at day 1 of chondrogenic differentiation (Cleary, 
Narcisi et al. 2017). These data suggest that TWIST1 is required during early 
chondrogenic differentiation of MSCs. What the function is of TWIST1 
during early chondrogenic differentiation remains to be determined. Based 
on these data one might hypothesize that TWIST1 is necessary for the 
upregulation of chondrogenic genes. This hypothesis is supported by the fact 
that TWIST1 can bind and activate the intronic COL2A1 regulatory element 
in MC3T3 and HEK293T cells (Chakraborty, Wirrig et al. 2010). 
To further study if TWIST1 is a good marker to select chondrogenic MSCs, 
in chapter 4 we selected MSCs based on TWIST1 levels using an RNA-based
probe. We showed that TWIST1 expression is heterogenous and that the 
subpopulation of MSCs with a high TWIST1 expression has increased 
expansion capacity compared to the subpopulation of MSCs with a low TWIST1 
expression. These data highlight the role of TWIST1 as a possible marker to 
select MSCs with a high expansion capacity. This is further supported by the fact 
that TWIST1 expression levels can be used to predict donor variation of MSCs 
(Boregowda, Krishnappa et al. 2016). MSCs with a high TWIST1 expression 
were more likely to differentiate towards chondrocytes compared to MSCs 
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with a low TWIST1 expression (Boregowda, Krishnappa et al. 2016). Overall, 
it could be speculated that MSCs with a high TWIST1 expression keep their 
chondrogenic differentiation potential upon in vitro expansion.

TWIST1 silencing alters the metabolic state of MSCs
TWIST1 is known to play an important role in different metabolic pathways, 
since it can alter the glycolysis and the mitochondrial function in different cell 
types (Pan, Fujimoto et al. 2009, Lu, Wang et al. 2018, Wang, Yin et al. 2020, 
Wang, Yin et al. 2021). In tumor cells, TWIST1 stimulates aerobic glycolysis, 
also known as the Warburg effect, via direct promoter activation of glycolytic 
genes such as SLC2A1, HK2, ENO1 and PKM2 (Wang, Yin et al. 2020). 
Moreover, TWIST1 can regulate several proteins involved in mitochondrial 
function (Pan, Fujimoto et al. 2009, Lu, Wang et al. 2018, Wang, Yin et al. 
2021). PGC-1α is such a protein that can stimulate mitochondrial biogenesis 
and Twist1 can inhibit its transcription activity via direct binding (Pan, 
Fujimoto et al. 2009). Loss of Twist1 in hematopoietic stem cells resulted in 
increased Ca2+ and ROS levels, suggesting that Twist1 is necessary for a proper 
mitochondrial function (Wang, Yin et al. 2021). The role of TWIST1 in MSC 
energy metabolism is less studied. In chapter 3, we show that TWIST1 silencing 
in MSCs resulted in an increased oxygen consumption rate without altering 
the extracellular acidification rate, indicating that TWIST1 plays an important 
role in the regulation of the oxygen consumption rate of MSCs. It remains 
to be determined whether TWIST1 silencing directly or indirectly alters the 
metabolic flux towards an increased oxygen consumption in MSCs and what 
the effect is of the altered oxygen consumption on the differentiation capacity 
of MSCs. It is suggested that the metabolic flux of MSCs plays a crucial role 
during chondrogenic differentiation, since it is a highly energy demanding 
process and the cartilage tissue is anaerobic. This is supported by the fact that 
MSCs cultured under hypoxic condition have an increased chondrogenic 
capacity (Markway, Tan et al. 2010). Furthermore, during chondrogenic 
differentiation of MSCs, the oxygen consumption was reduced (Carroll, 
Buckley et al. 2021). Overall, it could be hypothesized that downregulation 
of the oxygen consumption support chondrogenic differentiation and that 
TWIST1 plays a role in this process. 
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TWIST1 suppresses senescence 
TWIST1 expression is downregulated during in vitro expansion (Narcisi, 
Cleary et al. 2015). In chapter 3, we show that overexpression of TWIST1 
increases the expansion capacity of MSCs and reduces the number of β -gal 
positive cells. Furthermore, TWIST1high expressing MSCs have an increased 
expansion capacity compared to TWIST1low expressing MSCs (chapter 4). 
These data suggest that TWIST1 regulates cellular senescence in MSCs. This 
is further supported by the fact that MSCs with a loss of function mutation 
in TWIST1 have an increased number of β -gal positive cells compared to 
control MSCs (Cakouros, Isenmann et al. 2012). In addition, we showed in 
chapter 3 that TWIST1 silencing upregulated the expression of CDKN2A 
(P16) and CDKN1A (P21), induced growth arrest and increased the number 
of β-SA-gal positive cells. These data indicate that TWIST1 suppresses cellular 
senescence in MSCs. However, the molecular mechanism how TWIST1 
controls cellular senescence has not been fully understood. It has been shown 
that TWIST1 inhibit E2A transcription (Tsai, Chen et al. 2011), and E2A 
activates the cyclin-dependent kinases inhibitor p21 (Harper, Adami et al. 
1993, Prabhu, Ignatova et al. 1997), therefore it is reasonable to hypothesize 
that TWIST1 inhibit activation of p21 via E2A. Furthermore, TWIST1 can 
reduce the levels of E47, an inducer of p16 transcription (Cakouros, Isenmann 
et al. 2012). Overall, these results indicate that TWIST1 controls cellular 
senescence in MSCs via indirect regulation of the cyclin-dependent kinases 
p21 and p16. Besides upregulation of p21 and p16, TWIST1-silencing induced 
senescent MSCs had a non-classical SASP, lacking the expression of IL6, IL8 
and MMP3 (chapter 3). In adipocytes, it has been shown that Twist1 can 
bind to the IL-6 promoters, suggesting that TWIST1 can directly modulate 
the expression of IL-6 (Pettersson, Laurencikiene et al. 2010). However, the 
regulation of the SASP is complex and remains to be completely understood. 
It has been shown before in fibroblasts and epithelial cells that the SASP 
can be heterogenous and that it is dependent on the cell type and senescent 
inducer (Wiley, Velarde et al. 2016, Basisty, Kale et al. 2020). The data in this 
thesis indicate that TWIST1 directly or indirectly modulates the expression of 
SASP genes in MSCs, so it could be speculated that TWIST1 could be a new 
target to modulate the SASP in MSCs. 
Although the modulation of TWIST1 activity might be challenging due to 
the lack of defined small-molecule binding pockets of transcription factors, 
several promising chemical biology approaches to target transcription 
factors are emerging (Wiedemann, Weisner et al. 2018, Henley and Koehler 
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2021, Su and Henley 2021). There are strategies that focus on inhibition of 
transcription factor activity via (1) inhibiting gene expression, (2) binding to 
the DNA-binding domain (3) disrupting protein-protein interactions or (4) 
binding to the DNA responsive element (Fontaine, Overman et al. 2015). In 
order to develop a strategy to modulate TWIST1 expression in MSCs, it is 
crucial to fully understand which genes are targeted by TWIST1 during both 
cellular senescence and MSC differentiation.

6.1.3 Culture methods to reduce MSC heterogeneity and improve 
chondrogenic capacity
It is known that the addition of FGF2 and WNT3A during expansion can 
increase the chondrogenic differentiation capacity of MSCs, however inter-
donor variation remains a problem (Narcisi, Cleary et al. 2015). MSCs 
expanded in the presence of FGF2 and WNT3A have higher TWIST1 
levels compared to MSCs cultured in the presence of FGF2 alone (Narcisi, 
Cleary et al. 2015). In this thesis we show that MSCs with a high TWIST1 
expression had a higher expansion capacity compared to MSCs with a low 
TWIST1 expression, indicating that TWIST1 is a promising MSC marker for 
cartilage tissue regeneration. It could be hypothesized that boosting TWIST1 
expression in MSCs or selecting MSCs with a high TWIST1 expression can 
improve the clinical outcome for cartilage repair. In this thesis we used two 
approaches to obtain expanded MSCs with high TWIST1 expression to 
reduce heterogeneity and improve chondrogenesis: 1) MSC selection and 2) 
MSCs priming. 

Selecting MSCs based on function rather than phenotype
In the last decade, researchers tried to select chondrogenic MSCs based on 
surface marker selection. In 2006, the Mesenchymal and Tissue Stem Cell 
Committee of the International Society for Cellular Therapy proposed the 
minimal criteria to define MSCs (Dominici, Le Blanc et al. 2006). One of 
the criteria is that human MSCs should express the surface markers CD105, 
CD73 and CD90, and do not express CD45, CD34, CD14 or CD11b, CD79α 
or CD19 and HLA-DR surface molecules (Dominici, Le Blanc et al. 2006). 
Some of these surface molecules have been found to be associated with a 
higher chondrogenic differentiation potential (Arufe, De la Fuente et al. 
2010, Asai, Otsuru et al. 2014), however inconsistencies were found among 
researchers (Lv, Tuan et al. 2014, Cleary, Narcisi et al. 2016). 
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CD105 is such a surface molecule that has been associated with an increased
chondrogenic differentiation potential in MSCs (Fan, Li et al. 2016). 
However, Cleary et al.  found that CD105 does not predict the chondrogenic 
differentiation capacity on expanded MSCs (Cleary, Narcisi et al. 2016). A 
potential reason why the studies on surface markers are contradictory, is the 
fact that MSCs are cultured using different culture methods. This hypothesis 
is supported by the fact that exposure to TNFα can reduce CD105 expression 
of MSCs while these MSCs have an increased chondrogenic differentiation 
potential compared to MSCs without exposure to TNFα (chapter 5). 
As an alternative to surface markers, new methods to select MSCs based on 
functional characteristics are necessary. The fact that functional markers, 
such as TWIST1, are expressed intracellular is an obstacle that makes it 
difficult to select living MSCs based on expression. In chapter 4, we show 
that it is possible to select MSCs based on TWIST1 expression using a 
SmartFlare RNA-based probe. The selected cells had an increased expansion 
capacity. It remains, however, to be determined whether high TWIST1 
expressing cells have a high chondrogenic differentiation potential. These 
RNA based probes (NanoFlares) were designed and developed by the group 
of Prof. dr. Chad Merkin and commercialized under the name SmartFlares 
(Giljohann, Seferos et al. 2007, Prigodich, Seferos et al. 2009). At the 
moment, SmartFlares are no longer commercially available. Unfortunately, 
this prevented us from studying the chondrogenic differentiation capacity of 
TWIST1high MSCs.
Besides the fact that the RNA-based probes are no longer commercially 
available, the use of RNA-based probes for cell selection does have more 
limitations. One of the limitations is that the protocol needs to be optimized 
for each target gene and each cell type. In addition, other researchers found 
that serum can increase the uptake capacity of SmartFlare probes in primary 
human T cells (Golab, Krzystyniak et al. 2020), highlighting the importance 
to determine the uptake capacity of RNA probes for each culture method. 
The high variation in probe uptake, makes the RNA-based probes unsuitable 
for clinical use. After appropriate validation, however, RNA-based probes 
have a high potential for a wide variety of research fields, since it allows us to 
study RNA expression in living cells.

Expansion methods that boost TWIST1 expression in MSCs to increase 
chondrogenesis
Besides MSC selection, another strategy to reduce heterogeneity and increase 
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the chondrogenic differentiation potential is via MSC pre-treatment/priming. 
Based on the results in this thesis one might speculate that boosting TWIST1 
expression during expansion could be beneficial for MSC proliferation 
and chondrogenic differentiation. TWIST1 can be upregulated by several 
different growth factors. FGF2 and WNT3A are such growth factors 
which upregulate TWIST1 expression in MSCs (Narcisi, Cleary et al. 2015, 
Boregowda, Krishnappa et al. 2016). Indeed, pre-treatment with FGF2 
and WNT3A increases the proliferation and chondrogenic differentiation 
capacity of MSCs (Tsutsumi, Shimazu et al. 2001, Bianchi, Banfi et al. 2003, 
Narcisi, Cleary et al. 2015).
Another method to stimulate TWIST1 expression is via low oxygen tension 
(hypoxia) (Yang, Wu et al. 2008). Hypoxia regulates cellular responses via 
the expression of the transcription factor HIF-1α which directly target the 
expression of TWIST1 (Yang, Wu et al. 2008). Expansion of MSCs in a 
hypoxic environment increases the chondrogenic differentiation capacity of 
MSCs. Furthermore, hypoxia reduces the expression of senescence markers 
(Tsai, Chen et al. 2011). These data suggest that hypoxia can reduce cellular 
senescence during MSC expansion via TWIST1 expression. 
Another method to upregulate TWIST1 expression in MSCs is via 
mechanical cyclical stretch stimulation (Guo, Liu et al. 2020). Mechanical 
stimulation of MSCs, such as compression load, increased expression of 
chondrogenic markers (Fahy, Alini et al. 2018). 
In chapter 5, we show that TNFα during expansion increased the expansion 
rate and chondrogenic differentiation potential. TNFα can increase the 
expression of TWIST1 in chondrocytes (Hasei, Teramura et al. 2017), 
hypothesizing that TNFα upregulated TWIST1 in MSCs. In addition, 
TNFα increased active β-catenin and SOXC protein levels. The SOXC 
protein, Sox12, can transactivate Twist1 expression (Huang, Chen et al. 
2015). On the other hand, addition of TNFα during chondrogenesis can 
reduce the chondrogenic differentiation potential of MSCs, induce cytokine 
secretion and cellular senescence, upregulate ROS levels and increase DNA 
damage in cells (Beyne-Rauzy, Recher et al. 2004, Wehling, Palmer et al. 
2009, Kandhaya-Pillai, Miro-Mur et al. 2017, Li, Gan et al. 2017). It could 
be speculated that TNFα activates multiple pathways in MSCs which can 
be both beneficial and detrimental for chondrogenesis. In chapter 5, we 
show that pre-treatment with TNFα during monolayer can make the MSCs 
better resistant against the negative results of TNFα during chondrogenesis 
(chapter 5). This makes TNFα pre-treatment promising for MSC-based 
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cartilage tissue engineering purposes, since post-traumatic joints have 
elevated levels of pro-inflammatory cytokines, including TNFα (Sward, 
Frobell et al. 2012, Tsuchida, Beekhuizen et al. 2014, Imamura, Ezquerro et 
al. 2015, Alonso, Bravo et al. 2020).

6.2 Future perspectives
MSCs are a promising cells source for cartilage tissue regeneration. In this 
thesis we show how cellular senescence impairs chondrogenic differentiation 
of MSCs and that TNFα during the expansion phase of MSCs can increase 
their chondrogenic capacity. Moreover, we highlight the importance of 
TWIST1 during MSC expansion. In order to regenerate high quality 
articular cartilage using MSCs, there are still some hurdles to overcome. 

6.2.1 Develop methods to generate stable cartilage
In this thesis, we show that TNFα can increase the chondrogenic differentiation 
potential of MSCs (chapter 5). These differentiated chondrocytes have the 
tendency to differentiate into hypertrophic chondrocytes and eventually 
the formed cartilage will be remodeled into bone (Farrell, Both et al. 2011). 
Therefore, it is crucial to understand the molecular mechanism behind 
the differentiation process. The transcription factors TWIST1, SOX9 
and RUNX2/3 play an important role in cell fate determination during 
chondrogenic differentiation of MSCs. TWIST1 can interact with the 
DNA binding sites of SOX9, RUNX2 and RUNX3 (Yousfi, Lasmoles et al. 
2002, Bialek, Kern et al. 2004, Gu, Boyer et al. 2012, Pham, Vincentz et al. 
2012). However, the target genes of TWIST1, SOX9 and RUNX2/3 during 
the different stages of MSC differentiation remain to be determined. 
Chromatin immunoprecipitation sequencing (ChIP-seq) assays have become 
the standard to determine DNA-binding sites of transcription factors. 
Recently, Cleavage Under Targets and Release Using Nuclease (CUT&RUN) 
technology was developed as an alternative method to ChIP-seq (Skene and 
Henikoff 2017, Skene, Henikoff et al. 2018). An advantage of CUT&RUN 
technology over ChIP-seq is that this method is suitable for low cell input. 
This is a major advantage which allows us to study transcription factor 
binding during chondrogenic differentiation of MSCs. Understanding 
which genes are targeted by TWIST1, SOX9 and RUNX2/3 during the 
different stages of chondrogenesis might help us to identify new targets to 
stimulate chondrogenesis and block hypertrophic differentiation. 
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6.2.2 Endogenous MSCs to repair cartilage tissue
A strategy to repair cartilage is using freshly isolated MSCs followed by in 
vitro expansion, chondrogenic differentiation and transplantation into the 
cartilage defect. The advantage of in vitro expansion of MSCs it that the 
cells proliferate and increase in cell number. However, a disadvantage of 
MSC expansion is that it can induce cellular senescence and reduce their 
chondrogenic differentiation potential. An alternative strategy to repair 
cartilage with MSCs is via the recruitment of endogenous MSCs towards the 
cartilage defect. Chemokines, growth factors and platelet -rich plasma can 
stimulate MSC migration, however the perfect dosage, timing and selection 
of the chemo-attractants needs to be determined to use as treatment for 
cartilage defects (Yang, Li et al. 2020). TWIST1 can mediate cell migration 
in different cells types (Matsuo, Shiraha et al. 2009, Lee and Yutzey 2011, 
Wang, Lin et al. 2020), so TWIST1 might be an interesting factor to target 
in MSCs in order to recruit MSCs towards the cartilage damage. Both in 
vitro expansion and endogenous recruitment of MSCs have advantages and 
disadvantages and it remains to be determent which method is the best to 
repair articular cartilage. It could be speculated that patient specific factors 
such as age, lifestyle and the size of the cartilage defect contribute to decide 
which treatment approach is best.

6.2.3 Single cell technologies to advance the understanding of MSC 
chondrogenesis
Intra- and inter-donor variation in differentiation potential of MSCs brings 
major challenges and limits the clinical use of MSCs. It is still not fully 
understood which factors contributes to this heterogeneity. In the recent 
years, novel methods have been developed that allow us to study RNA 
expression, protein levels and chromatin accessibility at a single cell level 
(Chan, Gulati et al. 2018). For example, single cell RNA-sequencing data 
in MSCs identified novel surface markers and identified a population of 
PDPN+CD146-CD73+CD164+ cells, known as the human skeletal stem 
cell (Chan, Gulati et al. 2018). However, the expression of surface markers 
changes upon in vitro expansion, therefore additional knowledge at single 
cell level is necessary during chondrogenic differentiation of MSCs to 
identify functional markers.
Since the surface markers change upon in vitro expansion, another strategy 
is to directly isolate the chondroprogenitor cells from the bone marrow using 
surface markers. Bone marrow cells that are FACS enriched for CD271+CD56+ 
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have a higher chondrogenic differentiation potential compared to cells that are 
FACS enriched for CD271+CD56-(Battula, Treml et al. 2009). The percentage 
of CD271+CD56+chondroprogenitor cells is higher in bone marrow cells 
after rasping compared to bone marrow aspiration with a Jamshidi needle, 
indicating that the harvesting technique has an impact on the isolation of the 
different mesenchymal progenitor subpopulations (Sivasubramaniyan, Ilas et 
al. 2018). It would be interesting to compare the transcriptomes from different 
mesenchymal progenitor cell populations, with a different chondrogenic 
differentiation potential, to understand which pathways are involved in 
functional heterogeneity of MSCs. Furthermore, it could be hypothesized that 
the different mesenchymal progenitor cells populations have different TWIST1 
levels, a different metabolic state and respond different to TNFα. Based on 
the results of this thesis it could be speculated that the chondroprogenitor 
cell population might have high expression profiles of TWIST1, low oxygen 
consumption and extracellular acidification rate and an active TNFα 
signaling pathway.
The possibilities of single cell technology have expanded and improved 
rapidly over the last years and therefor they became a major research tool in 
different research fields. It is likely that single cell technologies will progress 
in the coming years and that these technologies will be essential to fully 
understand and tackle heterogeneity in MSC populations.

6.2.4 Concluding remarks
The number of publications on MSCs is growing and both fundamental and 
clinical studies give more and more information to solve the puzzle how 
MSCs can preserve their chondrogenic differentiation potential and how 
they can be used to regenerate articular cartilage. However, more knowledge 
is needed to fully understand the cartilage regeneration potential of MSCs. 
In addition, a collaborative effort between different research fields such as 
tissue engineering, cell biology, single cell transcriptomics, bioinformatics 
and clinical research is crucial to solve this complex puzzle. 
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7.1 Summary

Focal articular cartilage defects occur often during knee trauma. Articular 
cartilage has a limited repair capacity, so it is necessary to repair these 
cartilage defects to prevent further degeneration of the knee joint. 
Mesenchymal progenitor cells, often refered to as mesenchymal stem or 
stromal cells (MSCs) are promising cells for cartilage tissue engineering 
strategies. However, the chondrogenic differentiation capacity of MSCs 
declines with in vitro expansion. The overall aim of this thesis was to 
determine how MSCs can preserve their chondrogenic differentiation 
potential during in vitro expansion. 

In chapter 2, we determined how cellular senescence influences the 
differentiation capacity of MSCs. Therefore, cellular senescence was induced 
during monolayer and at different time points during chondrogenesis 
using gamma irradiation. When cellular senescence was induced during 
expansion or during early chondrogenic differentiation, the cells had a 
reduced chondrogenic differentiation capacity.  When senescence was 
induced later during chondrogenic differentiation, no significant changes 
in the chondrogenic markers were observed. To investigate the effect of 
paracrine senescence, we treated non-senescent pellets with medium 
chonditioned by senescent pellets. After 48 h of exposure, no significant 
effect on the expression of anabolic or catabolic markers was determined 
in recipient pellets. Finally, we showed that senescent MSCs had a reduced 
ability to respond to TGFβ1, one of the key factors to induce chondrogenic 
differentiation. In conclusion, the results in chapter 2 indicated that the 
occurance of cellular senescence in MSCs inhibited early processes of 
chondrogenic differentiation and thereby the capacity of MSCs to generate 
cartilage.

High MSC expansion was previously associated with high TWIST1 levels. To 
beter understand how TWIST1 levels affect MSC expansion and senescence, 
we silenced TWIST1 using siRNAs (chapter 3). Silencing of TWIST1 
increased the percentage of senescent MSCs. Surprisingly, TWIST1-silencing-
induced senescent MSCs had a non-classical senescence-associated secretory 
phenotype (SASP) lacking the expression of IL-6 and IL-8, in contrast to 
irradiation-induced senescent cells. It is known that senescence and their SASP 
are associated to the metabolic state of the cells. Indeed, when we determined 
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the bioenergetic state, the TWIST1-silencing-induced and irradiation-
induced senescent cells had a different energetic state. Both types of senescent 
cells had an increased oxygen consumption rate compared to control non-
senescent MSCs, but TWIST1-silencing-induced senescent MSCs had a lower 
extracellular acidification rate, compared to irradiation-induced senescent 
MSCs. In chapter 4, we used a fluorescent probe-based method (SmartFlare) 
that has the benefit that it does not require fixation of the cells, allowing to sort 
living cells based on TWIST1 RNA expression. First, we validated the TWIST1 
probe and demonstrated that the probe specifically recognized TWIST1 
in MSCs. Next, TWIST1high and TWIST1low expressing MSCs were sorted. 
TWIST1high expressing MSCs had an increased expansion rate compared 
to TWIST1low expressing MSCs. In conclusion, the results of chapter 3 and 
chapter 4 demonstrated that high TWIST1 expressing MSCs had a higher 
expansion rate compared to low TWIST1 expressing MSCs. Furthermore, 
using methods to silence TWIST1 we demonstrated that low TWIST1 levels 
induced cellular senescence in MSCs and that these senescent cells had a  
specific SASP profile and metabolic state.

In chapter 5, we aimed to determine how different culture methods can 
influence the expansion and chondrogenic capacity of MSCs. It had been 
reported that exposure to TNFα, during in vitro expansion, could be 
potentially beneficial for tissue regeneration. Therefore, we treated the 
MSCs with TNFα during MSC expansion and showed that the treatment 
increased the chondrogenic differentiation capacity of the cells.  Furthermore, 
treatment with TNFα during expansion reduced the inhibitory effect of the 
cytokine during subsequent chondrogenic differentiation. Finally, we show 
that TNFα pre-treatment increased the levels of SOXC proteins and active 
β-catenin. In conclusion, the results of chapter 5 revealed that that TNFα 
pre-treatment could potentially be used as a strategy to improve MSC-based 
cartilage repair.

7.2 Concluding remarks
To conclude, this thesis showed that different aspects such as 1) low percentage 
of senescent cells, 2) high expression level of TWIST1, and 3) exposure to 
TNFα, during the expansion phase of MSCs could be beneficial for their 
chondrogenic differentiation potential. The knowledge of this thesis can be 
applied to further improve MSC-based therapies to repair cartilage defects.
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Nederlandse samenvatting

Gewrichtskraakbeen is een weefsel dat zich bevindt aan de botuiteinden in 
gewrichten en zorgt voor een soepele beweging. Wanneer het kraakbeen 
beschadigd is door bijvoorbeeld (sport)letsel, kan het zich moeilijk 
herstellen. Afhankelijk van de kraakbeenschade en de aard van de klachten, 
kan kraakbeenletstel met verschillende chirurgische technieken behandeld 
worden. Het nadeel van deze behandelingen is dat ze er in beperkte mate 
in slagen het kraakbeenoppervlak te regenereren. Celtherapieën zouden 
een uitkomst kunnen bieden. Volwassen stamcellen zijn veelbelovend 
voor celtherapieën om kraakbeendefecten te herstellen, omdat deze cellen 
kunnen differentiëren naar kraakbeencellen (chondrocyten). Een nadeel 
van deze zogenoemde mesenchymale stamcellen is dat het een heterogene 
groep cellen betreft met een beperkt delings- en differentiatievermogen. 
Dit proefschrift beschrijft meerdere onderzoeken die gericht zijn op het 
verbeteren van het differentiatievermogen van mesenchymale stamcellen 
naar chondrocyten. Om dit te onderzoeken hebben we mesenchymale 
stamcellen van verschillende donoren gekweekt en vervolgens 
gedifferentieerd naar chondrocyten.
 
Wanneer cellen verouderen, kunnen ze onherstelbare beschadigingen 
oplopen. Deze verouderde cellen ondergaan een proces waarbij de cellen 
niet meer delen, maar nog wel metabool actief zijn. Om te onderzoeken 
wat het effect hiervan is op het differentiatievermogen hebben we in 
hoofdstuk 2 celveroudering geïnduceerd. Op basis van weefselkleuringen, 
genexpressie en kwantificatie van geproduceerd kraakbeenmatrix 
concludeerden we dat verouderde mesenchymale stamcellen een verminderd 
vermogen hadden om te differentiëren naar chondrocyten. Verouderde 
cellen kunnen ook omliggende weefsels en cellen beschadigen, omdat ze 
ontstekingsfactoren uitscheiden.  Daarom hebben we onderzocht hoe deze 
factoren, geproduceerd door verouderde cellen, omliggende niet-verouderde 
cellen beïnvloeden. De uitgescheiden factoren hadden geen effect op de 
genexpressie van kraakbeenweefselafbrekende -en producerende markers. 
De resultaten van dit onderzoek lieten zien dat verouderde mesenchymale 
stamcellen nadelig kunnen zijn voor celtherapieën om kraakbeendefecten 
te herstellen, voornamelijk door het verlies van het differentiatievermogen.
Uit eerdere laboratoriumexperimenten is gebleken dat het eiwit TWIST1 
invloed heeft op de veroudering van cellen. Daarom hebben we in hoofdstuk 3 
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de genexpressie van TWIST1 gemanipuleerd in mesenchymale stamcellen. 
Wanneer de genexpressie van TWIST1 was geremd, werd er een verhoogd 
percentage verouderde mesenchymale stamcellen gevonden die niet meer 
konden delen. Deze verouderde cellen hadden een lage productie van specifieke 
ontstekingseiwitten, IL6 en IL8. Uit eerdere laboratoriumonderzoeken is 
gebleken dat de productie van ontstekingseiwitten kan worden beïnvloed 
door het metabolisme van de cel. Om beter te begrijpen hoe TWIST1 de 
productie van deze ontstekingseiwitten reguleert, hebben we daarom gekeken 
naar het metabolisme van de cellen. We concludeerden dat cellen met een 
geremde TWIST1 genexpressie een andere metabole status hadden vergeleken 
met controlecellen. De resultaten van dit onderzoek tonen aan dat TWIST1 
een belangrijke rol speelt in het verouderen van mesenchymale stamcellen, 
mogelijk via het reguleren van het metabolisme en het produceren van 
ontstekkingseiwitten.

In hoofdstuk 4 hebben we getest of we mesenchymale stamcellen met 
een hoge TWIST1 genexpressie konden selecteren. Hiervoor hebben we 
de cellen behandeld met een probe die TWIST1 RNA kan detecteren. We 
vonden een grote variatie in probe-opname tussen de cellen, waarna we 
een protocol ontwikkelden om het verschil in probe-opname te corrigeren. 
Vervolgens hebben we cellen met een hoge en lage TWIST1 genexpressie 
geselecteerd. Tot slot hebben we bevestigd dat cellen met een hoge TWIST1 
genexpressie een hoger delingsvermogen hadden dan cellen met een lage 
TWIST1 genexpressie. De resultaten van dit onderzoek tonen aan dat 
TWIST1 een potentiele marker is om een subpopulatie mesenchymale 
stamcellen te selecteren met een hoog delingsvermogen.

In hoofdstuk 5 onderzochten we hoe we met een andere kweekmethode het 
delings- en differentiatievermogen van mesenchymale stamcellen zouden 
kunnen verbeteren. Uit eerdere laboratoriumexperimenten is gebleken dat 
het ontstekingseiwit TNFalfa de genexpressie van TWIST1 kan verhogen. 
Aan de andere kant is uit andere onderzoeken gebleken dat TNFalfa tijdens 
de differentiatiefase de differentiatie naar chondrocyten vermindert. De 
resultaten in hoofdstuk 5 tonen aan dat TNFalfa tijdens de delingsfase het 
remmende effect van TNFalfa tijdens de differentiatiefase kan verminderen. 

Concluderend hebben we in dit proefschrift verschillende aspecten tijdens 
de delingsfase gevonden die het differentiatievermogen van mesenchymale
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stamcellen kunnen beïnvloeden. De kennis van dit proefschrift kan worden 
toegepast om mesenchymale stamceltherapieën voor kraakbeendefecten 
verder te verbeteren.
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