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Abstract 

The mature bone houses a population of multipotent stem/progenitor cells named the 

skeletal stem/progenitor cells (SSPCs). Studies carried out in our lab proved the existence, in the 

growth plate of postnatal mice, of self-renewing putative skeletal stem cells (SSCs) thought to be 

involved with progenitor cells in the growth, homeostatic maintenance and repair of skeletal tissue 

following trauma.  

As the organism ages, bone mass is lost and the prevalence of age-related conditions of the 

skeletal system increases. Unlike in young individuals, SSPCs are less likely to ensure perfect 

bone maintenance in the elderly, despite their presence in the aged bone. In the setting of this work, 

I hypothesized that: the decrease in their proliferative capacity as they enter senescence is 

responsible for the phenotypic and pathological changes observed in the bones with age; and, the 

pharmacological targeting of signaling pathways activated during bone development and growth 

can change SSPCs fate decisions, alleviate age-related bone loss and modify the pathological 

outcome in the aging organisms. I pursued the following aims: 1) to study SSPCs proliferation and 

senescence in aged mice; 2) to pharmacologically manipulate SSPCs fate decisions.  

With methods involving lineage tracing and imaging cytometry, the conducted experiments 

showed that the SSPC population shrinks in aged mice growth plate and their proliferation and 

senescence levels decrease. Of the compounds tested, 20(S)-hydroxycholesterol, a Hedgehog 

pathway agonist, keeps SSPCs quiescent/non-proliferative in vitro; and tamoxifen exerts a sex-

dependent effect on growth plate chondrocytes (including SSPCs) in vivo. Tamoxifen stimulates 

chondrocytes proliferation and senescence entry in male mice, while protecting them from 

senescence in female mice.  



 x 

This is the first report of its kind on the Sox9+ SSPC population. More in-depth 

investigations into the specific mechanisms of action of these compounds are necessary.  

This work brings us closer to our goal of addressing acute and chronic age-related 

conditions of the skeletal system with novel stem-cell based therapies. 
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Chapter 1: Introduction 

1.1 The Skeletal system 

The skeletal system is an important system in mammals. In humans, it is divided into the 

axial skeleton (vertebral column and much of the skull) and appendicular skeleton (pelvic, pectoral 

girdles and limbs). It is composed of bones, cartilages and ligaments.  

Bones are the main components of the skeleton. They are specialized connective tissues 

that provide support to the body in general and a lever to muscles during movement1. They also 

protect vital organs, house the bone marrow (BM)—main site of postnatal hematopoiesis—and 

play a major role as reservoirs of calcium and phosphate ions2. Cartilages are flexible connective 

tissues found in joints—amongst other locations3. Joints are the point of contact between bones in 

the organism. They can be immovable (synarthroses), slightly movable (amphiarthroses) or highly 

movable (diarthroses). Diarthroses—or synovial joints—are the most common joint type. They 

feature a synovial space bordered by the articular capsule (a synovial membrane and fibrous 

capsule) and the hyaline cartilage covering the bone extremities. The synovial space is filled with 

synovial fluid produced by the synovial membrane. Cartilages highly contribute to movement by 

forming a cushion that can absorb shocks, reduce frictions of the joints and provide support to their 

function. Joints are further strengthened by ligaments and tendons. The former are fibrous 

connective tissues that connect bones to each other. They maintain the stability of the skeleton and 

prevent out-of-range movements of the joints. The skeletal system is connected to the muscular 

system by tendons—connective tissues that attach muscles to bones.  
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1.2 Bone development 

Bones are dynamic organs. Their development begins in utero and proceeds well after birth, 

until the end of puberty. Even at maturity, bones are capable of adaptative changes, 

regeneration/repair, and are constantly being remodelled through a balance between bone 

deposition and resorption. The evolution through these phases depends on the dynamic changes 

happening in the cells (epigenetic changes, senescence), their local environment (mechanical 

loading) and paracrine/endocrine factors (hormones and growth factors). 

 1.2.1 Fetal bone development: endochondral and intramembranous ossification 

           Organs of the body derive from the three primary germ layers: endoderm, mesoderm and 

ectoderm.  Bones derive from the neural crest—a derivative of the ectoderm—and the mesoderm 

4,5. Mesenchymal cells, destined to give rise to the facial bones, originate from the neural crest; the 

cranial base, the thoracic cage and the vertebral column derive from the paraxial mesoderm; and 

bones of the limbs and pelvis, arise from the lateral plate mesoderm. Bone formation or ossification 

begins between the sixth and seventh week of human embryonic life and takes place through two 

main processes: endochondral ossification and intramembranous ossification. In the latter 

processes, similar sets of markers, transcription factors and secreted proteins are involved and 

activated. They instruct cell differentiation as the bone is going through the different steps of its 

development.  

1.2.1.1 Endochondral ossification 

               Most bones of the axial and appendicular skeleton develop through endochondral 

ossification6,7. It is a two-step process where the establishment of a hyaline cartilage template is 
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followed by its replacement with bone tissue. Mesenchymal cells condense at the ossification site 

and form a cluster of cells adhering to each other8. They differentiate into chondrocytes at the 

center and perichondrial cells on the outside. Chondrocytes at the center of the cartilage proliferate 

while producing a type II collagen-rich extracellular matrix as the cartilage thickens9. They later 

stop proliferating, undergo hypertrophic changes and synthesize type X collagen. These 

hypertrophic chondrocytes drive blood vessel invasion of the cartilage and osteoblast (osteoid-

secreting cells) differentiation of perichondrial cells. This forms the primary ossification center. 

As per some reports, hypertrophic chondrocytes can also transdifferentiate into osteoblasts10–13. 

The latter express multiple markers such as alkaline phosphatase (ALP), osteopontin, osteocalcin 

and specificity protein 7 (Sp7)/osterix (Osx) amongst others 14–16. Secondary ossification centers, 

characterized by the advent of the same set of events, will appear in the epiphysis. Between primary 

and secondary ossification centers, chondrocytes remain to form the growth plate (GP) cartilage—

or physis—responsible for longitudinal bone growth that will be described in more detail below. 

             Several signaling pathways and transcription factors are activated during endochondral 

bone formation. The transcription factors: Paired related homeobox 1 (Prx1), SRY-box 

transcription factor 5 (Sox5), SRY-box transcription factor 6 (Sox6) and SRY-box transcription 

factor 9 (Sox9) play a crucial role in early mesenchymal cell differentiation into chondrocytes17–

19. Prx1 and Sox9 are expressed as early as the mesenchymal condensation phase and drive the 

expression of cartilaginous genes: Collagen type II alpha 1 chain (Col2a1) and Aggrecan (Acan) 

20–23. Sox9 is also expressed in proliferating chondrocytes—but not in hypertrophic 

chondrocytes—whereas Prx1 remains expressed in perichondral and periosteal cells24. Sox5 and 

Sox6 mainly support Sox9 in its regulation of chondrogenesis22,25,26. Other pathways and factors 
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influence Sox9 in its chondrogenic role27. For example, the Wnt/b-catenin signaling pathway 

seems to be responsible for the restriction of Sox9 expression in proliferating chondrocytes28.  

            The Indian hedgehog (Ihh)–parathyroid hormone-related protein (PTHrP) signaling 

pathway regulates the chondrocyte proliferation–hypertrophy balance within the GP. Ihh is 

secreted by prehypertrophic and early hypertrophic chondrocytes. It has been shown to stimulate 

chondrocyte proliferation, while inhibiting chondrocyte hypertrophy, through the secretion of 

PTHrP by perichondrial cells and early proliferating chondrocytes29,30. It also induces the 

osteoblast differentiation of perichondrial cells. PTHrP acts through the PTH/PTHrP receptor, the 

parathyroid hormone 1 receptor (PTH1R) expressed by proliferating cells. Cells located far away 

from the PTHrP signal escape its control and become prehypertrophic. They can then produce Ihh 

that will maintain the PTHrP secretion, in a tightly regulated feedback loop31–34.  

              The fibroblast growth factor (FGF) signaling pathway also plays a role in embryonic bone 

development. FGFs act on Sox9 by inducing its expression, thus indirectly inhibiting chondrocytes 

proliferation35–37. FGF receptors (FGFRs) expression is highly variable throughout the different 

phases of endochondral bone formation. FGF18, signalling through FGFR3 in proliferating and 

early hypertrophic chondrocytes, inhibits chondrocyte proliferation while stimulating their 

hypertrophy38,39. 

             The vascular invasion of the primary ossification center is driven by the vascular 

endothelial growth factor (VEGF) (the expression of which is stimulated by FGF18) secretion by 

hypertrophic chondrocytes40–42. Other signaling pathways involved are the bone morphogenetic 

protein (BMP) (stimulates Ihh production)43,  platelet-derived growth factor (PDGF) (stimulates 

angiogenesis)44, transforming growth factor-beta (TGF-β) (inhibition of chondrocyte 

hypertrophy)45 and Notch (decreases Sox9 expression) 46–48 signaling pathways. The growth 
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hormone (GH), through the insulin-like growth factor 1 (IGF1) pathway, stimulates chondrocyte 

proliferation and hypertrophy during bone formation 49. There is a complex interplay of well-

known signaling pathways, transcription factors and secreted proteins affecting endochondral 

ossification. 

1.2.1.2 Intramembranous ossification 

 Most flat bones from the cranio-facial area arise from the neural crest (ectomesenchyme), 

through a process called intramembranous ossification. Although most of the transcription factors 

and signaling pathways involved in endochondral ossification are also at play, it is a less complex 

process of bone formation. Bones go through: 1) a mesenchymatous/precondensation phase; 2) a 

condensation phase, where mesenchymal cells become tightly packed and a membrane is formed; 

and 3) a calcification phase, preceded by the establishment of an ossification center on the outer 

layer of the previously formed membrane50.  

1.2.2 Postnatal growth  

             After birth, bone thickness and length keep increasing. Longitudinal bone growth only 

stops in adulthood. For flat and long bones, it happens through different mechanisms. Flat bones 

formed by intramembranous ossification grow by the apposition of new layers on the external 

surface, with concomitant osteoclastic activity on the endosteal surface.  

         In long bones, postnatal GPs are formed between the primary and secondary ossification 

centers. The GP is the main driver of longitudinal bone growth in the postnatal skeleton (figure 

1.1). It is organized in different zones housing multiple layers of chondrocytes: 1) the resting 

chondrocyte zone, where quiescent skeletal stem cells (SSCs)  are believed to be housed51; 2) the 

proliferation zone, where proliferating chondrocytes are tightly housed forming columns of 
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flattened cells; 3) the pre-hypertrophic chondrocyte zone, where chondrocytes stop proliferating, 

enlarge, and start expressing an osteoblastic gene program; and 4) the hypertrophic chondrocyte 

zone, where cells promote vascularization, start matrix mineralization, and either die from 

apoptosis or transdifferentiate into osteoblasts 52,53. At this point, a reorganization of the 

surrounding tissue takes place. Blood vessels, osteoclasts, bone marrow cells and osteoblast 

precursors—arising from other osteochondroprogenitors—invade the area. The osteoblasts are 

responsible for the secretion of bone matrix, replacing the cartilage matrix resorbed by 

osteoclasts54. When maximal bone growth is reached in adult organisms, the restricted ossification 

taking place at the edge of the GP takes over and primary and secondary ossification centers meet 

while the GP cartilage disappears (GP fusion). 

  
Figure 1.1. Representation of the growth plate. From the metaphysis edge to the diaphysis, resting chondrocyte zone, 
proliferation zone, pre-hypertrophic chondrocyte zone and hypertrophic chondrocyte zone are represented. GP: growth plate 
(Image created in Biorender) 
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1.3 Skeletal stem and progenitor cells (SSPCs) 

             Stem cells exist in almost all tissues and organs and are responsible for tissue growth, 

maintenance, and repair. In the skeletal system, SSCs participate in postnatal growth, homeostatic 

maintenance, and repair of bones after trauma55. As for all stem cells, they are defined mainly by 

two characteristics: their self-renewal capacity and multipotency56. Since SSCs remain poorly 

defined and few assays exist to discriminate them from their more committed progenitors, we will 

hereby use the term skeletal stem/progenitor cells (SSPCs) to define all skeletal cells involved in 

bone growth, maintenance and repair—independently of their self-renewing capacity. 

1.3.1 Skeletal stem and progenitor cells (SSPCs) in vivo 

        Lineage tracing is the gold standard to identify putative stem cells in vivo, test their self-

renewal and multipotency, and provide information about the population kinetics downstream of 

the stem cells57. Multiple labelling strategies have been developed. The first one is based on the 

incorporation of nucleotide analogues like 5-bromodeoxyuridine (BrdU) or 5-ethyl-2’-

deoxyuridine (EdU) into cellular DNA during the S phase of the cell cycle12,58–61. Subsequent 

divisions result in dilution of the label as it partitions between the two daughter cells. After a while, 

the tissue becomes heterogenous in that certain cells have retained much more of the DNA label 

than others. This latter phenomenon can testify about the existence of long-lived post-mitotic cells, 

which has incorporated EdU before becoming post-mitotic; but also, it can put into evidence 

putative quiescent/slow-cycling stem cells in the tissue (long-term label-retaining cells). In such 

assays, cells retaining EdU are most likely stem cells as even when long-lived post-mitotic cells 

had incorporated EdU before entering the post-mitotic stage, they would eventually die due to cell 

turnover. Nucleotides analogues are a reliable tool in the identification of stem cells.  



 8 

          A second strategy uses a transgenic mouse model expressing a fluorescent protein—like the 

green fluorescent protein (GFP)—whose expression depends on the presence or absence of 

doxycycline/tetracycline (Tet-on and Tet-off gene expression systems) 62–65. In such systems, the 

cells of interest express a fluorophore under the control of a tetracycline/doxycycline response 

element (TRE) promoter. In the Tet-Off system, gene expression is silenced by 

tetracycline/doxycycline administration. In the Tet-On system, tetracycline/doxycycline 

administration activates gene expression. In these systems, stem cells are labelled via the targeting 

of promoters of markers of interest. For instance, the H2B-GFP mouse line (JAX:005104) 

expresses the histone H2B-GFP (H2B-GFP) fusion protein under the control of a TRE. When bred 

with another line expressing the tetracycline-controlled transactivator (tTA) or the reverse 

tetracycline-controlled transactivator (rtTA) under a ubiquitous or tissue specific promoter, pulse-

chase administration of doxycycline results in GFP nuclear labeling of slow-cycling cells. In a Tet-

Off system, mice are continuously given doxycycline to prevent tTA from inducing gene 

expression. The pulse consists of a few days without doxycycline, before the drug is being 

reintroduced for the chase period (the H2B-GFP label is produced as long as no drug is 

administered). In a Tet-On system, the H2B-GFP transgene expression is induced by doxycycline 

administration to activate the rtTA (the pulse), and the drug is removed to start the chase. In both 

cases, after the chase is started, only slow-dividing cells will retain the label long-term since the 

H2B-GFP fusion is segregated equally between daughter cells during cell division, resulting in 

rapid dilution below detection levels in fast cycling cells66. This is a highly reliable system in the 

identification of stem cells in vivo.  

The latest and more popular technique is based on the use of a drug-inducible Cre-

recombinase (CreERT) expressed under a cell type-specific promoter or stem cell-specific 
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promoters in the case of stem cell-related research, and a fluorescent Cre-reporter67–72. This 

reporter is expressed in Cre+ cells after administration of the drug (tamoxifen/TAM or 4-

hydroxytamoxifen/4-OHT). In the skeletal system, multiple investigations have been conducted 

using, amongst others, Actin-CreERT73, Osterix (Osx/Sp7)-CreERT74, Col2a1-CreERT75,76 and 

Acan-CreERT77, Grem1-CreERT76, and PTHrP-CreERT78. In the previously mentioned reports, 

the presence of osteochondral cells in the GP and periosteum was noted; but none of these studies 

could prove the self-renewal of these cell types; and multipotency was never shown at the single 

cell level. Moreover, most of these investigations focused on embryonic or perinatal 

developmental stages. A few have been conducted in postnatal mice expressing Sox9-CreERT for 

example and reported labeling of osteochondral progenitor cells75. A key limitation of these studies 

is the lack of truly quantitative data, and the very limited number of lineage traces performed. 

1.3.1.1 Putative Sox9+ SSCs identification in the postnatal skeleton 

            Sox9 is crucial in skeletal development and chondrogenesis-more specifically. It is one of 

the twenty SRY-related HMG box-containing (SOX) protein (figure 1.2)79,80. The identification of 

its crucial role in chondrogenesis was made when its heterozygous mutation was found responsible 

for campomelic chondrodysplasia81,82. The heterozygous deletion of the gene in mice produces a 

similar phenotype. Sox9 is present in diverse other tissues of the organism: hair follicle83–87, 

breast88,89 , liver88,90, intestine91 and pancreas92–94. Its role in skeletal development is not restricted 

to fetal life; and Sox9 is a known marker of chondrocytes in postnatal bone95.  

Research in our lab used the Sox9-CreERT mouse model and EdU retention and 

proliferation assays58. Cre-induced recombination results in the expression of tdTomato (tdT) in 

Sox9+ cells (see section 2.1). Results obtained on mice pulsed at 8 weeks and 6 months of age and 
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chased for six (6) additional months showed the existence of a population of Sox9+ and EdU-

retaining cells 96. They are localized in the GP and can be considered as slow-cycling (EdU-

retaining), self-renewing (Sox9 expression remained over time) and multipotent cells, as evidenced 

by their differentiation into osteoblasts, chondrocytes and adipocytes during in vitro and in vivo 

assays. These results are in concordance with recent reports on the major role of Sox9 in putative 

SSCs population differentiation into chondrogenic, adipogenic and osteogenic cell lineages97.  

 

 

 

Figure 1.2. Schematic drawing and crystal structure of SOX9.The SOX9 protein has five different domains: the 
dimerization domain (DIM), followed by the DNA-binding high-mobility group (HMG) domain, two transactivation domains 
(K2 and PQA) located in a central position, and one at the C-terminal domain (TA). Post-translational modifications identified 
by phosphorylation sites (red), acetylation sites (blue), and ubiquitination/sumoylation sites (green) are highlighted (a). 
Schematic diagrams of the SOX9 DNA-binding HMG domain, showing the amino acid sequence involved in the production of 
its secondary helix structure (b), two independent nuclear localization signal (NLS) sequences that interact with calmodulin 
(CaM) and importin-β, and nuclear export signal (NES) sequences (c). Crystal structural illustrations of the SOX9 HMG domain 
(PDB ID: 4EUW) bound to DNA (d) 230. 

a 
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1.3.1.2 Molecular pathways potentially affecting Sox9+ cells fate and dynamics  

Single cell RNA sequencing (scRNA-seq) assessing differential gene expression in clusters 

of cells from mice bones showed that, in comparison to Sox9- cells of the GP, Sox9+ cells 

expressed chondrogenesis-related genes Acan, chondroitin sulfate proteoglycan 4 

(Cspg4)/nerve/glial-antigen 2 (NG2), and Col2a1, and early osteogenesis-related genes such as 

runt-related transcription factor 2 (Runx2) and Sp798–104. With respect to skeletal development, 

self-renewal and asymmetric cell division, genes such as protein patched homolog 1 (Ptch1), 

smoothened (Smo), Pth1r, Gli2/3, 5''-nucleotidase ecto (Nt5e)/Cluster of differentiation 73 (CD73) 

were also expressed as well as B lymphoma Mo-MLV insertion region 1 homolog (Bmi1), linked 

to stem cell self-renewal105. New scRNA-seq analyses performed by members of our lab on young 

mice bones identified genes involved in the Wnt and Indian hedgehog (Ihh) signaling pathways—

two key molecular pathways involved in endochondral ossification—in Sox9+ cells 106–110. 

Putative Sox9+ SSCs also express Pth1r, another key player in bone development and 

homeostasis31,33.  

A CellChat analysis performed by our lab, to study the communication pattern between 

cellular types of the GP, demonstrated molecular crosstalk between several cell types and resting 

zone chondrocytes (RZ-Ch)—which comprise most SSCs 58. The RZ-Ch receive canonical and 

non-canonical Wnt signaling from hypertrophic chondrocytes. Perichondral cells, osteoblasts, and 

fibroblasts send Hedgehog (Hh), FGF and PTH signals to the RZ-Ch, respectively (figure 1.3).  
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1.3.2 Mesenchymal Stem cells (MSCs) and bone marrow stromal cells (BMSCs)  

The identification of mesenchymal stem cells (MSCs) in bone marrow started in the 19th 

century. Transplantation of bone marrow or periosteum in highly vascularized region (muscle, 

skin) of animals, such as rabbits, formed bone tissue. The cell progenitors responsible for such 

effect will be described later.   Friedenstein et al., 1968, identified a subpopulation of cells different 

from the hematopoietic cell population and responsible for the bone regeneration observed in 

transplantation assays. These cells are elongated and adhere to plastic dishes in culture. Also, 

Friedenstein demonstrated the capacity of these single cells to form colonies 111. They were coined 

Figure 1.3. CellChat analysis demonstrates molecular crosstalk between several cell types and resting zone 
chondrocytes, involving mainly Wnt, non-canonical Wnt (ncWnt), Hh, FGF, PTH and PDGF signaling. RZ-Ch: resting zone 
chondrocytes; AC: articular chondrocytes; EC-AE : endothelial cells – arterial; EC-AO : endothelial cells – arteriolar; EC-S : 
endothelial cells – sinusoidal; Fibro 1-5: fibroblast-like cells; Hy-Ch: hypertrophic chondrocytes; OLC-1-2: Osteoblast-like cells; 
P-Ch: perichondral cells; pre-OB: pre-osteoblasts; Prol-Ch: proliferative chondrocytes; PV: perivascular cells. Analysis by B. 
Tilouche. (Farhat S. et al.)  
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colony-forming unit-fibroblasts (CFU-Fs) as their properties in vitro resembled the different 

colony-forming units (CFUs) identified in the hematopoietic system112. Further in vivo 

transplantation assays involving these CFU-Fs, showed the generation of multiple tissues (bone, 

cartilage and adipose tissue amongst others)113–115. They were called osteogenic stem cells or bone 

marrow stromal cells (BMSCs). These were later referred to as “mesenchymal stem cells” 

(MSCs)116–118. They constitute a fraction of the CFU-Fs. Their multilineage potential has been 

proven in vitro119–122. While remaining poorly defined, they are thoroughly studied and multiple 

cell markers are now used in their identification (in human and mice tissue): STRO-1123–125, 

CD13121,126, CD29126, CD44126–129, CD51130, CD73120–122,126–128,131,132, CD90120–122,126–128,131, 

CD105(endoglin)120,121,126–129,131, CD106120, CD146122,123,128,129,132, CD151126, CD164, 

CD166120,127,128, CD271122,128, platelet-derived growth factor receptor alpha 

(PDGFRα)114,130,133,134, stem cell antigen -1 (Sca1)114,133,134, chemokine (C-X-C motif) ligand 12 

(CXCL12)135, nestin130,135, α-smooth muscle actin (αSMA)134,136, and connective tissue growth 

factor (CTGF)137 -amongst other markers. For clarity, as MSCs are found in various tissues, the 

term “skeletal stem cells” (SSCs) is preferred to designate stem cells when studying the skeleton. 

Throughout the years, multiple in vivo cell populations have been studied using lineage 

tracing methods—as presented in section 1.3.1. The multilineage potential of these cells, identified 

in vivo and expressing novel identified markers, is often studied in vitro.  

1.4 Sexual dimorphism of skeletal growth and aging 

  At birth, girls are 1% shorter than boys, but the phenotypic difference between male and 

female skeleton arises mainly during puberty. This period is a crucial stage for bone mass 

acquisition in both sexes. It starts and stops earlier with the fusion of the GP in female 

adolescents138. Women reach a lower peak bone mass than men. Boys start puberty later and tend 
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to develop stronger and bigger bones139–141. In this sex, radial bone expansion is favored during 

growth whereas endocortical bone apposition is in girls. On the contrary, both sexes reach the same 

bone mineral density. With age, however, bone mineral density decreases; and male bones being 

stronger and larger, are less prone to fractures, making age-related bone mineral density loss less 

problematic in this sex142.  

  1.4.1 Role of Sex steroids in skeletal sexual dimorphism  

Estrogen and testosterone play key roles in the skeletal sexual dimorphism141,143,144. Sex 

steroids have different effects on bone mass. Both sex steroids have an anabolic effect on bones 

but sex-related variations of this effect at certain stages of the organism development have been 

reported141,145–147. During early puberty, estrogens stimulate bone growth in girls, which start 

growing earlier than boys. This rapid growth also leads to earlier GP closure (fusion), probably 

through stem cells exhaustion. Therefore, girls stop growing earlier than boys. In boys, some of 

the testosterone is converted to estrogen to stimulate bone growth-amongst other things. But the 

later onset of puberty in boys results in later and longer phases of bone growth. It has also been 

reported an inhibitory action of estrogen on female bone growth during the early stages of 

puberty148. This latter phenomenon would further accentuate the disparity between female and 

male bone mass acquisition at puberty. The advent of conditions implying sex steroids deficiencies 

in mature organisms provided a more thorough understanding of sex steroids-dependent bone 

acquisition and maintenance. Sex steroids deficiencies, like the estrogen deficiency happening in 

women during menopause and the secondary testosterone deficiency in men taking anti-

testosterone therapy (for prostate cancer) induce bone loss149. In rodents, ovariectomy (estrogen 

deficiency) provokes bone loss and orchiectomy (testosterone deficiency) induces a decrease radial 

bone growth150. Sex steroids play a significant role in skeletal development and homeostasis. 
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1.4.2 Role of the growth hormone–insulin growth factor 1 (GH/IGF-1) axis in 

skeletal sexual dimorphism         

The GH/IGF-1 axis plays an important role in skeletal sexual dimorphism144,151. During 

early puberty, IGF-1 levels are superior in boys versus girls. This contributes to a greater mass 

acquisition in boys. In mice, GH receptor deficiency or knockout, resulting in low IGF-1 levels, 

provokes a decrease in radial bone growth. IGF-1 treatment reestablishes the physiologic 

phenotype152. This hormonal axis also interacts with sex steroids in establishing the different 

skeletal phenotypes between the two sexes. 

1.4.3 Sexual dimorphism in skeletal cells 

  The sexual dimorphism in osteoclast fate decision is well-known. Sex steroids decrease 

osteoclastic bone resorption153,154. Both estrogen and testosterone inhibit osteoclast differentiation 

while stimulating osteoclast apoptosis155–157. They limit bone resorption during puberty and bone 

formation takes over. Bone growth is maximal during that period. In mice, the female skeleton 

houses more trabecular osteoclasts158,159. This supposes a higher baseline bone resorption rate in 

females.  

1.5 Skeletal system aging and senescence  

      Aging is the main risk factor for multiple conditions160–162. In the skeletal system, conditions 

such as osteoarthritis (OA) and osteoporosis which increases bone vulnerability to fracture are age-

related163. Also, the regeneration potential of bones decreases as the organism ages. Recovery from 

bone injury is quicker and more complete in young individuals in comparison to aged ones. As the 
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population ages in Canada, understanding the pathways involved in skeletal aging can provide 

ways of addressing these situations and conditions more effectively.  

1.5.1 Cellular senescence and aging 

Diseases affecting the aged organisms have been linked to cellular senescence164,165. In this 

latter state, cells undergo phenotypic alterations, stop proliferating, become lineage-biased and 

express a pro-inflammatory phenotype 166  167,168. This is known as Hayflick’s theory of aging169,170. 

He noticed that cells had a finite proliferation capacity-contrary to the belief that they possess 

immortality in vitro. It is explained by their senescence after multiple passages due to telomere 

shortening and somatic mutations accumulation. A corollary of this theory known as the stem cell 

theory of aging, stipulates that since stem cells are responsible for generating differentiated cells, 

stem cell depletion or senescence is likely the culprit in age-related conditions 167. For instance, 

studies conducted into our lab showed the existence of a self-renewing stem cell population in the 

bone tissue58. This population of cells was present in aged mice bone. Even though we did not 

compare the numbers of stem cells between age group, since their presence was asserted in the 

aged skeleton, we favored the senescence hypothesis as an explanation for the age-related bone 

changes in this work. 

Senescence leads to loss-of-function and the blunting of stem cells capacity to commit 

toward differentiated cells constituting the tissue. Due to this fact, conditions develop, and injury 

repair becomes less effective171,172.  

Cellular senescence has recently begun to be seen as an escape/defense mechanism used 

by cells to prevent further division after assessing the presence of damaged DNA, thus preventing 

cancer in living organisms173. Intrinsic factors, like genome instability after extended proliferation 
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period, induce the exit of the cell from the cell cycle and its entering into senescence. DNA damage 

also comes from extrinsic factors like ultraviolet (UV) radiation or oncogenic viruses. The 

pathways involved in senescence include several cell cycle inhibitory proteins such as p15INK4b, 

p16INK4a, p19ARF encoded at the INK4/ARF locus 105,167,174. Their activation leads to cellular 

senescence, and their presence in tissues can be used as a marker of senescence.  

  1.5.2 Cellular senescence in bone cells 

  SSPCs senescence has not yet been fully studied, as SSPCs have not been fully described 

and characterized. Farr et al, 2019, put into evidence increased p16INK4A levels in vivo in 

osteoprogenitor cells, osteoblast and osteocytes of 24-month-old C57BL/6 mice in comparison to 

young 6-month-old ones. This observation was made in both males and females175. On the 

molecular level, BMI1, a polycomb group protein that represses the INK4/ARF locus, has been 

manipulated to understand the role of senescence in pathological phenotypes in bones. Consistent 

expression of INK4/ARF proteins in BMI1 knockout mice led to an osteopenic phenotype 176. Also, 

transplantation assays with aged mice cells have been performed to uncover a possible role of the 

senescence-associated secretory phenotype (SASP) in age-related bone conditions. Young healthy 

mice injected with senescent articular cartilage cells developed osteoarthritis when re-evaluated 

three months after injection 177.  Both intracellular and extra-cellular factors are at play in the 

senescence of bone tissue and their associated pathological implications.  

  As postulated by the stem cell theory of aging, it would be interesting to go beyond mature 

cells and study the phenomenon in SSPCs, as we might find the answer to the etiology of certain 

conditions affecting bones and their inability to recover when confronted with injury. 

Our lab assessed the presence of self-renewing Sox9+ SSCs in the young skeleton (section 

1.3.1.1), but also in the mature one58. Chases were performed in six-month-old mice, and the 
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fraction of putative Sox9+ SSCs retaining EdU in long chases (over a six-month period) remained 

constant. This confirmed the existence of putative self-renewing and multipotent Sox9+ cells in 

the skeleton of mature mice. Neither their number nor their proliferation kinetic was assessed 

during this assay. Further investigations assessing senescence, loss of function or exhaustion of 

putative SSCs is needed.  

1.6 Rationale 

          Based on the observations and previously mentioned studies, it is likely that cellular 

proliferation and senescence play a role in the blunted regenerative capacity of SSPCs during aging 

(see section 1.3.1.1). Identifying the molecular pathways orchestrating SSPCs proliferation and 

senescence could provide actionable targets that can be manipulated to improve SSPCs 

regenerative capacity in older organisms. 

1.7 Hypothesis 

         I hypothesize that decreased proliferation rate and increased cellular senescence of SSPCs 

are responsible for the bone loss taking place with age and the increased prevalence of bone 

conditions in older animals. I also hypothesize that pharmacological targeting of specific pathways 

involved in bone development and skeletal cell proliferation and differentiation throughout life 

can affect SSPCs fate decisions. 

1.8 Specific aims  

To test my hypothesis, I will pursue the following aims: 

Aim 1: To study SSPCs proliferation and senescence in aged mice. 
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Bone loss is experienced in the organism as it ages. SSPCs presence in the bone does not prevent 

this fact. I hypothesize that SSPCs become senescent, and their proliferation rate decreases in the 

aging bone. To verify such a claim, I will assess EdU incorporation and SA-β-gal expression of 

SSPCs in aged mice in vivo and in vitro and compare the results with data collected on young 

mice. 

Aim 2: To pharmacologically manipulate SSPCs fate decisions. 

Multiple pathways and paracrine/endocrine factors are involved in bone development and growth. 

The pharmacological influence of these pathways and factors can change SSPCs fate decisions 

and alleviate age-related bone loss. In this part of the project, the effect on SSPCs of 

pharmacological compounds such as PTH, TAM, 20(S)-OHC, purmorphamine and cyclopamine 

will be assessed in young mice in vivo and in vitro.  
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Chapter 2: Materials and methods  

2.1 Animals 

The mice used in this project were approved by the Animal Care Committee of the 

University of Ottawa and all experiments done per the protocols submitted for review and approval 

to the committee.  

Two mouse models were used: 1) The Sox9-CreERT; Ai14 mouse model, and 2) the 

C57Bl/6 mouse strain. The C57Bl/6 mice were purchased from Charles River (strain code: 027). 

The Sox9-CreERT: Ai14 mouse model is a transgenic mouse line generated on the C57Bl/6 

background by the breeding of two mouse lines: 1) Tg(Sox9-cre/ERT2)1Msan/J; MGI:500922392,  

a driver line in which expression of the CreERT2 BAC transgenic is driven by the Sox9 promoter; 

and 2) B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J; MGI : J:155793178, a Rosa26 LoxP-STOP-

LoxP fluorescent Cre-reporter mouse line. Both strains were purchased from the Jackson 

Laboratory (stock No.018829 and 007914, respectively).  

Unless stated otherwise, the experimental samples included femurs (in vivo) and cells (in 

vitro) of mice of both sexes and of two age groups: young (8-week-old) and aged (1-year old). In 

experiments where the effect of age was assessed, samples from 8-week-old mice served as 

controls. Mice were housed per the Canadian Council for Animal Care guidelines on a 12-hour 

light/12-hour dark cycle with ad libitum access to food and water.  

2.2 Genotyping 

Mice of the Sox9-Cre-ERT; Ai14 model were genotyped and homo- or heterozygous mice 

for Cre and Ai14 were included in the study. For DNA extraction, ear punches were taken in a 
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1.5ml Eppendorf tube at weaning and 120 µl of lysis buffer (50mM NAOH) were added. The 

samples were heated at 95°C on a heat block for 20 minutes. Neutralization was achieved by 

adding 30µl of 1M Tris-hydrochloric acid (Tris-HCl) to the tubes. Debris and hair were separated 

from the mix by spinning it down in a microcentrifuge (VWR, micro star 21) at 14500 rpm 

(revolutions per minute) for 5 minutes. Tubes were stored at 4°C in the fridge until the polymerase 

chain reaction (PCR).  

The PCR mix was made of 2xThermus aquaticus (Taq) master mix (FroggaBio, Cat. No. 

FBTAQM10), a solution of Taq DNA Polymerase, deoxynucleotide triphosphates (dNTPs), 

Magnesium ions (Mg2+) and reaction buffer to which were added nuclease-free water, primers 

(see table 2.1) and the DNA template. 

 

Gene  Primer type SEQUENCE 5' → 3' Expected gene length 

Cre Transgene forward  GCG GTC TGG CAG TAA AAA CTA 

TC 

~100 base pairs (bp) 

Transgene reverse GTG AAA CAG CAT TGC TGT CAC 

TT 

Ai14  Wild type forward AAG GGA GCT GCA GTG GAG TA 297bp 

Wild type reverse CCG AAA ATC TGT GGG AAG TC 

Mutant forward CTG TTC CTG TAC GGC ATG G ~200bp 

Mutant reverse GGC ATT AAA GCA GCG TAT CC 

 

The thermal cycler setting temperatures are presented in the next table.  

Table 2.1. Primer sequences used for Cre and Ai14 genotyping.  
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Gene Initialization Denaturation Annealing  Elongation Hold 

Cre 1x 30x 1x  

94°C  

(3mns) 

94°C  

(30 sec) 

54°C  

(30 sec) 

72°C 

(1mn) 

72°C  

(10 mns) 

12°C 

Ai14 1x 35x 1x  

95°C  

(1mn) 

95°C  

(30 sec) 

61°C  

(30 sec) 

72°C  

(1 mn) 

 

72°C  

(5mns) 

10°C 

 

A 2.5% agarose gel with SYBRsafe DNA staining (Thermofisher, Cat. No. S33102) was used for 

electrophoresis.  

2.3 Pharmacological compounds   

Multiple pharmacological compounds were prepared, injected or added to cell media. For 

in vivo experiments exclusively, 5-ethyl-2’-deoxyuridine (EdU) (12.5mg/kg) was used for the 

proliferation assay and parathyroid hormone (PTH) (1-34) (400ng/g)  was assessed for its potential 

effect on the Sox9+ cell population. For in vivo and in vitro experiments involving the Sox9;Ai14 

mouse model, tamoxifen (TAM) (50mg/kg), a selective estrogen receptor modulator179 , was 

injected intraperitoneally to induce tdTomato expression in Sox9+ cells (table 2.3). In C57Bl/6 

mice, its effect was tested on skeletal cells proliferation and senesescence in the femur’s growth 

plate(GP).  

Table 2.2. Thermal cycler settings for genotyping. 
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For in vitro experiments, compounds were added to the media during plating, at refeeding and 

media change time. The following were tested : PTH (1-34) (a synthetic parathyroid hormone)180, 

purmorphamine (a Hh agonist)181–185, 20(S)-hydroxycholesterol (an activator of the Smo and Hh 

signaling pathways)186–189 and cyclopamine (an inhibitor of the Hh pathway)190–192 (table 2.3).  

The details about the aforementionned products (company of purchase, catalog number, 

vehicle, preparation condition, stock concentration, injection/seeding dosage and injection route) 

is presented in table 2.3. TAM necessitated stirring in a water bath at 55°C for dissolving. 20(S)-

OHC and cyclopamine instantly dissolved at room temperature in EtOH whereas a sonicator 

(VWR SymphonyTM, 97043-936 ) was used for the dissolution of EdU and PTH (1-34) in their 

respective vehicles. All compounds were prepared in sterile conditions under a biosafety cabinet 

class 2 (BSC2) and stored in the freezer at -20°C in between uses. 

Table 2.3: Pharmacological compounds 

Drug Company Cat. 
No. 

Vehicle  Preparation 
Condition 

Stock 
concen-
tration 

Dose Adminis- 
tration 

TAM Sigma-
Aldrich 

T5648 Corn 
Oil  

Stirring in 
55°C water 
bath 

10mg/ml 50mg/kg IP 

EdU Sigma-
Aldrich 

900584 PBS RT 2.5mg/ml 12.5mg/kg IP 

PTH (1-34) Tocris 3011 ddH2O RT 97µM 400ng/g 
50nM 

SC/ in 
vitro 

20(S)-OHC Tocris 4474 EtOH RT 5mM 10µM In vitro 
Purmorpha-
mine 

Tocris 4551 0.5% 
DMSO 

RT 1mM 2µM In vitro 

Cyclopamine  Tocris  1623 EtOH RT 2.5mM 5-10µM In vitro 
 

TAM: Tamoxifen, IP: intraperitoneal, SC: subcutaneous, RT: room temperature, DMSO: dimethyl 

sulfoxide, PBS: phosphate-bufffered Saline, ddH2O: distilled water, EtOH: ethanol, Cat. No.: 

catalogue number. 
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2.4 Bone tissue processing for in vivo experiments 

 

 

 

   

2.4.1 Bone harvest and processing  

When mice reached 8-week and 1-year old, they received three injections of TAM and/or 

EdU intraperitoneally. Two days after the last injection(s), they were euthanized with carbon 

dioxide (CO2) followed by cervical dislocation. In the experiment where PTH was tested, four 

injections of PTH were administered concomittantly with the three doses of TAM and EdU in the 

three last days of injection. Euthanasia took place two days after the last injections. Dissected 

femurs were fixed overnight in 4% paraformaldehyde (PFA) (Electron Microscopy Sciences, Cat. 

No. 15710). They were washed in PBS the following day and left to decalcify in 

ethylenediaminetetraacetic acid (EDTA) for 14 days with solution changes three times per week.  

Decalcified femurs were embedded in 4% low-gelling agarose (Fisher scientific, Cat. No. 

BP160-500) and cut in 300μm-thick sections on the vibratome (Leica VT 1200S) with 0.01” 

ceramic blades (Cadence Inc., EF-INZ10). Sections were stored in PBS at 3-8°C until needed.  

Decalcification 

Immunostaining 
and clearing  

Imaging and 
analysis 

Exp                P356              P357                P358              P360 

 Ctrl               P52                P53                   P54                P56 

    

Sample retrieval TAM EdU 

Figure 2.1. Procedural workflow for proliferation assay and senescence quantification. Mice received three TAM 
and EdU injections on consecutive days. Femurs were harvested two days after the last injection(s) and processed for quantitative 
imaging and analysis (section 2.4.1 to section 2.4.8 of methods). 
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2.4.2 Senescence-associated beta-galactosidase (SA-β-gal) expression detection 

Before blocking and permeabilization, sections were incubated in the CellEvent™ 

Senescence Green Detection Kit (Invitrogen, Cat. No. C10851).) for 16-18 hours in an incubator 

at 37°C without CO2 and washed before pursuing with the following staining steps. The reaction 

solution was prepared per the manufacturer’s instructions. The buffer was left in a bath to reach 

37°C and 400µl of reaction solution was prepared per section. The green fluorescent probe was 

added to the reaction buffer at a 1:1000 dilution.  

2.4.3 Blocking and permeabilization  

Sections were blocked and permeabilized with blocking buffer: 5% donkey serum and 

0.3% Triton X-100 in wash buffer (0.1M Tris, 0.15M NaCl, 0.05% tween 20, 20% DMSO, 

pH:7.5). Blocking and permeabilization took place on a shaker at room temperature for one hour.  

2.4.4 EdU proliferation assay 

  For the EdU proliferation assay, mice were injected with three doses of EdU as mentioned 

earlier and after blocking and permeabilization, sections were incubated at room temperature 

overnight in the EdU reaction solution prepared with components of the Click-iT™ EdU Cell 

Proliferation Kit for Imaging with Alexa Fluor™ 488 or 594 dye (Thermofisher, Cat. No. C10337 

and C10639 respectively) (see table 2.4). The EdU reaction solution was prepared as recommended 

on the provider’s website. The next day, sections were rinsed five times in wash buffer and further 

immunohistochemistry (IHC) steps pursued. 
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2.4.5 Immunohistochemistry  

Sections were incubated in blocking buffer with diluted primary antibodies (see table 2.4 

for concentration) overnight at room temperature. The following day, sections were rinsed five 

times in wash buffer, for one hour each, and incubated overnight at room temperature with specific 

secondary antibodies and 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) (Thermofisher, 

Cat. No. D1306). DAPI was reconstituted in DMSO at 2mg/ml and used 1:500 for nuclear 

counterstaining. 

For Sox9 signal amplification, sections were treated with the Streptavidin/Biotin Blocking 

Kit (Cedarlane, VECTSP2002) as per the manufacturer’s guidelines. 

2.4.5.1. Antibodies 

Primary and secondary antibodies (see table 2.4) were reconstituted when needed as per 

provider’s recommendations. The reconstituted volume was later mixed 1:1 in glycerol to prevent 

freezing at the storage temperature of -20°C, except for antibodies purchased into a liquid form 

and with glycerol listed as a component. 

2.4.6 Histodenz clearing and slide mounting  

Immunostained sections were optically cleared overnight in 88% histodenz (Sigma 

Aldrich, D2158-100G) in Tris-buffered saline (TBS) with 0.1% tween 20 and 0.01% sodium azide 

(NaN3) (pH=8.5, RI=1.46). The refractive index (RI) was measured using a handheld refractometer 

(Atago). Sections were mounted in the same solution on slides (Sigma Aldrich, Cat. No. 12-550-

15) with custom-designed silicone spacers (Grace Biolabs), covered with size 1.5 coverslips 

(Thermofisher, Cat. No. 22-050-245).  
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2.4.7 Confocal microscopy 

Images were acquired on the Leica TCS SP8 confocal microscope with the 20× multiple 

immersion objective (NA 0.75) with the LAS X software. This microscope is equipped with three 

photomultiplier tubes (PMT), two hybrid detectors (HyD) and five lasers: blue diode (405 nm), 

argon (458,476, 488, 496 and 514 nm) and three helium neon (543, 594 and 633 nm). Images were 

taken at a 1024x1024 resolution and a frequency of 400Hz, in bidirectional mode without zoom. 

For imaging chondrogenic micromasses produced in vitro, , the 10x dry objective was used 

(NA=0.40) and images were acquired at a frequency of 200Hz. 

Table 2.4. Antibodies/reagents 

Antibody/reagent Catalogue 
No.  

Company Clonality Host 
Species 

Dilution 

Click-iT™ EdU Cell 
Proliferation Kit- Alexa 
Fluor™ 488  

C10337 Thermofisher - - - 

Click-iT™ EdU Cell 
Proliferation Kit- Alexa 
Fluor™ 594  

C10639 Thermofisher - - - 

Anti-Sox9 AF3075 R&D systems Poly Goat 1/50 
Anti-P16INK4A Ab211542 abcam Mono Rabbit 1/200 
Anti-P16INK4A A23882 abclonal Poly Rabbit 1/200 
Anti-ALP AF2910 Cedarlane/R&D Poly Goat 1/400 
Anti-goat Alexa Fluor 633 A21082 Thermofisher Poly Donkey 1/200 
Anti-goat biotin A16009 Thermofisher Poly Donkey 1/200 
Alexa Fluor 633 
streptavidin- conjugate  

S21375 Thermofisher - - 1/200 

anti-rabbit Alexa Fluor 633  A21070 Thermofisher Poly Donkey 1/1000 
BODIPY™ 493/503  D3922 Thermofisher - - 1/300 
DAPI D1306 Thermofisher - - 1/1000 
anti-CD31biotin 5011513 Fisher Scientific Mono Rat 1/100 
Anti-CD235a biotin orb447561 Biorbyt Poly Rabbit 1/100 
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2.4.8 Image Analysis 

Resulting images were transferred in Imaris v10.2.0 (Bitplane) where tdT+ cells or DAPI 

were segmented in the GP area as surfaces and spots respectively. The statistics (area, mean signal 

intensity, etc.) for each surface or spot segmented were transferred to XiT for analysis 193.There, 

the percentage of cells positive for every marker tested was quantified and later graphed. Accurate 

gating on X and Y axis was possible with fluorescence minus one (FMO) control stainings (figure 

2.2). 

  

 

 

2.5 Skeletal cell processing for in vitro experiments 

 

 

FMO Controls

Sox9 control EdU control 

0.02%

99.98%

0.03%99.97%

Full stains

Q4 
10.79%Q1 78.32%

Q2 
6.19%

Q3 
4.70%

Sox9 + EdU staining A B C

-colony counting 

-Colony area measurement   

-tdT+ cell counting 

SA-β-gal staining 

P16 staining  
Femur retrieval, 
enrichment and 
Plating. 

 TAM 
Fixation and 

staining Analysis  

Exp     P363              P365                              

Ctrl     P54                 P56                   

Imaging 

Figure 2.2 XiT plots of two fluorescence minus one (FMO) controls and a full stain. A) A Sox9 control: section was incubated 
in the secondary anti-goat Alexa Fluor 633 without a previous incubation in the primary anti-Sox9 antibody. B) An EdU control: 
section was taken from a mouse which did not receive EdU shots but whose bone sections were treated with the Click It EdU Alexa 
Fluor 488 or 594 reaction kit. C) A full experimental stain: the section was treated with primary and secondary antibodies in the case 
of Sox9 detection and the mouse of which sections were treated with Click It EdU Alexa Fluor 488 or 594 reaction kit, received three 
EdU shots. Double positive cells are quantified in Q3.  
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2.5.1 Skeletal cell isolation  

For in vitro experiments, mice were injected with one dose of TAM. They were euthanized 

two days later with CO2 followed by cervical dislocation. Femurs were harvested. They were 

crushed in a mortar for mechanical dissociation and the crushed bones were later left 45 minutes 

on a shaker at 37°C in an enzyme mix made of 1mg/ml of STEMxyme 1 (Worthington 

Biochemical Corporation, LS004106), 1mg/ml of dispase II (Thermofisher, Cat. No. 17105041) 

and 2% volume/volume(v/v) of fetal bovine serum (FBS) in medium 199 (Thermofisher, Cat. 

No.11150059). The enzymatic solution with the bone fragments and cells was later passed through 

a 100µm cell strainer (Ultident Scientific, Cat. No. 229485) and neutralized with a neutralization 

mix of 3ml of FBS, 27ml of PBS and 60µl of 0.5M EDTA. The solution was centrifuged in an 

Eppendorf centrifuge (5810R) at 400 rcf (relative centrifugal force) at 4°C for five (5) minutes and 

the sediment of cells resuspended in mouse MesencultTM basal medium (STEMCELL 

technologies, Cat. No. 5513).  

2.5.2 Skeletal cell enrichment  

The primary single cell suspension was magnetically depleted of CD45+, TER119+, 

CD235a+ and CD31+ hematopoietic and endothelial cells using the EasySep™ Mouse 

Mesenchymal Stem/Progenitor Cell Enrichment Kit (STEMCELL technologies, Cat. No. 19771) 

with the addition of anti-CD31(Fisher Scientific, Cat. No. 5011513) and CD235a (Biorbyt, Cat. 

No. orb447561) biotinylated antibodies. The solution was centrifuged at 400 rcf at 4°C for five 

minutes. Live cells were counted using an automatic cell counter (Invitrogen, Countess 3 FL) and 

plated in 24-well plate (Ibidi, #1.5H glass coverslip bottom, Cat. No. 82427) at a density of 

Figure 2.3. Procedural workflow for skeletal cell processing. Mice were injected with TAM, followed by femur harvest 
two days later. Bones were then dissociated, skeletal cells isolated and placed in culture. After fixation and staining, quantitative 
imaging and analysis is performed. (Section 2.5.1 to section 2.5.4 of methods)  
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5x104/cm2, in mouse MesencultTM basal medium (STEMCELL technologies, Cat. No. 5513). At 

plating, compounds (see section 2.3) were added to the wells at the seeding concentration 

presented in table 2.3. For each compound, at least three biological replicates and three technical 

replicates were included in the study. The vehicle of each compound: PBS (metformin vehicle), 

ethanol (20S-hydroxycholesterol and cyclopamine vehicle) or DMSO (purmorphamine vehicle) 

was added to the wells that were analyzed as controls.  

2.5.3 Skeletal cell senescence detection: SA-β-gal detection and p16INK4A staining 

After seven to 13 days of culture, cells were fixed with 2% PFA (Electron Microscopy 

science, Cat No. 15710) in PBS for 10 minutes at room temperature, protected from light. Cells 

were later washed with 1% FBS in PBS to remove the fixative solution.  

For SA-β-gal detection, the working solution was prepared by adding the green probe to 

the prewarmed (37°C) buffer (CellEvent™ Senescence Green Detection Kit, Invitrogen, Cat. No. 

C10851) (see table 2.4). The plates were later covered with plastic film (parafilm) and left 

overnight (16-18 hours) in an incubator at 37°C without CO2. After incubation, cells were washed 

with PBS, blocked and permeabilized with 5% donkey serum and 0.3% Triton X-100 in PBS. 

When p16INK4A detection was pursued, cells were incubated with anti-p16INK4A antibody (abclonal 

Cat. No. A23882 or Abcam, Cat. No. ab211542, 1/200 dilution) in PBS at 4°C for 3-4 hours. They 

were next washed with PBST, a mix of PBS and 0.1% tween 20 (Sigma Aldrich, Cat. No. P1379) 

and incubated at 37°C for 1 hour with donkey anti-rabbit Alexa Fluor 633 conjugate 

(Thermofisher, Cat. No. A21070, 1/1000 dilution from stock concentration). Nuclei were 

counterstained with DAPI (Thermofisher, Cat. No. D1306, 1/1000 dilution from stock 
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concentration of 2mg/ml prepared in DMSO) for five minutes at room temperature. Plates were 

stored at 3-8°C in the fridge until imaging.  

2.5.4 Skeletal cell imaging 

Plates were imaged in non-confocal mode with the 20X water immersion objective of the 

Operetta CLSTM High-Content Analysis System (Revvity, Part # HH16000020). The 365nm, 

475nm, 550nm and 630nm light emitting diodes (LEDs) were used to respectively excite DAPI, 

SA-β-gal, tdT and Alexa Fluor 633. Colonies, their size, cell population, tdT+, SA-β-gal+, 

p16INK4A+ and double (tdT+ and p16INK4A+, tdT+ and SA-βgal+) and triple-positive (tdT+, 

p16INK4A+ and SA-β-gal+) cells were quantified in the Harmony software (V5.2, PhenoLOGICTM). 

The positive cells were determined with FMO controls for tdT, SA-β-gal and p16INKA. They were, 

respectively, wells in which cells from Cre-; Ai14+ mice which also received one TAM injection 

were plated, wells incubated at 37°C without CO2 with the CellEvent™ Senescence Green 

Detection Kit (Invitrogen, Cat. No. C10851) buffer solution to which the green probe was not 

added, and wells incubated in the secondary Alexa Fluor 633 without a previous incubation in the 

primary anti-p16INK4A antibody. Every other step of the staining process went as described for the 

full stains for these FMO controls. Results from cells of 8-week-old mice were analyzed and used 

as controls in experiments were aged and young mice were compared. The vehicle-containing 

wells were analyzed as controls when the pharmacological compounds were tested. The 

quantitative data were transferred into GraphPad Prism v.10.5.0 for statistical analysis and 

comparison between age and sex groups and between compounds.  
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2.6 In vitro differentiation potential assessment 

To assess the differentiation potential of skeletal stem cells with age, mice were treated as 

described in section 2.5.1. Enrichment was not performed. Cells were counted using an automatic 

cell counter (Invitrogen, Countess 3 FL) and seeded at a density of 5x104/cm2 in triplicate, in 

mouse MesencultTM basal medium (STEMCELL technologies, Cat. No. 5513) in 24-well plates, 

6-well plates and 10 cm plates respectively for osteogenic, adipogenic and chondrogenic 

differentiation. After 14 days in culture, cells reached around 100% confluency, the mouse 

MesencultTM basal medium was removed and differentiation media added to the wells. From this 

point forward, cells were cultured into Mesencult TM Osteogenic stimulatory kit (STEMCELL 

technologies, Cat. No. 05504) and MesencultTM adipogenic differentiation media (STEMCELL 

technologies, Cat. No. 05507) in their original plates for the osteogenic and adipogenic 

differentiation assessment experiments. In the case of chondrogenic differentiation, cells were 

transferred and aggregated in 15 ml tubes at the time of changing the mouse MesencultTM basal 

medium to the MesencultTM-ACF chondrogenic differentiation media (STEMCELL technologies, 

Cat. No. 05455). All media were prepared per the manufacturer’s guidelines. 

After 11 days in osteogenic and adipogenic differentiation media and 21 days in 

chondrogenic differentiation media, cells and micromasses (in the case of chondrogenic 

differentiation) were fixed in 4% PFA (Electron Microscopy Sciences, Cat. No. 15710) in PBS. 

They were later blocked in 10% donkey serum and 0.3% triton X-100 in PBS. Cells and 

micromasses were later incubated in BODIPY™ (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-

3a,4a-Diaza-s-Indacene) 493/503 (Thermofisher scientific, Cat. No. D3922, 1/300 dilution) and 

the primary antibodies against alkaline phosphatase (ALP) and Sox9 (see table 2.4) for three hours 

at room temperature to respectively put into evidence the adipogenic, osteogenic, and 
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chondrogenic differentiation potential of tdT+ cells.  Cells incubated in primary antibodies were 

later washed twice in PBS and incubated in the secondary donkey anti-rabbit Alexa fluor 633 

antibody (Thermofisher, Cat. No. A21082, 1/1000 dilution from stock concentration) for one (1) 

hour at room temperature in the dark. BODIPYTM and secondary antibodies excess were washed 

once in PBS and nuclei counterstained with DAPI (Thermofisher, Cat. No. D1306) from 2mg/ml 

stock at a dilution of 1/1000 in PBS. Cells and micromasses were stored in the fridge until 

acquisition. 

Osteocytes in 24-well plates were imaged on the operetta CLSTM high content analysis 

system as described in section 2.5.4.  Adipocytes formed in 6-well plates were imaged on the same 

system with the 5x Air objective, in non-confocal mode with the 475nm LED exciting BODIPYTM.  

The ossicles were mounted in 88% Histodenz in TBS and imaged on the Leica TCS SP8  confocal 

microscope with the 10X dry objective, at a 200Hz speed. Images were taken at a 1024x1024 

resolution. Images from both systems were qualitatively analyzed in the Harmony 5.2 software in 

the case of images taken by the Operetta and in Imaris v.10.2.0 (Bitplane) for images acquired on 

the Leica TCS SP8  confocal microscope. Double positive (tdT+ and differentiation marker 

positive) cells were identified. Cells from 8-week-old mice were assessed as controls.  

2.7 Graphs and Statistics  

Quantitative data from all experiments were analyzed in Prism v.10.5.0 (GraphPad, San 

Diego, CA) and the statistically significant difference per age and sex group reported. Student’s t 

test and two-way ANOVA were used and the results reported on graphs as mean +/- standard 

deviation. A p value < 0.05 was used to determine significance for all statistical tests performed. 
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Chapter 3: Effect of sex and age on Sox9+ SSPCs 

proliferation and senescence 

3.1 SSPCs proliferation and senescence rate with sex and age in vivo 

  As an organism ages, its bones become more fragile and susceptible to injuries such as 

fractures163. This is reflected in the increased prevalence of degenerative diseases and injuries in 

the elderly population. My objective in this part of the project was to evaluate the SSPCs 

population senescence level in aged (1-year-old) mice and compare with young (8-week-old) ones. 

I hypothesize that a decreased proliferation rate in SSPCs and their entry into senescence is 

responsible for these alterations in bone physiology in vivo.  

For studying SSPCs proliferation and senescence in vivo in aged mice, I administered 

intraperitoneally 50 mg/kg of tamoxifen (TAM) and 12.5mg/kg of EdU every day for three 

consecutive days to 1-year-old Sox9-CreERT; Ai14 mice to induce the expression of tdT in Sox9+ 

cells and their progeny (see section 2.4). The mice were euthanized two days after the last 

injections and femurs fixed, embedded in agarose and sectioned193. Sections from young (8-week-

old) mice were analyzed as controls.  

Two sets of staining were performed. First, for evaluating the proliferation rate of SSPCs 

in aged and young mice of both sexes, a set of sections was treated with the Click-IT EdU Alexa 

Fluor 488 cell proliferation kit and stained with anti-Sox9 antibody. DAPI was used as a nuclear 

counterstain. Sections were later optically cleared, mounted, and imaged. The tdT+ cells of the 

growth plate (GP) were segmented in Imaris v10.2.0 (Bitplane) (figure 3.1 A). 
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Figure 3.1. Sox9+ SSPCs population size and proliferation rate in aged male and female mice GP. Young (8-week-old) 
and aged (1-year-old) Sox9-CreERT; Ai14 mice were pulsed with three injections of TAM and EdU and chased for two days. 300µm-
thick distal femur sections were optically cleared and imaged by confocal microscopy and tdT+, Sox9+ and EdU+ cells was assessed 
by imaging cytometry. A) Imaris images (+ zooms on GP) and associated XiT plots. B) Quantification of total tdT+ cells segmented, 
C) Graph showing the percentage of tdT+Sox9+, D) tdT+EdU+, E) tdT+Sox9+EdU-, F) tdT+Sox9+EdU+, and G) tdT+Sox9-EdU+ 
cells per sample. n=12 samples, n=3 per group with comparison between female and male mice of both age groups (young and aged) 
and between young and aged mice of the same sex group, performed by the two way-ANOVA test with a significant threshold set at 
p=0.05 and no correction for multiple comparisons (Fisher’s LSD test). Dpt: days post-tamoxifen, GP: growth plate, TB: trabecular 
bone, BM: bone marrow. 
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Statistics about their Sox9 protein expression and EdU uptake were exported into XiT. Two 

FMO controls presented in figure 2.2 were used to define the gates.  Each experimental and control 

group consisted of three males and three females. The difference between males and females of 

the same age group (young or aged) and between two age groups within the same sex was assessed. 

The results were then statistically analyzed by two-way ANOVA with a significant p-value set at 

0.05. 

The number of tdT+ cells segmented was significantly lower in aged mice of both sexes in 

comparison to their young counterparts: 3.2+/-1.7x103 tdT+ cells versus 7.6+/-3.2x103 in aged and 

young males respectively, and 1.4+/-0.3x103 versus 7.9+/-0.9x103 in old and young females, 

respectively (figure 3.1 B). The difference was more significant between females (p=0.0025 vs 

p=0.02). The difference in the number of tdT+ cells between males and females of the same age 

group was not significant. The percentage of tdT+ cells expressing detectable Sox9 protein was 

significantly lower in aged male and female mice in comparison to their younger counterparts of 

the same sex (p= 0.011 and p<0.001 respectively) (figure 3.1 C). In aged males, 2.8+/-1.9% of 

tdT+ cells expressed Sox9 versus 12.9+/-4.5% in young males. In females, 2.5+/-1.7% and 19.7+/-

5.5% of the tdT+ cells of the GP area expressed Sox9 in aged and young mice, respectively. 

The overall EdU incorporation rate did not significantly vary with age (figure 3.1 D). In 

males, 2.8+/-2.0% of tdT+ cells retained EdU in the aged group against 7.2+/-7.5% in the young 

ones. In females, these numbers were 10.9+/-9.8% in aged mice versus 21.0+/-28.3% in the young 

ones. Even though, the numbers seemed strikingly different in both sexes between young and aged, 

this was not confirmed when the statistical test was run. This might be due to a sample size too 

small to guarantee enough power to the analysis. The difference in EdU incorporation was not 

significant either between males or females of the same age group. The tdT+Sox9+EdU- cell 
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population percentage was significantly lower in the aged female population in comparison to the 

young one (2.3+/-2.0% versus 14.7+/-11.1%, p=0.047) (figure 3.1 E). The difference was 

insignificant between males (2.8+/-1.9% in aged ones against 10.7+/-6.1% in the young ones). The 

triple positive (tdT+Sox9+EdU+) cells percentage was not significantly different between sex or 

age groups (figure 3.1 F). The numbers were 0.02 +/-0.03% in the aged males, 2.2+/-2.3% in young 

males, 0.2+/-0.2% in aged females and 5.0+/-5.6% in young females. With a bigger sample size, 

the difference between these results likely would have been significant. The tdT+Sox9-EdU+ cell 

population did not particularly vary between young and aged of either sex (figure 3.1 G).  

I also assessed SSPCs senescence in the GP of young and aged mice of both sexes by 

measuring the SA-β-gal expression in these cells. For doing so, a second set of sections from the 

same samples was treated with the CellEventTM Senescence Green Detection Kit and anti-Sox-9 

antibody to quantify senescent and Sox9-expressing cells, respectively. 8-week-old mice were 

used as controls. Each experimental and control group consisted of three males and three females. 

The senescence rate was compared between male and female mice of the same age group (young 

or aged) and between young and aged of the same sex category.  

As observed in the previous experiments, there was a significant decrease in the number of 

tdT+ cells and Sox9+ cells percentage of these tdT+ cells in the aged samples (figure 3.2 A & B). 

However, there was no significant difference between the senescence rate of males and females of 

the same age group, and between aged and young of the same sex.  In aged male sections, 14.3+/-

13.2% of tdT+ cells expressed SA-β-gal, and in young male ones the numbers were 29.6+/-8.5%. 

In females, the percentages were 36.1+/-31.1% in the aged ones and 36.6+/-7.8% in the young 

ones (figure 3.2 C). These results are surprising since less SA-β-gal expression was expected in 

young samples.  This leads us to completely change our hypothesis regarding the etiology of 
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phenotypic changes and decreased bone regenerative capacity in aged animals. The non-

significance of the difference between the numbers observed for every group could be due to the 

high variability of the results in most of the groups and the low number of samples analyzed, 

limiting the statistical power. The SSPCs SA-β-gal expression (tdT+Sox9+SA-β-gal+) statistically 

differ with age, both young males and females were more senescent (figure 3.2 D). The percentages 

of tdT+Sox9+SA-β-gal+ cells segmented in the GP area of respectively aged and young mice was 

in males 0.4+/-0.3% and 5.3+/-2.59% (p=0.017), and in females 2.8+/-2.7% and 8.2+/-5.2% 

(p=0.017). 

In summary, the data collected during this part of the project show that the SSPCs (tdT+ 

Sox9+) population shrinks with age (figure 3.1 B and 3.2 B). Their proliferation rate decreased 

with age, but this decrease was determined to be statistically non-significant (figure 3.1 F). A lack 

of power is most likely the cause of this result of the test. This decrease in proliferation is 

associated with a decrease in senescence rate of GP SSPCs (figure 3.2 E) in both sexes. I can 

conclude that there are fewer SSPCs in the aged GP as their proliferation and senescence decreases 

as the organism ages. The blunted regenerative capacity of SSPCs in the aged individual is rather 

due to a loss of the stem cell niche than stem cell senescence in aged bones as senescence decreases 

while the SSPC pool shrinks. As we know that in human the GP eventually closes after puberty, a 

stem cell niche depletion is likely the main factor of such occurrence.  
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Figure 3.2. Senescence rate of Sox9+ SSPCs in young and aged mice of both sexes. Young (8-week-old) and aged (1-
year-old) Sox9-CreERT; Ai14 mice were pulsed with three injections of TAM and EdU and chased for two days. 300µm-thick distal 
femur sections were optically cleared and imaged by confocal microscopy and tdT+, Sox9+ and SA-β-gal+ cells was assessed by 
imaging cytometry. A) Imaris image (+zoomed in snapshots) and XiT plots. B) Quantification of the total number of tdT+ cells 
segmented. C) percentages of tdT+Sox9+(C), tdT+SA-β-gal+(D), and tdT+Sox9+SA-βgal+(E) cells per sample. In this experiment, 
n=12 samples, n=3 per group with comparison between female and male mice of both age groups (young and aged) and between 
young and aged mice of the same sex group, performed by the two way-ANOVA test with a significant threshold set at p=0.05 and 
no correction for multiple comparisons (Fisher’s LSD test). Dpt: days post-tamoxifen, GP: growth plate, TB: trabecular bone, BM: 
bone marrow. 
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3.2. SSPCs proliferation kinetics and senescence with sex and age in vitro 

Understanding aging organisms’ SSPCs proliferation kinetics and senescence in vitro can 

inspire ways to later address age-related conditions of the skeletal system by the development of 

stem-cell based therapies. In this part of the project, I studied the proliferation and senescence rate 

of aged mice’ SSPCs in vitro. I expected a decreased proliferation and increased senescence rate 

of these cells in culture. To perform this study, femurs of 1-year-old Sox9-CreERT; Ai14 mice 

were harvested two days post-TAM injection (single dose), mechanically dissociated, 

enzymatically digested, and magnetically depleted of hematopoietic and endothelial cells (see 

section 2.5). Cells were counted and seeded in 24-well plates in triplicate, in mouse MesencultTM 

basal medium. Cells were later fixed and stained using the CellEvent™ Senescence Green 

Detection Kit and anti-p16INK4A antibody after seven days in culture. The Operetta CLS High-

Content Analysis System was used to quantify colonies, cells, tdT, p16INK4A and SA-β-gal 

expression amongst other parameters. Cells from 8-week-old mice were analyzed and used as 

control. Cells from three male mice and three females were plated in each age group. 

   tdT+ cells isolated after a two-day TAM pulse and seeded in plates are expected to be 

SSPCs. After seven days in culture, tdT+ cells comprise SSPCs but also SSPC-derived cells, as 

some SSPCs have had the time to differentiate while keeping their tdT expression. Unfortunately, 

I did not perform Sox9 staining, as part of this experiment, to discriminate SSPCs from SSPC-

derived cells.  

Skeletal (tdT- and tdT+) cells from young female mice formed 74+/-45 colonies in vitro 

(figure 3.3 F). This number was significantly less than the 189+/-65 colonies formed by cells from 

young males (p=0.005). Cells from aged female mice formed 65+/-22 colonies/well whereas the 
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numbers were 129+/- 17 for the aged males. The difference between these two numbers was also 

statistically significant (p=0.005). There was no statistically significant colony size variation with 

sex and age. The colonies’ sizes in the different wells varied between 1787 and 56 735 µm2 across 

all four groups (figure 3.3 G). Single colonies from one aged female reached 142 823 µm2 and 560 

327µm2 in two distinctive wells. These numbers did not change the interpretation of the results as 

showed in figure 3.3 G. A potential explanation could be that adjacent colonies merged and were 

measured by the Operetta as large colonies.  

Also, the total number of cells counted in the wells seemed to differ across experimental 

and control groups, but the difference was insignificant as determined by the two-way ANOVA 

test: 7.2+/-2.7x103 in young males, 2.8+/-2.1x103 in young females , 12.7+/-9.8 x103 in aged males 

and 17.5+/-23.9x103 in aged females (figure 3.3 H). 

  The percentage of cells expressing tdT per well was 66.7+/-11.7% of the total cell 

population in the aged female group (figure 3.3 I). This number was significantly higher than the 

33.0+/-11.3% obtained for cells of aged males (p=0.003) and the 30.0+/-9.0% for young 

females(p=0.002). 26.1+/-7.5% of the segmented cells expressed tdT in wells seeded with cells 

from young males. There was no significant difference between this later number and what was 

observed for young females or aged males. 

Of the tdT+ cells segmented, 67.3+/- 9.4% were SA-β-gal+ in young males, 54.5+/-10.3% 

in young females, 72.5% +/-16.3% in aged males and 71.3%+/-20.3% in aged female (figure 3.3 

J). The difference between these numbers were determined to be statistically non-significant. I 

observed that these numbers were particularly high. Skeletal cells enter senescence at a high rate 

in culture. Better culture media might be necessary in future attempts to study skeletal cell 

senescence entry in vitro. 
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 The percentages of cells expressing SA-β-gal and p16INK4A (tdT+SA-β-gal+p16INK4A+ 

cells) in the previously mentioned groups were: 66.6+/-9.1%, 51.3+/-8.4%, 71.7+/-16.8% and 

70.0+/-20.3% respectively, with no statistically significant difference between the different groups 

(figure 3.3 K). Across the different technical and biological replicates, 84.2% to 99.95% of cells 

expressing SA-β-gal also expressed p16INK4A.  
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Figure 3.3. Isolation and in vitro culture of young and aged SSPCs. Sox9-CreERT; Ai14 mice were pulsed with a 
single TAM injection at 8-week and 1-year-old. Femurs were harvested two days post-labeling and skeletal cells isolated using 
enzymatic and mechanical dissociation, followed by magnetic removal of endothelial and hematopoietic cells through negative 
selection. A) Reconstitued image of a well with visible colonies and cells expressing tdT, SA-β-gal and p16INK4A. In figures B), 
C), D) and E) we have a zoom on one field of the well. F) Quantification of the number of colonies obtained per 5x104 cells/cm2 
seeded per well. G) Expansion of colonies measured and expressed as the mean colony region area in μm2. H) Quantification of 
the total number of cells counted per well obtained by nuclei segmentation. I) Quantification of tdT+ cells. J) Quantification of 
SA-β-gal+cells. K) Quantification of the tdT+SA-β-gal+cells expressing p16INK4A. n=12 samples, 3 biological replicates (all data 
points are the mean of at least three technical replicates) per group with comparison between female and male mice of both age 
groups (young and aged) and between young and aged mice of the same sex, performed by the two way-ANOVA test with a 
significant threshold set at p=0.05 and no correction for multiple comparisons (Fisher’s LSD test).   



 44 

In summary, skeletal cells from female mice (young and aged) show a decreased colony-

forming capacity in vitro whereas these cells exhibit similar mean proliferative capacity (assessed 

by the total cell counts in each well) across age and sex (figure 3.3 F & H). Colony size was also 

similar between the four groups. On the other hand, the fraction of tdT+ cells was highest with 

cells from aged females (figure 3.3 I). This variation in tdT+ cells proliferation was not reflected 

by variation in the rate of cellular senescence. As a matter of fact, it must be noted that a high 

proportion of cells underwent senescence in all groups, which may have masked the effects of age 

or sex. The culture of SSPCS in MesencultTM basal medium seems to induce their entry into 

senescence as a mean of 54.5% to 72.5% of cells expressed SA-β-gal after only seven days in 

culture. These results suggest sex- and age-related differences in culture conditions requirements 

for ex vivo expansion of SSPCs and a need for culture conditions best suited for skeletal cells, in 

general.  

3.3 Multilineage differentiation potential of SSPCs with age 

To assess the differentiation potential of SSCs with age, 1-year-old Sox9-CreERT; Ai14 

mice received one TAM injection, and femurs were harvested two days later. They were 

mechanically dissociated and enzymatically digested. Cells were counted and seeded at a density 

of 5x104/cm2 in triplicate, in mouse MesencultTM basal medium. Media was changed and 

differentiation started 14 days later. Differentiated cells were later stained for alkaline phosphatase 

(ALP), BODIPY and Sox9 to confirm osteogenic, adipogenic and chondrogenic differentiation, 

respectively. Quantification was not performed in this part of the project. Images were qualitatively 

evaluated for the presence of tdT+ cells also expressing differentiation markers. tdT+ cells from 

8-week-old mice, differentiating into osteoblast, chondrocytes and adipocytes as evidenced by 

their expression of ALP, Sox9 and BODIPY were used as controls. 
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SSPCs from aged female and male mice successfully differentiated into osteoblasts as 

evidenced by the presence of tdT+ALP+ cells (figure 3.4). In adipogenic conditions, tdT+ also 

stained positive for BODIPY in lipid droplets, confirming their adipogenic potential (figure 3.5).  

To assess chondrogenic potential, cells were aggregated into micromasses and placed in 

chondrogenic medium. Imaging of the chondrogenic micromasses confirmed the presence of 

tdT+Sox9+ cells (figure 3.6). 
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Figure 3.4. Osteogenic differentiation potential of SSPCs in aged mice. Sox9-CreERT; Ai14 mice were pulsed with a 
single TAM injection at 8-week and 1-year-old. Femurs were harvested two days post-labeling and skeletal cells isolated using 
enzymatic and mechanical dissociation and plated. Cells were assessed in osteogenic conditions. The assay was performed on n=19 
samples (six aged males, four aged females, five young males and four young females). Four technical replicates were assessed per 
biological ones. Osteogenic differentiation was assessed using anti-ALP antibody staining and the presence of osteoblasts (B & F) 
was qualitatively assessed. Arrows are pointing at tdT (D & H) and ALP (C & G) signals. ALP: alkaline phosphatase 
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Figure 3.5. Adipogenic differentiation potential of SSPCs in aged mice. Sox9-CreERT; Ai14 mice were pulsed with a 
single TAM injection at 8-week and 1-year-old. Femurs were harvested two days post-labeling and skeletal cells isolated using 
enzymatic and mechanical dissociation and plated. Cells were later subjected to differentiation into adipocytes. The assay was 
performed on n=19 samples (six aged males, four aged females, five young males and four young females). Three technical replicates 
were assessed per biological ones. Adipogenic differentiation was assessed by BODIPY staining of lipid droplets. Numerous tdT+ 
cells(red) (C & G) stained positive for BODIPY (green) (D & H). The adipocytes’ pinkish appearance (B & F) is due to the additions 
of blue (DAPI), red (tdT) and green (BODIPY).  
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Figure 3.6. Chondrogenic differentiation potential of SSPCs in aged mice. Sox9-CreERT; Ai14 mice were pulsed with a 
single TAM injection at 8-week and 1-year-old. Femurs were harvested two days post-labeling and skeletal cells isolated using 
enzymatic and mechanical dissociation and plated. Cells were later subjected to differentiation into chondrocytes. The assay was 
performed on n=19 samples (six aged males, four aged females, five young males and four young females). Two technical replicates 
were assessed per biological ones. Chondrogenic differentiation was assessed using anti-Sox9 antibody staining (C & G) and the 
presence of tdT+ chondrocytes (D & H) was qualitatively assessed. Chondrocytes appeared yellow (B & F)) due to the superposition 
of red (tdT) and green (Sox9). 
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3.4 Summary 

In this first part of the project, I put into evidence that SSPC pool shrinks with age as 

senescence and proliferation decrease (figure 3.1 B, C, F et E). These results infirm the hypothesis 

of senescence as the etiology of bones’ age-related diseases and blunted regenerative capacity and 

shift our focus toward stem cell niche depletion as the main causal mechanism in these cases. Less 

SSPCs are available to participate in repair and these cells proliferate less, putting elderly 

individuals at risk of injuries and a higher injury-related morbidity due to a particularly longer 

repair process in comparison to young individuals. This decreased proliferation and senescence 

rate of SSPCs in vivo is likely driven by local factors affecting these cells fate in the tissue, as 

skeletal cells maintain their proliferative and differentiation capacity in vitro. No significant 

difference was observed between young and aged mice cells of either sex, in terms of total cells 

count and cells from aged mice differentiated into osteoblast (figure 3.4), adipocytes (figure 3.5) 

and chondrocytes (figure 3.6) in vitro. On the contrary, the colony-forming capacity of skeletal 

cells decreased in females, independently of age (figure 3.3 F) and aged female mice tdT+ cells 

showed a significantly higher proliferation rate than any other group (figure 3.3 I). This could 

suggest sex- and age-related differences in skeletal cells response to culture media.  
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Chapter 4. Pharmacological manipulation of SSPCs fate 

decisions 

Understanding the hormones, transcription factors and signaling pathways involved in 

bone development and SSPCs proliferation can provide leverage to influence their fate decisions. 

The Hedgehog (Hh) pathway is activated during endochondral ossification and regulates 

chondrocyte proliferation29,30. Parathyroid hormone (PTH) stimulates osteogenic differentiation of 

growth plate (GP) chondrocytes194. A CellChat analysis performed in the lab, demonstrated 

molecular crosstalk between several cell types and resting zone chondrocytes (RZ-Ch), which 

comprise most SSCs58. The RZ-Ch receives canonical and non-canonical Wnt signaling from 

hypertrophic chondrocytes. Perichondral cells, osteoblasts, and fibroblasts send Hh, Fibroblast 

Growth Factor and PTH signals to the resting zone chondrocytes, respectively (figure 1.3). 

Based on a review of the literature and the scRNA-seq analysis data previously mentioned 

(section 1.3.1.2). I decided to screen several pathways involved in bone development and postnatal 

homeostasis by influencing them with agonists and antagonists hoping to identify pathways that 

could be targeted for SSPCs proliferation while avoiding cellular senescence with the aim of being 

able to use them for future stem-cell based therapies. Candidate compounds included PTH (1-34) 

195–197, purmorphamine (a Hh agonist)182–185,198,199, 20(S)-hydroxycholesterol (20(S)-OHC) (an 

activator of the Smo and Hh signaling pathways)186–189, cyclopamine (an inhibitor of the Hh 

pathway)190–192 and tamoxifen (TAM) (a selective estrogen receptor modulator)179,200–202. Dosage 

and administration times for most of these compounds have been established (see table 2.1). The 

Hh pathway regulators (20(S)-OHC, purmorphamine and cyclopamine) were tested in vitro only, 

PTH in vitro and vivo, and TAM in vivo. 



 51 

4.1. Effect of PTH and Hh pathway regulators on SSPCs proliferation and 

senescence in vitro 

Five compounds were assessed for their ability to stimulate SSPCs expansion in vitro while 

avoiding cellular senescence: 20(S)-OHC (10μM), PTH (1-34) (50nM), purmorphamine (2 μM), 

cyclopamine (5mM).  

8-week-old Sox9-CreERT; Ai14 mice (n=4, two males and two females) were pulsed with 

a single TAM injection. Femurs were harvested two days later and skeletal cells isolated using 

enzymatic and mechanical dissociation, followed by magnetic removal of endothelial and 

hematopoietic cells by negative selection. For this initial screening, cells from male and female 

mice were used indiscriminately. Cells were seeded in 24-well Ibidi plates at a density of 105 

cells/cm2 in at least three technical replicates per biological replicate in mouse MesencultTM basal 

medium supplemented with the indicated compounds at the time of plating. In the control wells, 

medium was supplemented with ethanol (vehicle for 20(S)-hydroxycholesterol and cyclopamine) 

or DMSO (vehicle for purmorphamine). PTH was reconstituted in water. In control wells for PTH, 

cells grew in media only. The media was changed every two to three days. The cells were not 

further stimulated with the compounds as the first goal was to measure any variation in the effects 

of every compound in comparison to their controls.  After 13 days of culture, the colonies and their 

size, total cells, tdT+ cells and their SA-β-gal expression was quantified and comparison made 

between compounds and their controls.  

When the skeletal (tdT- and tdT+) cells were stimulated with PTH (1-34) in vitro, 28+/-8 

colonies (vs 28+/-11 for the control) were formed into the wells, and they measured 29.5+/-18.2x 

105 µm2 (vs 28.3+/-23.17 x105 for the control) (figure 4.1 A). 21.3+/-15.0 x103 cells (vs 14.8+/-
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12.1x 103 for the controls) were counted. 14.1+/-16.3 x103 of these cells expressed tdT (vs 11.2+/-

10.3 x103 for the controls) and of these tdT+ cells 60.4+/-30.1% expressed SA-β-gal (vs 47.3+/-

31.6% for the controls). The differences observed with all the measured parameters were 

determined to be statistically non-significant. 

 

 

 

 

For cyclopamine and purmorphamine, the mean number of colonies counted, and their size 

was similar to what was quantified in the wells where their vehicle was added. The total number 

of cells counted per well, the number of tdT+ cell and the SA-β-gal expression was also similar 

between experimental and control wells (figure 4.1 B &C). 
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Figure 4.1. In vitro assays in basal medium with supplementation of PTH, cyclopamine, purmorphamine and 
20(S)-OHC. Male and female 8-week-old Sox9-CreERT; Ai14 mice (n=4, two males and two females) received a single 
injection of tamoxifen. Femurs were harvested two days later and skeletal cells isolated by enzymatic and mechanical dissociation, 
followed by magnetic removal of endothelial and hematopoietic cells by negative selection. Cells were seeded in 24-well plates 
at a density of 105 cells/cm2 in at least three technical replicates/biological replicate in mouse MesencultTM basal medium 
supplemented once with PTH, cyclopamine, purmorphamine and 20(S)-OHC or their respective vehicle. The statistical test 
performed to compare result of compounds and vehicles was the student t-test, with a significant threshold set at p=0.05. 
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There was no significant difference in colony-forming capacity between skeletal (tdT- and 

tdT+) cells treated with 20(S)-OHC and the EtOH control (figure 4.1 D). 30+/-16 colonies were 

formed in the presence of EtOH and 49+/-34 when 20(S)-OHC was added. The colonies were not 

significantly bigger when 20(S)-OHC was added to the media at plating (26.1+/-16.0x105 µm2 in 

the presence of 20(S)-OHC and 36.7+/-38.5x105 µm2 with EtOH). The total number of skeletal 

cells counted did not significantly change with the compound (EtOH: 16.0+/-9.4x103 cells, 20(S)-

OHC: 58.8+/-85.1x103 cells). On the other hand, the number of tdT+ cells (mostly SSPCs) 

significantly decreased with exposure to 20(S)-OHC. The number changed from 10.0+/-9.5 x103 

to 0.7+/-0.6 x103 (p<0.001). Also, the percentage of senescent tdT+ (tdT+SA-β-gal+) cells 

percentage decreased with 20(S)-OHC. 54.7+/-26.3% of tdT+ cells expressed SA-β-gal in the 

control wells against 6.8+/-6.7% in the experimental wells (p<0.0001). 

  In summary, of the four compounds tested, 20(S)-OHC, an Hh agonist, is the only one with 

a significant effect on the SSPCs after 13 days in culture (figure 4.1 D). It keeps SSPCs 

quiescent/non-proliferative. Their number decreases when 20(S)-OHC is added to the media while 

the total cell population proliferation and colony-forming capacity is similar to what is quantified 

when the vehicle is added. I can conclude that a one-dose 20(S)-OHC has no effect on the tdT- 

cell population but, keeps SSPCs in a non-proliferative state, at the same time reducing their 

colony-forming capacity and their entry into senescence.  

4.2 Effect of prolonged stimulation with 20(S)-OHC on SSPCs 

proliferation and senescence in vitro    

A single dose of  20(S)-OHC had a substantial effect on SSPCs proliferation and colony-

forming capacity. Initially, I wanted to confirm this effect and detect any other effects for which a 
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single stimulation would not have been sufficient. I repeated this experiment, but this time with 

continuous stimulation of the cells with this compound. 20(S)-OHC (10 µM) was added at plating, 

at refeeding three days later and during media change two days post-refeeding. Subsequently, I 

wanted to confirm that 20(S)-OHC affected the SSPC population via activation of the Hh pathway. 

Therefore, cells were also exposed to 20(S)-OHC (10 µM) in combination with cyclopamine (10 

µM), an Hh antagonist. Finally, I sought to determine whether the effect of 20(S)-OHC on SSPCs 

was sex-dependent. This experiment was then conducted on seven mice (n=7), four male and three 

female mice.  

Plates were imaged after seven days in culture. Cell confluency exceeded 80% at that point. 

Colonies, their size, total cell per well, tdT+ cells and their SA-β-gal expression was quantified 

and comparison made between the agonist (20(S)-OHC), the combination agonist (20(S)-OHC)-

antagonist (cyclopamine) and their vehicle (EtOH). Because of the low viability of the isolated 

cells, only one technical replicate was possible per biological replicate. 

In wells where the vehicle was added, 443+/-43 and 304+/-45 colonies were formed in 

males and females, respectively (figure 4.2 A). The colonies measured 13.0+/-5.3x103 µm2 in 

males and 9.2+/-5.9x103 µm2 in females (figure 4.2 B). When 20(S)-OHC was added, cells from 

male and female mice formed 9+/-4 colonies and 8 +/-3 colonies, respectively and measured 1.9+/- 

0.9x103 µm2 in males and 1.4+/-0.2x103 µm2 in females. In the presence of the 20(S)-OHC-

cyclopamine combination, 0+/-1 was formed in males and 14+/-23 colonies in females. The 

colonies’ sizes were 0.7+/-1.3x103 µm2 in males and 2.1+/-2.7x103 µm2 in females (figure 4.2 A 

& B). The colonies were significantly smaller when 20(S)-OHC was added on male (p<0.001) and 

female cells (p=0.034) (figure 4.2 B). Therefore, continuous 20(S)-OHC stimulation greatly 
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reduced colony formation and cell proliferation independent of age, and this effect was 

surprisingly not blocked by cyclopamine. 

 

 

 

 

When 20(S)-OHC was added to the media, a mean of 1.4+/-0.7x103 (males) and 1.0+/-

0.1x103 cells (females) were counted, of which 0.1+/-0.08x103 and 0.06+/-0.02x103 expressed tdT 

in males and females, respectively (figure 4.2 C & D). With the vehicle, 28.5+/-8.3x103 (males) 

and 18.1+/-8.8x103 total cells (females) were counted, with 1.0+/-0.9x103 and 0.2+/-0.1x103 of 

this cells expressing tdT in males and females, respectively. When 20(S)-OHC was combined with 

cyclopamine, these numbers changed to 0.5+/-0.2x103 and 0.4+/-0.2x 103 total cells counted in 

Figure 4.2. In vitro colony assays in basal medium with supplementation with 20(S)-OHC and its combination 
with cyclopamine. SSPCs were isolated and enriched from 8-week-old Sox9-CreERT; Ai14 mice (n=7, four males and three 
females) 48h after a single injection of tamoxifen. Cells were seeded in 24-well plates at a density of 5x104 cells/cm2 basal medium 
supplemented with 20(S)-OHC, 20(S)-OHC + cyclopamine, or EtOH (vehicle control). The compounds were added at every media 
change. Cells were left in culture for seven days then analyzed on the Operetta CLS High-Content analysis system. A) Quantification 
of the total number of colonies obtained per condition and B) their region area in μm2. C) Quantification of the total number of cells 
counted per well obtained by nuclei segmentation. E) The number of tdT+ cells counted per well. F) Quantification of the tdT+SA-
β-gal+ cells expressed as the percentage of total tdT+ cells. G) Quantification of the tdT+SA-β-gal+p16INK4A+ cells expressed as the 
percentage of total tdT+ cells. The statistical test performed was the two-way ANOVA test, p=0.05. Results were corrected for 
multiple comparisons using the Tukey’s test. 
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males and females respectively and 20+/-13 and 10+/-9 expressed tdT. The differences in the total 

cells counted between 20(S)-OHC and the vehicle and between the vehicle and the combination 

of 20(S)-OHC and cyclopamine were statistically significant as determined by the two-way 

ANOVA test (males: p<0.0001 in both cases and females: p=0.002 and 0.001). The SA-β-gal 

expression gradually decreased between the pairs EtOH-20(S)-OHC and EtOH-(20(S)-OHC-

cyclopamine) combination in males (p<0.001 and p<0.0001, respectively) (figure 4.2 E). The 

percentages went from 91.0+/-11.2% (EtOH) to 51.7+/-9.4% (20(S)-OHC) and 32.2+/-12.2% 

(20(S)-OHC-cyclopamine combination). In females, there was no significant difference between 

the percentage of tdT+SA-β-gal+ cells when the vehicle or 20(S)-OHC was added (75.3+/-13.8% 

and 53.8+/-8.8% respectively). The percentages obtained with the vehicle and 20(S)-OHC were 

both individually significantly higher than the numbers obtained for the 20(S)-OHC-cyclopamine 

combination (19.3+/-16.7%) (p=0.0001 and 0.008). The same pattern was observed between the 

three experimental conditions in the case of the triple positive (tdT+SA-β-gal+p16INK4A+) cell 

population (figure 4.2 F). 

In summary, a single dose of 20(S)-OHC has no effect on tdT- cell proliferation, colony 

number and size and but inhibited tdT+ (SSPCs) proliferation, colony-forming ability and 

senescence (figure 4.1 D). Continuous stimulation with 20(S)-OHC, on the other hand, inhibited 

all skeletal cells proliferation, colony-forming capacity and expansion (figure 4.2 A, B &C). And 

its effect is not counteracted by the presence of cyclopamine. In both sexes, the exposure to 

multiple doses of 20(S)-OHC appears to inhibit SSPCs cell proliferation while inhibiting cellular 

senescence (the analysis lacked the power to detect a significance in female). Cyclopamine failed 

to reverse these effects.  
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4.3 Effect of PTH on the SSPCs population size in vivo 

PTH is involved in bone homeostasis. It is used in the treatment of osteoporosis in 

menopausal women. At the cellular level, it has been reported to induce an increase in the number 

of Sox9-expressing cells in mouse bone and their differentiation into osteoblasts 194. This effect 

took place after a seven-day pulse. PTH was also shown to activate the Hh pathway in 

chondrogenic ATCD5 cells.196. I wanted to test its effect on the Sox9+ SSPC population, because 

if a proliferation-promoting effect was observed, it could then be used to induce SSPCs 

proliferation for stem-cell based therapies. In this part of the project, TAM was administered 

intraperitoneally every day for three days and 400ng/g of PTH subcutaneously during four days to 

56 to 66-week-old Sox9-CreERT; Ai14 mice to respectively induce the expression of tdT in Sox9+ 

cells and their progeny and assess PTH’s effect on this cell population. The mice were euthanized 

two days after the last injections. Femur sections were stained for Sox9, imaged and analyzed 

(figure 4.3 A). Mice injected with the PTH vehicle were processed as controls. Each experimental 

and control group consisted respectively of four and three mice of both sexes.  

In bone sections from vehicle-treated mice, 3.2+/-0.8x103 tdT+ cells were segmented, of 

which 89.2+/-8.6% expressed Sox9. In the PTH-treated mice bone sections, 3.1+/-1.3x103 tdT+ 

cells were counted and 75.7+/-19.5% of these were Sox9+. As determined by the Student’s t-test, 

the difference between experimental and control group regarding tdT+ cell number and Sox9+ 

cells percentage was not statistically significant (figure 4.3 B & C). 

In summary, a four-day PTH pulse has no significant effect on the SSPC population in 

vivo.  
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Figure 4.3. Quantification of Sox9+ SSPCs in mouse femur sections exposed to PTH. Male and female aged mice 
(56 to 66-week-old) were injected four doses of PTH and three doses of TAM and EdU. Femurs were harvested two (2) days 
post-labeling and the effect of PTH on the Sox9+ SSPCs assessed. A) Confocal image of two distal femur sections (Sox9 stainings 
are not shown). B) Quantification of tdT+ cells. C) Quantification of Sox9+ cells expressed as the percentage of Sox9+ cells in 
the tdT+ cell population. n=7, n=4 in the experimental group and n=3 in the control group. All sections were obtained from male 
mice. The significance of the difference level between the means of both groups was determined by the student’s t-test. The 
significant threshold was set at p=0.05. GP: growth plate, TB: trabecular bone, BM: bone marrow, ctrl: control. 
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4.4. Sex-dependent effects of tamoxifen (TAM) on growth plate 

chondrocytes proliferation and senescence  

TAM is a selective estrogen receptor modulator. In the uterus and the postmenopausal 

bones, it acts as an estrogen receptor agonist whereas its effect is antagonistic in tissues such as 

the breast. It has been used in the treatment of precocious puberty in the McCune-Albright 

syndrome, a disease associated with short stature in affected male individuals179. Also, TAM is 

used in multiple lineage tracing and conditional knockout studies in the skeleton203,204. It activates 

the CreERT recombinase to excise a gene or stop codon, conditionally deleting a gene or allowing 

the expression of a reporter. Due to its widespread use in skeletal studies and its possible side 

effects on bone physiology when used long-term, I wanted to assess its effect in the GP of postnatal 

mice at the cellular level, but only over a period similar to that generally chosen in our studies. My 

results could also be extended to future studies in regenerative orthopedics. 

      The following experiments were conducted in C57Bl/6 mice to specifically study the effects 

of TAM on the proliferation and senescence of cells within the postnatal GP. Since I did not use 

the Sox9-CreERT; Ai14 model, I will refer to the cells analyzed as GP chondrocytes rather than 

SSPCs. Here, I relied on a spatial gating of the GP and included the broad chondrocytic population 

of this region of the bone. When Sox9 antibody staining was performed and quantified, in the 

description of the results I will refer more specifically to the SSPC population. 

8-week-old C57Bl6 mice were given three pulses of TAM and EdU intraperitoneally and 

euthanized two days later. The control group only received three pulses of EdU before euthanasia. 

Femurs were processed and 300μm-thick sections treated with the CellEventTM Senescence Green 

Detection Kit, click IT EdU Alexa Fluor 488 kit and stained with anti-Sox9 antibody. DAPI was 
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used as a nuclear counterstain. Sections were later cleared, mounted and images acquired (figure 

4.4 A). The DAPI spots of the distal femur were segmented in Imaris v10.2.0 (Bitplane) and the 

software permitted the selection of spots localized in the GP area. Statistics about the GP area 

cells’ SA-β-gal and Sox9 protein expression and their EdU uptake was transported into XiT (figure 

4.4 A) 193. Statistics of the FMO controls were used in XiT for defining the gates on the axes (figure 

2.2).  

In general, there was no significant difference between males and females in terms of EdU 

incorporation and SA-β-gal expression before TAM injection (figure 4.4 B & C). In the presence 

of TAM, 20.0+/-15.2% of cells in male mice bone sections were EdU+, a significantly higher 

number than the 0.5+/-1.0% quantified in the absence of TAM (p=0.002) (figure 4.4 B). In females, 

the numbers were 2.6+/-3.5% and 0.7+/-0.5% in the presence and absence of TAM respectively. 

This incorporation rate of EdU in female mice exposed to TAM was significantly lower than what 

is observed in males under the same conditions (p=0.004).  

When SA-β-gal expression was quantified, there was no significant difference between the 

mean percentages of SA-β-gal+ cells with and without TAM in males (18.3+/-3.4% vs 22.5+/-

5.2%) (figure 4.4 C). In females, on the contrary, the SA-β-gal+ cell population percentage 

significantly decreased from 29.8+/-6.4% before TAM injection to 13.2+/-5.6% when TAM was 

injected (p<0.001). The percentage of senescent proliferating cells (EdU+SA-β-gal+) followed the 

same pattern as the total EdU-incorporating cells (figure 4.4 B & D). Their percentage increases 

in males when TAM is injected (p=0.0001) and the number is significantly higher than what is 

observed in females under the same conditions (p<0.001). The EdU-SA-β-gal+ cells followed the 

trend of the total senescent cells (SA-β-gal+) (figure 4.4 C & E). 
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A mean percentage of 8.1+/-1.7% of cells expressed Sox9 in male mice injected with TAM 

against 16.4+/-2.7% when corn oil was injected (figure 4.4 F). The difference between these two 

numbers was determined to be statistically significant (p=0.023). For female mice, these numbers 

were 9.7+/-3.5% with TAM injection and 8.3+/-5.5% in the case of corn oil. There was a 

significant difference in the Sox9 expression between male and female mice injected with corn oil, 

less cells expressed Sox9 in females (p=0.025) (figure 4.4 F).  

In summary, young male and female mice present a similar baseline proliferation and 

senescence rate (figure 4.4 B & C). TAM stimulates chondrocyte proliferation in young male mice 

but not in young females (figure 4.4 B). This phenomenon is concomitant with a decreased Sox9 

expression in males and a steady Sox9 expression in females (figure 4.4 F). TAM likely induce 

male Sox9+ SSPCs commitment toward proliferation and/or differentiation, an effect not observed 

in females. This TAM-induced chondrocyte proliferation in males is concomitant with an expected 

induction of senescence in the proliferating chondrocytes (figure 4.4 D) while the overall 

senescence of the tissue stays unchanged (figure 4.4 C). TAM appears to have a sex-dependent 

effect on GP chondrocytes, inducing their proliferation (with concomitant senescence in males) 

and protecting them from senescence in females while their proliferation rate stays the same.  
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Figure 4.4. Tamoxifen effect on growth plate chondrocytes. 8-week-old C57Bl6 mice (n=16, seven males and nine 
females) received three injections of tamoxifen and EdU while controls were injected with either EdU only or EdU and corn oil 
(TAM vehicle). Femurs were harvested two (2) days after the last injection, processed and analyzed. A) Confocal images of the distal 
femur of mice of both sexes which have received either tamoxifen and EdU or EdU only. B) Quantification of EdU+ cells in the total 
cell population. C) Quantification of SA-β-gal+ cells in the total cell population, D) Quantification of double positive (EdU+SA-β-
gal+) cells in the total cell population. E) Quantification of EdU-SA-β-gal+ cells in the total cell population. F) Quantification of 
Sox9+cells in the total cell population. All results are expressed as the percentage of the total cell population. comparison between 
the four groups was performed by the two way-ANOVA test with a significant threshold set at p=0.05 and no correction for multiple 
comparisons (Fisher’s LSD test). Dpt: day post-tamoxifen, GP: growth plate; TB: trabecular bone; BM: bone marrow. 
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Chapter 5: Discussion, limitations, future directions and 

conclusion 

5.1 Discussion 

Multiple diseases affecting the elderly are particularly rare during youth. In the skeletal 

system, the high prevalence of conditions such as osteoarthritis, osteoporosis and fractures in the 

aging population constitutes a huge socio-economic burden. Since stem cells are responsible for 

homeostatic maintenance and repair of most tissues, including the skeleton, a better understanding 

of stem cell physiology in the elderly would provide novel therapeutic avenues to prevent, cure, 

or stop the progression of age-related diseases. Studies performed in our lab showed that putative 

self-renewing SSCs are present in the skeleton58. As this cell population was present in aged mice 

bone, we favored the senescence hypothesis as a potential etiologic mechanism in age-related 

conditions and aged bone blunted regenerative capacity over, for instance, an eventual depletion 

of the SSC niche. We hypothesized that a decrease in SSPCs proliferation rate and their entry into 

senescence was responsible for the advent of these conditions in the aged skeleton and that 

influencing pathways involved in bone development can change SSPCs fate decisions and provide 

insights to address these age-related conditions in the future.  

5.1.1 SSPCs proliferation and senescence rate with sex and age in vivo 

Bone mass decreases with age163. However, the constant presence of stem and progenitor 

cells has been proven in mouse growth cartilage. Changes in the fate decision of these cells are 

certainly involved in the onset of bone loss with age. My hypothesis was that there is an increase 

in senescence and a decrease in the proliferation of these cells with age. To study these two 



 64 

processes in SSPCs, 1-year-old Sox9-CreERT; Ai14 mice were used in the study. With regards to 

skeletal development and maturity, 1-year-old mice correspond to mid-forty/early 50-year-old 

humans205. 8-week-old mice were analyzed as controls. 8 weeks for a mouse correspond to 

between 11.5 and 20 years for a human.  

The data collected in these experiments showed a decrease in the abundance of the 

tdT+Sox9+ (SSPCs) cell population with a decreased proliferation and decreased senescence with 

age (figure 3.1 & 3.2). The decrease in proliferation was not statistically significant likely due to 

the study being underpowered. At some point between the 8th week and 1st year of the mice’s lives 

(11.5-yo and 50-yo for humans), tdT+ SSPCs decrease from a mean of 19.7% to 2.5% of total cells 

of the GP. During this period, the GP fuses completely in humans and incompletely in mice. As 

SSCs reside in the GP, the stem cell niche is lost in humans and shrinks in animals. Therefore, the 

GP of older animals houses less SSPCs, which are also proliferating at a slower rate. As SSPCs 

proliferation decreases, their senescence level follows the same trend. In murine and human bones, 

Farr et al., 2016, showed a higher p16INK4A expression in osteocytes, osteoblasts and their 

progenitors in aged individuals in comparison to young ones175. That would suppose that while 

Sox9+ SSPCs proliferate less, their progeny cells keep proliferating, eventually leading to an 

increased senescence level, as put into evidence by Farr. et al., 2016. Bone remodelling in the aged 

individuals is likely sustained by the few Sox9+ SSPCs remaining in the aged skeleton GP (mice) 

and Sox9+ SSPCs in the periosteum (mice and humans). An alternative explanation for the 

decrease in the number of SSPCs could be that they undergo apoptosis. I did not test for apoptosis, 

and it should be further investigated in the future.  

 It is worth to add that senescence could still be at play in the SSPCs loss in mice with age. 

I might have miss the time frame in which senescence was the highest in this cell population. Such 
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state could be followed by the apoptosis of SSPCs of the GP by the interplay of endocrine and 

paracrine factors such as interleukins present in the senescence-associated secretory phenotype 

(SASP)-induced inflammatory environment. Future analysis should be performed in mice younger 

than 1-year-old. 

5.1.2 SSPCs proliferation kinetics and senescence with sex and age in vitro 

The capacity of SSPCs to proliferate, form colonies and their senescence rate in vitro was 

also assessed. 

The skeletal cells (tdT- and tdT+) from males and females of both age groups proliferated 

the same, but cells from young and aged male mice formed more colonies than their female 

counterparts (figure 3.3 F & H).  One data point in the aged female group is extremely higher than 

all the other data point but it didn't reflect in the colony counting since cells proliferated so much 

that colonies fused, decreasing the number of colonies counted by the Harmony software. That 

constitutes a limitation in the interpretation of this data. Puberty in males starts later but lasts longer 

and bones grow faster, reaching thicker and stronger bones as the cortical deposition is higher in 

this sex. Male cells retained their greater colony-forming ability in vitro likely due to sex-based 

epigenetic imprinting of genes regulating cells proliferation in vivo 206. Higher proliferation 

capacity in vivo in males likely expresses itself as a higher individual clonogenicity of SSPCs in 

vitro. Further investigations about the epigenetic profile of male cells in comparison to female 

ones is necessary to verify such claims. Also, time-lapse microscopy could be envisaged as it 

would help investigate this finding further without the limitations of imaging and analyzing fixed 

cell.  
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SSPCs (tdT+) percentage reached a mean of 66.7% of the total cells (tdT- and tdT+) in 

vitro for aged females (figure 3.3 I). This number varied from 26% to 33% for young males and 

females and for aged males in vitro. The total number of cells being similar across age and sex 

groups, SSPCs (tdT+) of aged females have a higher ratio relative to the total cell count than 

committed tdT- cells in vitro. These cells are likely targeted by hormones and factors affecting 

their proliferation in vivo. This property of aged female cells could be used in cell-based therapies 

aimed to address bone loss in postmenopausal women. A limitation is the increased senescence 

level. 71.3 % of the SSPCs were senescent under these culture conditions.  

In general, the mean senescence rate of SSPCs in vitro varied from 54.5 to 72.5% (figure 

3.3 J) whereas this number ranged from 0.5 to 8.2% in vivo (figure 3.2 D). The culture conditions 

used in this study are not favorable for long-term expansion of this cell population in vitro. 

Optimization of culture conditions to favor expansion of Sox9+ SSPCs while avoiding replicative 

senescence will likely be required for the future development of culture-expanded stem cell 

products for therapeutic use in regenerative orthopedic surgery. 

5.1.3 Multilineage differentiation potential of SSCs with age 

I next assessed the multilineage differentiation potential of aged 1-year-old SSPCs in vitro. 

Cells were placed in osteogenic, adipogenic and chondrogenic conditions. Cells from 8-week-old 

mice cells were analyzed as controls. 

My analysis shows that SSPCs maintained their multilineage differentiation ability in aged 

mice. tdT+ osteoblasts, chondrocytes and adipocytes were identified in aged samples (figure 3.4, 

3.5 & 3.6). The SSPC population decreases in vivo but can still be isolated from bone tissue. Under 

differentiation conditions, they undergo multilineage differentiation. SSPCs transplantation 
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studies showed that adipogenic differentiation is favored in aged mice at the expense of osteogenic 

differentiation207. Since we only performed a qualitative analysis of the differentiation potential of 

tdT+ cells, we cannot draw conclusion on a potential lineage bias with age. Further quantitative 

analysis should be carried out.  

5.1.4 Effect of PTH and Hh pathway regulators on SSPCs proliferation and 

senescence in vitro.  

A second hypothesis for this work was that influencing pathways activated during bone 

development and in putative SSCs in the resting zone of the growth plate (GP) can change SSPCs 

fate decisions. PTH is involved in bone homeostasis in the organism. It is used in the treatment of 

osteoporosis in postmenopausal women208. At the cellular level, it has been reported to induce an 

increase in the number of Sox9-expressing cells in mouse bone and their differentiation into 

osteoblasts 194. A CellChat analysis performed in the lab, demonstrated molecular crosstalk 

between several bone cell types and resting zone chondrocytes (RZ-Ch), which constitute the SSCs 

58. The RZ-Ch receive canonical and non-canonical Wnt signaling from hypertrophic 

chondrocytes. Perichondral cells, osteoblasts, and fibroblasts send Hh, FGF and PTH signals to 

the resting zone chondrocytes, respectively. 

First, I assessed the effect of PTH (1-34), purmorphamine, cyclopamine and 20(S)-OHC 

in vitro. the compounds were added to the cell media at the moment of plating skeletal cells of 8-

week-old Sox9-CreERT; Ai14 mice. These mice were euthanized two days post-TAM injection. 

Of the compounds tested, three did not have any effect in vitro: PTH (1-34), purmorphamine, and 

cyclopamine. 20(S)-OHC did not influence skeletal cells (tdT- and tdT+) proliferation, colony 

formation and expansion but decreased tdT+ cell proliferation and senescence. SSPCs were kept 
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quiescent/non-proliferative by 20(S)-OHC. 20(S)-OHC is known to stimulate osteogenic 

differentiation in murine MSCs, but in the setting of this work the cells were not under 

differentiation conditions and no sign of mineralization was observed. To my knowledge, no 

studies have reported on the effect of PTH, 20(S)-OHC, purmorphamine and cyclopamine on 

Sox9+ SSPCs in vitro, specifically.   

It has been reported that 20(S)-OHC, purmorphamine and PTH promote osteogenic 

differentiation of MSCs through activation of the Hh pathway183,185,188,198,199. Only 20(S)-OHC 

influenced the Sox9+ SSPCs in the first assay. This prompted me to question whether this observed 

effect of 20(S)-OHC on SSPCs was indeed through a Hh pathway activation. 20(S)-OHC was 

tested again. Cell stimulation with 20(S)-OHC would be continuous in this second assay. Also, 

cyclopamine—a Hh antagonist—was added to the medium to test for an activation of the Hh 

pathway in SSPCs by 20(S)-OHC. The previously mentioned effects (decreased tdT+ cell 

proliferation and senescence) would be inhibited by the addition of cyclopamine to the medium.  

Continuous stimulation with 20(S)-OHC had a striking inhibiting effect on the total (tdT+ 

and tdT-) cell population expansion, their colony-forming capacity and colony expansion. These 

parameters decreased considerably in the presence of cyclopamine (figure 4.2).  Also, the number 

of tdT+ (SSPCs) cells decreased (figure 4.2 D). 20(S)-OHC has a similar effect on SPPCs (tdT+) 

and total (tdT- and tdT+) cells (figure 4.2 C & D). Both cell types were kept quiescent/non-

proliferative. However, continuous stimulation was needed to inhibit proliferation of tdT- cells 

(figure 4.1 H). This decreased proliferation in tdT- and tdT+ is reflected by a decrease in replicative 

senescence (figure 4.2 E & F). The effect of 20(S)-OHC on tdT- and tdT+ cells is likely exerted 

through the same pathway as proliferation and senescence are similarly inhibited in both cell 

populations. 
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Cyclopamine did not reverse the effect of 20(S)-OHC on any of the measured parameters, 

whereas this effect was expected209. One explanation could be that the media contained some Hh 

family proteins that activated the Patched 1 (Ptch1) receptor. Together with the 20(S)-OHC, these 

Hh proteins triggered the transmembrane protein Smoothened (Smo) relocation to the primary 

cilium210. In the case of such occurrence, the cyclopamine dose added would be insufficient for an 

effective antagonistic effect. 

Also, cyclopamine’s modulation of Smo is binding site-dependent211. It acts as an Hh 

pathway agonist when it binds the extracellular cysteine-rich domain (CRD) of Smo, and as an Hh 

antagonist only when binding to the heptahelical transmembrane domain (TMD). The exact Smo 

domain through which cyclopamine binds on SSPCs is not known. The effect of cyclopamine on 

SSPCs necessitate further investigations. Thus far, I could not determine if 20(S)-OHC acts 

through the Hh pathway to exert its effects on SSPCs. Future studies will also be required to answer 

this important question.   

In vivo Hh activation in PTHrP+ resting zone chondrocytes stimulated an exaggerated 

proliferative response described as “patched roses” (concentric, potentially clonal population of 

PTHrP+ chondrocytes in the metaphysis) and their migration to the trabecular bone where they 

differentiated into osteoblasts231. By this report, the PTHrP+ chondrocytes are SSPCs which 

include the SSC population. These PTHrP+ SSPCs exited the quiescence stage upon Hh activation. 

I observed a reverse effect on Sox9+ SSPCs and skeletal (tdT- and tdT+) cells in vitro (figure 4.2 

C & D). In general, no reports on the effect of Hh activation in Sox9+ SSPCs is available in the 

literature. This report is the first of its kind. It lays the foundation for the use of Hh agonists in 

attempts to inhibit skeletal (total tdT+ and tdT-) cell proliferation. Further steps could involve 

studying the effect of Hh activators on SSPCs quiescence, proliferation and self-renewal in vivo.  
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5.1.5 Effect of PTH on the SSPC population size in vivo 

I also tested the ability of PTH (1-34) to influence SSPCs fate decision.  

 Intermittent PTH administration increases bone mass by stimulating new bone formation 

(cortical, trabecular, endosteal and periosteal bone apposition) in humans, rabbits, monkeys and 

rodents 212–218. At low concentrations, PTH stimulates osteoblastic activation and bone formation 

194. It is believed that the rapid degradation of the hormone prevents osteoclast activation and bone 

resorption. Daily low-dose PTH is currently used in the treatment of osteoporosis in 

postmenopausal woman208. I wanted to test its effect on the Sox9+ SSPCs. 

A PTH (1-34) concentration of 400ng/g was injected every day over a four-day period to 

aged Sox9-CreERT; Ai14 mice, and the SSPC population in the GP compared between PTH-

treated samples and controls. No significant difference was observed between experimental and 

control groups (figure 4.3 C). This result echoed what was observed in a report by the Kronenberg 

group194 . In 6-week-old mice, a three-day pulse had no effect on the Sox9+ SSPCs in the 

metaphysis (GP included). On the other hand, a seven-day pulse of PTH increased the Sox9+ cell 

population and their differentiation into osteoblasts. The establishment of PTH’s effect takes place 

only after sustained stimulation— for at least a week—of Sox9+ cells. This experiment should be 

repeated with a similar pulse period. This property of PTH could be exploited in future attempts 

to induce SSPCs proliferation in vitro for future transplantation in the setting of stem cell-based 

therapies.  
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5.1.6 Sex-dependent Tamoxifen (TAM) effect on growth plate (GP) chondrocytes 

proliferation and senescence in C57Bl/6 mice  

In experiments aimed at testing the effect of TAM in vivo, chondrocytes from young male 

and female mice presented a similar baseline proliferation and senescence rate when treated with 

the TAM vehicle (figure 4.4 B & C). Based on EdU incorporation, TAM stimulated chondrocyte 

proliferation in young males but not in young females (figure 4.4 B). This TAM-induced 

chondrocyte proliferation is concomitant with an expected induction of senescence in a small 

fraction of males’ proliferating chondrocytes, based on SA-b-gal expression (figure 4.4 D). As 

previously mentioned, proliferation is often followed by replicative senescence. Male mice also 

had a higher Sox9+ SSPC proportion in the distal femoral GP before TAM injection (figure 4.4 

F). This level was decreased to the female level after TAM. Therefore, in male mice, TAM likely 

induced SSPCs commitment toward proliferation (with concomitant senescence entry), and/or 

differentiation. It would be interesting to investigate the relationship between transcription factors 

such as Sox9 and TAM and identify the type of progeny coming out of this stimulation.  

Female chondrocytes exposed to TAM were protected from proliferation and senescence 

in mice (figure 4. 4 B & C). In post-menopausal women TAM has been shown to only slightly 

increase bone mineral density when compared to estrogen and bisphosphonate therapy219. In 

practice, TAM is unlikely to be effective as a growth stimulant in females and could be used in the 

treatment of senescence-associated skeletal conditions of the elderly women.  

In general, these results could change our perception of aging, particularly in the skeletal 

system. SSPCs population decreases while proliferating less. The sexual dimorphism observed in 
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vivo with TAM complicates the development of drugs capable of addressing diseases 

indiscriminately in both sexes.  

Also, I gathered more proof regarding the pitfalls of the use of TAM in the inducible Cre-

recombinase system widely used in bone research. In the field of SSPCs, researchers who inject 

TAM into their mice to induce the expression of a reporter of interest, should consider the possible 

effects of this drug on this cell population, include information on this subject in their reports and, 

if possible, choose a mouse genetic construct other than the TAM-inducible Cre, i.e., not requiring 

TAM injection (see section 1.3.1).  

The main goal with this work was to contribute to the theorical basis for the future 

development of stem-cell based therapies addressing diseases of the aged individual. The 

hypothesis that senescence was the main culprit in the latter cases has been put forward. The 

decrease of the SSPC population with a decrease in their proliferation and senescence force us to 

consider other angles in future studies.  

5.2 Limitations and future directions 

Some limitations of the work I presented in this thesis should be mentioned. Senescence 

was assessed with SA-b-gal as the sole marker in vivo (figure 3.2 & 4.4). The international cell 

senescence association (ICSA) recommends the confirmation with a second marker. In vitro, 

p16INK4A successfully labeled between 84.2% and 99.95% of the SA-b-gal expressing cells (figure 

3.3 K). Anti-p16INK4A antibody that can be used on tissue sections are scarce, and none of those I 

screened showed any overlapping staining with SA-b-gal in vivo. It would be important to repeat 

these experiments with other senescence markers such as lamin B1220–223.  
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Multiple trends observed in this study were not confirmed by the statistical tests performed 

(figure 3.1 D & F, 4.4 C &E). The small sample size in my experiment limited my statistical power. 

These studies should be repeated with a larger sample size to uncover suspected differences hidden 

by an underpowered analysis in the case of the present study.   

 In this thesis, I addressed the Sox9+ SSPCs in the GP. The same assessment should be 

made for Sox9+SSPCs of the periosteum. Any kinetic and dynamic change of this cell population 

would complete the story and further the understanding of Sox9+ SSPCs fate decision with age. 

 I missed on the opportunity to show an effect of PTH (1-34) on the SSPCs in vivo (figure 

4.3). This experiment should be repeated with a seven-day pulse and quantification of self-renewal 

and multilineage differentiation of Sox9+ SSPCs should be made.  

The extrapolation of the results of TAM stimulation on the chondrocytes of the GP has its 

limits (figure 4.4). I am uncertain that the observed effect applies to the Sox9+ cell population. 

This uncertainty can be addressed by performing anti-Sox9 antibody staining along with the other 

parameters studied (EdU incorporation, senescence). 

 In general, in all in vivo experiments, testing for the self-renewal of the Sox9+ SSPCs 

would be particularly interesting as it would narrow down and focus on the Sox9+ SSCs. 

Identification and influencing of SSCs can provide ways for addressing multiple age-related 

skeletal condition with stem-cell based therapies.  

In vitro, SSPCs culture in MesencultTM basal media showed an elevated senescence rate 

(figure 3.3 J & K, 4.1 A, B, C & D EtOH, 4.2 E &F). This should be addressed in future assays. 

For example, medium supplement with FGF-2 could be used to culture these cells and prevent 

these pitfalls224,225. Also, A time-course analysis of the lysosomal galactosidase β 1 (GLB1) gene 
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expression should be considered in the future as it can provide thorough information about the 

dynamics at play over the seven-day period of the culture. 

As the work with cyclopamine and 20(S)-OHC was repeated. I did multiple stimulations 

of 20(S)-OHC alone and 20(S)-OHC associated with cyclopamine, but I did not retest cyclopamine 

alone. This should be considered in the future. Also, further works should be carried out to confirm 

Gli activation in the presence of Hh pathway activators such as 20(S)-OHC and, activators of other 

pathways on which 20(S)-OHC stimulation might occur should be tested. Compounds of the same 

group have been reported as Liver X Receptor (LXR) agonist226,227. LXRs are present in pre-

hypertrophic and resting zone chondrocytes 228 .Stimulating these receptors with compounds such 

as WAY 252623 (LXR agonist) and GSK 2033 (LXR antagonist) should be done in SSPCs226,229. 

In parallel, 20(S)-OHC administration in vivo could also be attempted in young mice, aged mice 

and mice with bone injuries or pathological conditions. 

A quantitative SSPCs multilineage differentiation potential assessment in vivo and in vitro 

should also be envisaged. As I did a qualitative analysis, there is a lack of information on a possible 

lineage bias of the SSPCs as the organism ages. 

In summary, multiple avenues can be taken to complete this work. 

5.3 Conclusion 

SSPCs are present in the mature skeleton. Unlike in young individuals, they are less likely 

to ensure perfect bone maintenance in the elderly. We proposed to evaluate the behavior of SSPCs 

in aged mice, and to influence them using different compounds mimicking bone-anabolic 

hormones and/or activating pathways known to play a role in bone development and growth. The 

data revealed a shrinking of the SSPC population, while their proliferation rate and senescence 
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level decreased. In vitro, 20(S)-OHC preserved SSPCs quiescence while protecting them from 

senescence. In vivo, TAM stimulated male chondrocyte proliferation and senescence while 

protecting female chondrocytes from senescence. These compounds could be tested as therapies 

in senescence-associated skeletal conditions, although further assessment of the pathways 

activated by these compounds is necessary. These studies brought us a step closer to our goal of 

addressing acute and chronic skeletal system conditions affecting the elderly with skeletal stem 

cell-based therapies.  
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