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Modifications de la matrice extracellulaire osseuse dans des 
conditions pathologiques ou environnementales : 
caractérisation et conséquences sur les cellules osseuses. 

Le tissu osseux est soumis à un remodelage constant au cours duquel les ostéocytes 
font office de mécanorécepteurs et coordonnent l’activité des ostéoclastes (OCL) qui résorbent 
le tissu osseux, et des ostéoblastes (OB) qui synthétisent la matrice extracellulaire (MEC) 
minéralisée. L’objectif de mon projet de thèse était d’étudier les altérations des matrices 
osseuses induites par certaines conditions physiopathologiques ou environnementales et 
d’explorer leurs effets sur le comportement des cellules osseuses et sur le tissu osseux.  

Dans la première partie du projet, j’ai étudié en tant que modèle de pathologie osseuse, 
des souris dont le gène Recql4, une ADN-hélicase, a été inactivé. Chez l’homme, les mutations 
du gène RECQL4 sont responsables du syndrome Rothmund-Thomson de type II associé à 
différentes anomalies squelettiques dont une perte osseuse prématurée. Dans un premier 
temps, j’ai caractérisé le phénotype osseux des souris Recql4-/- et constaté un vieillissement 
osseux prématuré chez ces animaux. Ensuite, j’ai analysé ex vivo le comportement des OB et 
OCL primaires isolés de souris Recql4-/-. Nous avons observé que la MEC produite par les OB 
Recql4-/- tend à être moins minéralisée et est significativement plus rigide que la MEC 
synthétisée par les OB témoins. La perte d’élasticité de la MEC dans le cas du tissu osseux 
serait associée à une stimulation de la résorption. Ceci corrobore nos analyses histologiques 
qui révèlent une augmentation de la surface osseuse couverte par les OCL chez les souris 
mutantes. L’analyse protéomique de matrices synthétisées ex-vivo par des OB Recql4-/- ou 
des OB contrôles, a permis l’identification de 204 protéines différentiellement exprimées. Ces 
résultats étayent l’hypothèse selon laquelle les OB Recql4-/- synthétisent une matrice osseuse 
modifiée. Parmi ces protéines, je me suis focalisée sur celles connues pour être impliquées 
dans l’organisation de la matrice et/ou la communication cellule-matrice. Ces travaux serviront 
de point de départ à des études à venir visant à explorer l’implication de ces protéines 
candidates dans la perte osseuse provoquée par la perte de RECQL4 et à examiner le 
comportement des cellules osseuses sur la MEC modifiée Recql4-/-. 

La deuxième partie de ma thèse concerne l’effet de l’uranium naturel (U) piégé dans la 
matrice sur les cellules osseuses. L’U est un métal lourd naturellement présent dans 
l’environnement, qui possède un faible niveau de radioactivité mais une toxicité chimique 
importante. La matrice osseuse est le principal site de rétention de l’U à long terme dans 
l’organisme. Cet actinide perturbe le métabolisme de l’os, mais son mode d’action et ses effets 
sur les cellules osseuses, notamment les OCL, n’est pas connu. J’ai d’abord montré que la 
présence d’U dans le milieu de culture des OCL stimule ou inhibe la fonction de ces cellules, 
selon la concentration. J’ai ensuite examiné l’effet de l’U incorporé à la matrice sur les OCL. À 
cette fin, nous avons développé deux systèmes modèles : une surface osseuse synthétique 
biomimétique sur laquelle l’U a été adsorbé, et des matrices « biologiques » synthétisées par 
des OB cultivés en présence d’U. A l’aide de ces modèles, nous démontrons pour la première 
fois que l’U intégré à la matrice peut être remobilisé par la résorption ostéoclastique. De plus, 
nos données suggèrent que l’U libéré par résorption pourrait stimuler l'ostéoclastogenèse. 

En conclusion, mes travaux ont conduit à la caractérisation d’un nouveau modèle murin 
de vieillissement prématuré des os et à la première démonstration de l’effet de l'uranium sur 
le comportement des ostéoclastes. Ce travail illustre l’importance que peuvent avoir les 
altérations de la MEC osseuse sur la fonction des cellules osseuses. En outre, la mise au point 
de systèmes de culture 3D de cellules osseuses qui miment les microenvironnements osseux 
normaux ou défectueux sera utile pour identifier de nouveaux mécanismes de la 
physiopathologie osseuse. 

Mots clés : os, matrice extracellulaire, RECQL4, vieillissement, uranium   M t lé t i t ll l i RECQL4 i illi t i

RÉSUMÉ 



iv 
 

Bone extracellular matrix modifications under pathological and 
environmental conditions: 

characterization and impact on bone cells. 

Bone tissue undergoes constant remodeling during which osteocytes, cells acting as 
mechanosensors, coordinate the function of osteoclasts (OCL), resorbing old and damaged 
bone, and of osteoblasts (OB), synthesizing new mineralized extracellular matrix (ECM). In 
addition to serving as a support for mineral deposits, the protein network of bone ECM is 
involved in regulating the behavior of bone cells by modulating their proliferation, differentiation 
and/or function. The aim of my thesis project was to study bone matrix alterations induced by 
various pathological or environmental conditions and to explore their consequences on bone 
cell behavior and/or on bone health. 

In the first part of my project, RECQL4-deficient mice were used as a model of bone 
pathology. In humans, bi-allelic mutations in the RECQL4 gene, a DNA helicase, are 
responsible for type II Rothmund-Thomson syndrome (RTS-II), a rare progeroid disorder 
associated with a range of skeletal anomalies, including premature bone loss. We first 
characterized the bone phenotype of Recql4-/- mice. We found that bone loss associated with 
normal aging is accelerated and more pronounced in Recql4-/- animals. Next, we performed 
ex-vivo experiments using primary bone cells (OCL and OB) from elderly mice. ECM produced 
by Recql4-/- OB tends to be less mineralized and is significantly stiffer compared to control 
ECM, suggesting osteoblast dysfunction. Stiffening of ECM is a general feature of aging tissue 
and is believed to promote bone resorption. This is consistent with our histological data, which 
show increase in bone surface covered by the OCL in Recql4-/- mice compared to control. 
Proteomic analysis of ECM-enriched extracts derived from Recql4-/- and Recql4+/- primary OB 
identified 204 differentially expressed proteins, supporting the hypothesis that Recql4-/- OB 
synthesize a modified bone matrix. Among these proteins, we focused in particular on those 
important for matrix organization as well as for cell-matrix communication. Additional studies 
are now necessary to explore their possible implication in the accelerated bone loss seen in 
RECQL4-deficient mice and to examine the behavior of bone cells on Recql4-/- bone ECM. 

A second part of my thesis work was aimed at evaluating the effect of natural uranium 
trapped in the bone matrix on bone cells. Uranium (U) is a naturally occurring heavy metal 
widespread in the environment. While its radioactive activity is low, uranium exhibits a strong 
chemical toxicity. The bone matrix is the main site of U long-term retention. In vivo and 
epidemiological studies have shown that natural U impairs bone metabolism. However, the 
mechanism of its action and its effects on bone cells, in particular on osteoclasts, remain 
largely unexplored. We examined for the first time in vitro the effects of natural U on 
osteoclasts. We first showed that the presence of U in the culture medium stimulates or inhibits 
osteoclastic function, depending on the U concentrations used. We then examined the effect 
of U immobilized in bone-like matrices on OCL. For this purpose, we developed two model 
systems: a bone synthetic biomimetic surface onto which U has been adsorbed and “biological” 
matrices synthetized by OB cultured in the presence of U. By using these models, we 
demonstrated for the first time that embedded U can be remobilized from the matrix through 
osteoclastic resorption. Moreover, our data suggest that U released by resorption could 
stimulate osteoclastogenesis.  

In conclusion, my work led to the characterization of a new mouse model of premature 
bone aging, and provided the first evidence of the effect of uranium on osteoclast behavior. In 
doing so, this work illustrates the importance of bone matrix alterations on bone cell function. 
In addition, the development of three-dimensional bone cell culture systems that mimic normal 
or defective bone microenvironments will be useful in identifying new mechanisms essential to 
bone health. 

Keywords: bone, ECM, RECQL4, aging, Uranium  

ABSTRACT 
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INTRODUCTION 

CHAPTER 1: BONE. GENERAL BACKGROUND 

I. BONE ORGANIZATION 

1. Bone anatomy and development 
Bone is a hard, mineralized connective tissue forming a major part of the 

skeleton (the other part being cartilage). There are multiple but interconnected ways to 

classify bones. From an anatomical point of view, bones can be divided into two types: 

those belonging to the axial skeleton – the skull, the vertebral column and the thoracic 

cage – and those belonging to the appendicular skeleton – limbs and the bones that 

attach limbs to the axial skeleton1. 

From a developmental point of view, the bones are distinguished by the type of 

ossification that takes place during skeletal development. Membranous bones are 

produced by intramembranous ossification, a process in which embryonic 

mesenchymal cells differentiate directly into osteoblasts that deposit mineralized 

extracellular matrix (ECM). Most of the cranial and facial bones, and part of clavicles 

are formed through this ossification process2. 

Most of the other bones, including the long bones of the limbs, are so-called 

cartilaginous bones and are the result of endochondral ossification, a process that 

involves several steps detailed in Figure 1. The first stages of this process include the 

condensation of mesenchymal cells, their differentiation into chondroblasts, 

proliferation and maturation into chondrocytes. Chondrocytes synthesize collagen 

II-rich cartilaginous matrix that will serve as a model (anlage) for the future bone. 

Thereafter, the cells in the middle of the anlage stop proliferating, become 

hypertrophic, and secrete an extracellular matrix enriched in collagen X that undergoes 

some mineralization. Mesenchymal cells outside of the cartilage differentiate into 
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osteoblasts and deposit a mineralized matrix around the cartilage template which will 

become cortical bone. 

Figure 1: Endochondral ossification 

Concomitantly, primary ossification centers (POC) are formed: blood vessels 

and nerves invade the hypertrophic cartilage core, providing access to 

osteoprogenitors and osteoclasts. Hypertrophic chondrocytes die by apoptosis, leaving 

behind extensive lacunae, further enlarged by osteoclasts and matrix 

metalloproteinases which digest partially mineralized cartilaginous matrix. What is left 

of the cartilage serves as a scaffold for the new collagen I-based mineralized matrix 

secreted by osteoblasts. Newly formed bone takes the shape of interconnected rods 

and plates called trabeculae. 
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Figure 2: Long bone structure 

The process of ossification propagates along the initial cartilage template 

creating an elongated shaft, the diaphysis (Figure 1 and 2). Meanwhile, secondary 

ossification centers (SOC) form at the ends of the anlage, or epiphyses. From there, 

the replacement of the cartilage by bone proceeds towards the bone midline and 

recapture the steps described above3. 

Finally, between the primary and secondary ossification centers, there remains 

only a narrow disk of non-mineralized cartilage, referred to as the growth plate. 

Postnatally, this growth plate serves as a source of chondrocytes for the elongation 

process occurring during long bone growth4, where new cartilage is produced and 

replaced by trabeculae on the diaphysis side of the long bone. 

The actively elongating part of the bone below the growth plate is called the 

metaphysis (Figure 2). When bones reach their adult length, the growth plate is 

Figure 2: Long bone structure. Schematic representation of the long bone anatomical characteristics 
(see description in the text). 

The insert is adapted from Fuchs et al, 2019 
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"closed", that is to say mineralized. The epiphysis and metaphysis are fused and their 

blood supply is unified. However, in murine long bones, as opposed to human ones, 

the growth plate never completely fuses and bones do not altogether stop growing – 

their growth simply slow-down considerably after 8 month of age5. Since mouse 

metaphysis is the site where a low-level osteogenic activity continues throughout the 

life of the individual, it is the recommended site for the analysis of trabecular bone 

architecture by microcomputed tomography and histomorphometry6. 

The dense and hard outer surface of the bone is made of compact, or cortical, 

bone covered with a non-mineralized layer called periosteum7. Periosteum is divided 

into an outer fibrous layer, mostly made of collagen and elastin fibers, and an inner 

cellular layer (cambium) containing mesenchymal precursor cells and mature 

osteoblasts8. Another non-mineralized layer – endosteum – lines the inner surface of 

the cortical bone and covers all trabeculae. 

Human cortical bone contains cylindrical channels (Haversian canals) made by 

lamellar structures (cortical osteons) running at 10-17° with respect to the long axis of 

the bone (this angle is not represented in the simplified representation of the figure 1) 

and interconnected by transversal Volkmann’s canals9. Osteons are separated from 

the interstitial lamellae by cement lines, a boundary structure with a different degree of 

mineralization10. 

Trabecular (or cancellous) bone lies inside the diaphysis, partially fills the 

metaphysis and completely fills the epiphysis. The trabeculae are also composed of 

lamellae. In humans they are crescent-shaped and called hemi-osteons or trabecular 

packets11. 

Bone marrow, a site of hematopoiesis, fills the medullary cavity and 

intratrabecular space7. 
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Both in cortical and in trabecular bone, the osteocytic lacunae lie between the 

lamellae. The lacunae are interconnected by canaliculi, micro-canals containing 

osteocytic processes. 

2. Bone tissue composition 
Bone tissue contains mineralized et non-mineralized ECM, blood vessels, 

nerves, and three specialized cell types – osteoclasts that resorb bone matrix, 

osteoblasts that synthesize it and mechanosensing osteocytes (Figure 3). 

Figure 3: Bone composition 

Bone cells and mineralized ECM will be described more extensively further in 

the manuscript. Here I will give a brief overview of the two other often neglected bone 

tissue components: blood vessels and nerves. 

A. Blood vessels 

Until 2019, the blood supply of the bone was considered to come from two 

sources (Figure 4). Nutrient arteries pass through the cortical bone in the epiphysis 

and mid-diaphysis regions, branch into capillaries (type H capillaries) in the metaphysis 

Figure 3: Composition of bone. NCP is noncollagenous proteins Figure 3: Composition of bone. NCP is noncollagenous proteins
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and endosteum, which connect via medullary capillaries (type L) to a central vein. The 

second source is periosteal arteries connected to the Haversian system which also 

converges in metaphyseal capillaries to be drained away by the central vein12. 

Figure 4: Bone vascular system 

However, in the beginning of 2019 a new vascular system was discovered in 

mouse and human long bones (Figure 4d) – transcortical vessels (TCV) – including 

both arteries and veins that originate in the marrow cavity, run through cortical bone 

and connect to periosteal circulation13. TCV are extremely thin (10–15 μm) and have 

only recently been detected by using new imaging techniques including bone 

transparency14. TCVs are responsible for 80% of arterial and 59% of venous blood 

flow, so are evidently important for the nutrition and oxygen supply of osteocytes that 
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lie in close proximity, as well as for rapid dissemination of blood-carried factors in and 

out of the bone. Since it was also shown that TCV number was significantly lower in 

aged mice13, the decline of TCV network could be associated with (if not being a direct 

underlying cause of) other deleterious age-dependent bone phenomena, such as 

reduction in osteocytes15,16 and osteoprogenitor cells17–19. 

B. Nerves 

There are two types of nerves in the bone: sensory fibers, that belong to somatic 

(voluntary) peripheral nervous system (PNS), and sympathetic fibers (fight-or-flight 

reflex) of the autonomous (regulating physiological functions) PNS20. Both types of 

nerves densely innervate periosteum, then enter cortical bone with blood vessels 

through nutrient canals in mice and through Volkmann's canals and Haversian system 

in other large vertebrates. Multiple studies have suggested that both sensory and 

sympathetic fibers play a role, sometimes opposite, in bone metabolism. For example, 

in rats, chemical depletion of sympathetic fibers resulted in 45% increase in the 

osteoclast number at the remodeling site in the mandible, while chemical depletion of 

sensory fibers produced 21% reduction in the osteoclast number at the comparable 

site21. The mechanisms by which nerves effect changes on the bone are still under 

investigation, although it has been demonstrated (in vitro) that they release 

neuropeptides affecting bone cells22–24. Even more interesting, at least two molecules 

initially identified as axonal guidance molecules, Semaphorin 3A  and SLIT3, have 

recently been shown to simultaneously increase osteoblastic bone formation and 

decrease osteoclastic bone resorption25,26. 

3. Hierarchical bone structure 
Bone is a composite material in which the organic and mineral phases are 

intertwined. Therefore, its global structural properties depend on the characteristics of 
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each component and how they are assembled. The initial hierarchical bone model was 

proposed by Weiner and Wagner in 1998 and included 7 levels27. Recently, aided by 

more powerful instruments and techniques, Reznikov and her colleagues have 

expanded it to 12 levels28,29. Their scheme represents bone as hierarchical 

arrangement of progressively smaller and smaller elements, down to atomic level. 

Components of lower level combine to become components of the higher level. 

However, organic and minerals elements between the first (atoms) and the sixth 

(mineralized fibril) levels have to be described separately, since at this scale they have 

not yet merged and exist as separate entities. 

From bottom to top, these levels are (Figure 5):  

1. Constitutive atoms. 

2. Organic phase: amino acids. Mineral phase: acicular (needle-like) slightly curved 

crystals. 

3. Organic phase: separate α chains of collagen molecule. Mineral phase:  mineral 

platelets, meaning lateral (side by side) aggregates of crystals. 

4. Organic phase: collagen triple helix, a supercoil of 3 individual chains (two α1 and 

one α2). Mineral phase: stacked arrangements of 2 to 4 mineral platelets on the other 

side. Similarly to collagen, mineral stacks display a twist along the long axis 29. 

5. Organic phase: collagen microfibrils, a staggered and rope-like packing of a 

minimum 5 collagen molecules producing a typical gap-overlap repeat called D band 

every 67 nm30. Mineral phase: large aggregates of mineral stacks and platelets. 

6. Mineralized collagen fibril (MCF), a blend of organic and inorganic components 

and water, in which mineral aggregates from level V are stabilized by water and are 

present both inside and outside of collagen microfibrils, connecting neighboring 

microfibrils29. 
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Figure 5: Bone hierarchical structure 

7. Two types of higher-scale organization of MCFs: an ordered motif, i.e. arrays of 

aligned MCFs that could on higher levels form different plywood-like structures by 

changing directions either continuously or in discrete steps31,32; and a disordered motif 

– short, randomly aligned individual mineralized fibrils that are loosely packed and are 

embedded in a large quantity of ground matter28,33–36. 

Figure 5: Hierarchical structure of bone. Details in the text              Reznikov et al, 2018 
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8. Collagen bundles – unidirectionally aligned and tightly packed MCFs oriented 

almost parallel to one another but with a long-pitch twist around the bundle axis. These 

structures are shaped like 2-3 μm thick cylinders28,37 and separated by disorganized 

material. 

9. Lamellae, layers of aligned collagen bundles enclosed inside disorganized 

material. The bundles inside the same layer are parallel but those in adjacent layers 

are angled 45-80° relative to each other. The narrow spaces between the bundles and 

thicker space between layers is filled with disorganized material which constitutes thus 

a continuous phase. It is worth noting that osteocytic lacunae and canaliculi are found 

exclusively in the disorganized phase28. 

10. Osteons in cortical bone and trabecular packets in the cancellous bone, both 

composed of lamellae. This level is not present in rodent bone. 

11. Compact and trabecular bone constructed either of osteons and trabecular 

packets respectively in humans, or from lamellae in mice. 

12. Whole bone.  

II. BONE FUNCTIONS 

Bone is a multifunctional organ. Being part of a skeleton, the earliest roles 

recognized for the bone were mechanical: upholding body, providing protection for 

internal organs and giving structural support for the movement. The structural 

organization of the different types of bone reflects these functions. Bones that serve a 

protective role, such as skull and ribs, are constructed in a way that allows them to 

absorb and dissipate maximum energy without damage. They are made of two layers 

of dense cortical bone completely separated by a thin layer of porous trabecular bone. 

A cortical bone provides necessary strength and stiffness, whereas a trabecular bone 

allows an even distribution of the impact load and an absorption of energy38. In the 

case of the ribs, their curved shape increases even more their ability to withstand a 
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shock. Limb bones, on the other hand, have to support the weight of the body, while 

amplifying the effect of muscle contraction for the locomotion. For the latter effect, they 

need to be being as long as possible, which inevitably increases their weight. These 

conflicting demands on the long bones are resolved by their design: long and mostly 

hollow cylinders (i.e. light), but with the cortical bone being thicker in the middle of the 

diaphysis, an area where most of the load is transferred9. 

Bone marrow is a site of hematopoiesis39 and of hematopoietic stem cell (HSC) 

niche40,41. Again, bone structure is well adapted for those functions, as it is very well 

vascularized. Therefore, newly produced cells can rapidly enter general blood 

circulation and be distributed. At the same time, HSC themselves are kept quiescent 

and multipotent in the marrow by osteoblasts lining endosteal surface of the bone42,43. 

Trabecular bone, with its large surface area available for remodeling, is also well 

adapted for the maintenance of the calcium and phosphate homeostasis through rapid 

bone turnover44. Parathyroid hormone (PTH) and 1,25-dihydroxyvitamin D3 (1,25-D), 

a vitamin D metabolite, are the main regulators of Ca2+ homeostasis, while fibroblast 

growth factor 23 (FGF23) regulates phosphate. Skeletal effects of PTH are mediated 

by the osteoblasts. At low concentrations, PTH directly stimulates osteoblast 

differentiation and promotes bone formation45, but at high concentrations, it increases 

bone resorption via the release, from the osteoblastic cell surfaces, of the soluble 

RANKL (receptor activator of nuclear factor κB ligand), a major osteoclastogenic factor. 

Levels of PTH are in turn regulated through a feed-back loop by serum in which an 

increase in serum calcium inhibits PTH secretion46. The effect of 1,25-D on bone is 

similar to that of PTH: stimulation of bone formation at low doses and promotion of 

bone resorption at high doses47. 

Additionally, recent findings have identified bone as an endocrine organ. It is a 

known source of at least two hormones: (FGF23) and osteocalcin48. 
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FGF23 is produced by osteocytes49,50 and transported by blood51,52 to the site 

of its action – kidney – where it inhibits phosphate reabsorption both directly, by 

reducing expression of sodium-phosphate (Na/Pi) co-transporters53, and indirectly. For 

the latter, FGF23 suppresses the synthesis of 1,25-dihydroxyvitamin D354–56, the active 

form of vitamin D that otherwise stimulates renal absorption of Pi57. Since the decrease 

in active vitamin D leads as well to a lower absorption of the Pi in the intestine, 

cumulative effect of the FGF23 action is to depress serum phosphate levels. 

Additionally, FGF23 directly promotes renal reabsorption of calcium58 and sodium59, 

and appears thus to be one of the major regulators of systemic mineral metabolism. 

Osteocalcin (OCN), another bone-derived hormone, is synthesized by 

osteoblasts, carboxylated post-translationally on three glutamic acid residues and 

embedded in the bone matrix during mineralization60. To become an active hormone, 

OCN has to be decarboxylated61. Physiologically, this is achieved during bone 

resorption by osteoclasts62,63, due to the low pH in the resorption pit. It is now 

established that bioactive OCN fulfills multiple hormonal functions. It stimulates body’s 

energy metabolism by increasing β-cell proliferation, insulin production and secretion 

in pancreas, as well as by promoting insulin sensitivity in adipose tissue, muscle and 

liver61. It regulates male fertility by enhancing testosterone synthesis in testes64; it is 

also capable to cross blood-brain barrier and is implicated in the fetal brain 

development and adult cognitive performance65. 
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CHAPTER 2: BONE CELLS AND REMODELING 

I. OSTEOBLASTIC CELLS 

1. Lineage and stages of differentiation 
Osteoblasts are the post-mitotic cells that secrete and mineralize bone 

extracellular matrix. They are derived from the multipotent mesenchymal stromal/stem 

cells (MSC), which also give rise to chondrocytes and adipocytes66–69. MSCs are found 

in bone marrow69, but they have been isolated as well from other tissues including, 

compact bone70, periosteum71–73 and adipose tissue74. However, even when derived 

from the same tissue, MSC are heterogeneous in size, morphology, and differentiation 

potential75. Only some of the MSC are multipotent stem cells or primitive progenitors 

whereas others are more restricted76–78. For example, there is evidence for the 

existence of bipotential osteoblast-adipocyte79 and osteoblast-chondrocyte80 

precursors. 

During osteoblastogenesis, several stages of maturation can be observed 

(Figure 6). Progression through the differentiation process depends on interactions 

with other cells81–83, mechanical signals84 and extracellular signaling factors78,85. 

Osteoblast progenitors are proliferating spindle-shaped cells that express 

Runx2 (Runt-related transcription factor 2 or Cbfa1), the master regulator of the 

osteoblastic lineage86. This transcription factor is required for osteoblast commitment 

and differentiation as first revealed by the complete lack of ossification and the 

depletion of mature osteoblasts in Runx2-null mice87. Runx2 has many target genes 

including the bone matrix genes Col1a1 (Collagen I alpha-1 chain), Col1a2 (Collagen 

I alpha-2 chain), Spp1 (coding for Osteopontin) and Bglap (coding for Osteocalcin)88. 

Runx2 positively influences early stages of osteoblast differentiation but it also 
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maintains osteoblastic cells in an immature stage, for this reason its expression has to 

be down-regulated during latter stages of differentiation89–92. 

Figure 6: Osteoblast differentiation and fate 

At the next differentiation stage, the cells (pre-osteoblasts) acquire a typical 

cuboid shape and continue to proliferate. They secrete an extracellular matrix and 

express osteopontin, high levels of ALP, BSP93–95 and Osx (Osterix)96 a transcription 

factor that, with Runx2, controls the expression of osteoblast-specific genes97. 

Finally, mature osteoblasts enter a post-mitotic state. They have high ALP 

activity, secrete large amounts of ECM proteins (including collagen I, osteopontin, BSP 

and osteocalcin) and engage in mineralization98. 

At the end of the bone formation phase, 65% of osteoblasts die by apoptosis99, 

10 to 15% surround themselves with the mineralized matrix and differentiate into 

osteocytes and the remainder are transformed into lining cells that cover the quiescent 

bone surfaces100. 
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2. Molecular regulation of osteoblast activity 
Two of the main signaling pathways involved in the regulation of 

osteoblastogenesis are those activated by Wnts glycoproteins and BMPs (Bone 

Morphogenetic Proteins). 

Figure 7: Wnt signaling pathways 
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Wnt proteins are involved in several signaling cascades (Figure 7), one of which 

called "Wnt/β-catenin canonical" is particularly important for osteoblast differentiation. 

In this pathway, Wnt proteins bind to LRP5/6 (Low-density lipoprotein Receptor-related 

Protein 5 or 6) and Frizzled (Fzd) co-receptors101, forming a trimeric complex. This 

binding triggers an intracellular signaling cascade that results in the stabilization of 

β-catenin and its translocation into the nucleus where, in association with TCF/LEF 

transcription factors, it induces the expression of Runx2, as well as other 

pro-osteogenic genes102. Osteoblasts, osteocytes, chondrocytes and bone marrow 

cells have been reported to secrete various Wnt ligands103. Bone cells also secrete 

Wnt antagonists. The sclerostin (SOST), expressed in particular by osteocytes104, and 

the Dickkopfs proteins (DKKs) bind to LRP5/6 and inhibit the canonical Wnt 

pathway105,106, allowing to fine tune the signaling. 

The effect of Wnt canonical signaling on osteogenesis is influenced by the 

differentiation step. Overall, this pathway seems to stimulate the differentiation of MCS 

committed into the osteogenic lineage, while it inhibits the terminal differentiation of 

mature osteoblasts. In addition, Wnt signaling inhibits apoptosis of osteoblasts and 

mature osteocytes107. Conversely, Wnt antagonists induce osteoblastic apoptosis108. 

As an example, the decrease in sclerostin levels caused by the action of PTH or 

mechanical loading leads to a stimulation of osteoblastic differentiation and an 

extension of their lifespan. 

The second important pathway for osteoblast differentiation is activated by the 

members of the TGFβ (Transforming Growth Factor beta) superfamily, the BMPs, 

which includes at least 30 members involved in several functions, such as embryonic 

development, cell proliferation, and differentiation 109. BMP ligands activate signaling 

by binding to transmembrane receptor serine/threonine kinases (Figure 8). BMPs are  
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Figure 8: BMP signaling in osteoblasts 

mainly involved in the earliest phases of osteoblast differentiation, favoring the 

commitment of bone marrow MSCs toward an osteochondral precursor stage110. 

Osteoblast conditional knockout for BMP-2 and BMP-4 inhibits Osx expression and 

impairs osteoblast maturation which severely affects embryonic bone formation111. 

Another BMP involved in osteoblast differentiation is BMP-7, which enhances the 
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expression of osteopontin, osteocalcin and osterix, ALP activity and nodule formation 

in in vitro MSC culture112. 

Recent studies show that during osteoblastogenesis, Wnt and BMP pathways 

engage an active cross-talk. For example, BMPs are the negative regulators of the Wnt 

signaling in osteoblasts, since both SOST and Dkk1 are down-regulated in mice null 

for BMP receptor IA113. On the other hand, BMP-9 induces osteoblast differentiation 

through β-catenin114. 

3. Osteocytes 
Osteocytes are the most abundant (90–95%) and long-lived cells in the bone, 

with a lifespan of up to 25 years115. They have a stellate shape due to multiple (from 

40 to 100 per cell) cytoplasmic processes running along the canaliculi in the 

mineralized matrix116–118. Through the process called osteocytic osteolysis, osteocytes 

are capable to deposit and resorb bone around the lacuna in which they are housed, 

thus changing its shape119–121  

Osteocyte formation follows different phases, during which the osteoblast goes 

through the phases of  (1) type I pre-osteocyte stage (osteoblastic osteocyte), (2) a 

type II pre-osteocyte, which is encased in the osteoid, (3) a type III pre-osteocyte, that 

is partly surrounded by mineralized matrix, (4) a young osteocyte and (5) an old 

osteocyte122. The latter two are fully embedded in a mineralized matrix, but the old 

osteocyte has fewer cellular processes115. Although osteocytes express almost all 

osteoblastic markers, their level of expression changes. For example, ALP and type I 

collagen expression are lower123, whereas osteocalcin124 and PTH receptor expression 

are higher in osteocytes125 compared to osteoblast. On the other hand, the expression 

of the osteocytes specific markers, such as E11126, PHEX (Phosphate-regulating gene 

with homologies to Endopeptidases on the X chromosome)127, sclerostin128 and DMP-1 
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(Dentin Matrix Protein 1)129,130 are either induced or greatly upregulated. However, 

great heterogeneity remains in the expression profiles of some lineage markers, which 

reflects the same heterogeneity as in osteoblasts86. 

Osteocytes communicate between themselves and with other bone cells 

through gap junctions at the end of their the cell processes122,131. This allows them to 

coordinate the function of osteoblasts and osteoclasts in response to both mechanical 

and hormonal stimuli. Osteocytes sense the stress and the strain of the surrounding 

bone and transmit them as biochemical signals to other cells132,133. In normal 

physiological conditions, the osteocytes maintain the balance between bone resorption 

and bone synthesis through the secretion of osteoprotegerin134 and sclerostin104, 

decreasing osteoclast or osteoblast differentiation respectively. In the case of bone 

fatigue, extreme microdamage accumulation or menopause, osteocytes undergo 

apoptosis135–138, and  their death markedly enhances bone resorption139. 

II. OSTEOCLASTS 

1. Differentiation: genetic regulation, role of the surrounding cells and of 
cytokines 
Osteoclasts are giant multinucleated cells capable to resorb bone. They are of 

hematopoietic origin and generated from myeloid precursors (MP) in several steps 

(Figure 9a). The first identifiable marker of the OC/macrophage lineage is the 

transcription factor PU.1 which is essential for the commitment of myeloid precursors 

towards osteoclastic differentiation140. PU.1 is involved in the regulation of the 

expression of c-Fms and RANK, the receptors of the two key osteoclastogenic 

cytokines, M-CSF (Macrophage Colony-Stimulating Factor) and RANKL (Receptor  
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Figure 9: Osteoclast differentiation and function 
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Activator of the nuclear factor NF-κB) respectively141. In the bone microenvironment, 

M-CSF and RANKL are expressed by bone marrow stromal cells, osteoblasts, lining 

cells and osteocytes, which are, as recently demonstrated, an important source of 

these two cytokines142–144. 

The main effect of M-CSF binding to its tyrosine kinase receptor, c-Fms, is the 

stimulation of the proliferation and survival of osteoclast precursors through the 

activation of key transducers such as ERK and Akt145. M-CSF also upregulates the 

expression of the C/EBPα (CCAAT/Enhancer Binding Protein α), a transcription factor 

that reinforces osteoclast lineage commitment146,147. Furthermore, M-CSF increases 

the expression of RANK and therefore augments the effect of RANKL on 

osteoclastogenesis. 

Some other cytokines, such as IL-34148,149, HGF (hepatocyte growth factor)150, 

FL (FLT3 ligand)151, PlGF (placental  growth  factor), and VEGF-A (vascular endothelial 

growth factor-A)152, are capable to replace M-CSF in the promotion of the 

osteoclastogenesis in the presence of RANKL. However, it seems likely that they do it 

mostly in pathological conditions such as rheumatoid arthritis or cancer-associated 

osteolytic lesions153,154. 

Binding of RANKL to its receptor RANK promotes differentiation of osteoclast 

precursors into osteoclasts and mediates osteoclast activation155. OPG 

(osteoprotegerin) which is produced by osteoblasts and osteocytes is a soluble decoy 

receptor for RANKL that prevents the RANKL/RANK association and thus exerts a 

negative effect on osteoclastogenesis134,156. RANKL/RANK interaction leads to the 

recruitment of TRAF6 (TNF receptor-associated factor 6) and the formation of a protein 

complex that subsequently activates NF-κB (Nuclear Factor κB), JNK, ERK, p38 and 

AKT pathways154 and induces transcription factors such as c-FOS157 and NFATc1 
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(Nuclear Factor of Activated T cells c1), the master regulator of osteoclastogenesis 

158,159. A second pathway (ITAM receptor mediated pathway) acts in synergy with 

RANKL signaling to induce the expression of NFATc1160. 

NFATc1 in turn induces the expression of the proteins necessary for osteoclast 

fusion, DC STAMP  (Dendritic Cell Specific TransMembrane Protein) and the 

Atp6v0d2 (d2 isoform of vacuolar ATPase V0 domain) 161. NFATc1 also regulates 

osteoclast activation by switching on the transcription of c Src, ClC7 (Chloride Channel 

7), cathepsin K, LTBP3 (Latent Transforming growth factor beta Binding Protein 3), 

and MMP9 (Matrix Metallopeptidase 9)162, proteins necessary for resorption. 

2. Osteoclast activation and function 
The osteoclast develops in three steps (Figure 9a). First, monocyte/macrophage 

precursors proliferate and differentiate into preosteoclasts. Second, mononuclear 

preosteoclasts fuse together to become nonfunctional multinucleated osteoclasts that 

cannot yet resorb bone. Third, the osteoclasts are activated and become functional. 

Recent studies identified at least nine proteins required for the preosteoclast 

fusion163, most important being DC STAMP164, OC-STAMP (Osteoclast Stimulatory 

Transmembrane Protein)165 and Atp6v0d2166. However, it is still unclear 

mechanistically how they participate in the fusion process. Nevertheless, a mechanism 

of action has been proposed recently for DC-STAMP. This protein has been shown to 

regulate a non-apoptotic transfer of phosphatidylserine (PS) to the surface of 

osteoclast precursors. Exposure of PS then triggers the assembly of an extracellular 

molecular complex that assembles and fuses cell membranes163. 

Osteoclast maturation is a complex process including the formation of a bone 

resorption compartment that depends in part on integrin αvβ3 which mediates bone-cell 

interaction167,168. Integrin αvβ3 forms a transmembrane bridge between intracellular 



Introduction 
 

32 
 

actin filaments and matrix proteins containing ArgGlyAsp (RGD) amino-acid motifs, 

particularly osteopontin and bone sialoprotein168. The interaction of integrin αvβ3 with 

matrix proteins results in a cytoskeleton rearrangement leading to the formation of an 

actin ring. This process involves activation of the Src kinase family members169,170 and 

results in the osteoclast polarization 171. The apical membrane is in contact with the 

bone (Figure 9b). It is composed of a ruffled border surrounded by the acting ring172. 

The basolateral membrane is on the opposing side, and contains the functional 

secretory domain (FSD) in its center173. 

Sealing zone made of the acting ring firmly attaches the osteoclast to the matrix 

and creates a hermetic compartment for the resorption174. The ruffled border consists 

of multiple folds of the cell membrane and contains the machinery required for the 

resorption. It is formed by the fusion of lysosomal secretory vesicles with the apical 

membrane175. 

Bone resorption (Figure 9b) starts with the dissolution of the mineral by H+ and 

Cl- ions and is followed by the protease-mediated degradation of the organic matrix176. 

H+ and Cl- are transported in the resorption lacuna by the ATP-driven proton pump 

called vacuolar ATP-ase (V-ATPase)177–179 and chloride-specific ion channel 7 (CIC-7) 

180 respectively (Figure 9b). The source of H+ in the cell is carbonic acid (H2CO3), which 

is synthesized in the cytoplasm from carbon dioxide and water by carbonic anhydrase 

II (CA II)181,182. To avoid alkalization of the cytoplasm, the bicarbonate (HCO3-) left in 

the cell after the secretion of protons is removed through the basolateral membrane by 

a passive chloride-bicarbonate exchanger SLC4A2183–185. 

After demineralization, exposed organic matrix is digested by the MMP-9 that 

releases a cross-linked C-terminal part of collagen I186, and by cathepsin K187–189, the 

unique enzyme capable of cleaving the insoluble collagen I190–192. Byproducts of the 
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resorption are endocytosed at the ruffled border membrane, transported through the 

osteoclast in vesicles and  released at the functional secretory domain on the 

basolateral site173,193, a process called transcytosis. Organic molecules are further 

degraded in the transcytotic vesicles by TRAP-generated reactive oxygen species 

(ROS)194. 

At the end of the resorption process, the osteoclasts die by apoptosis195 

III. BONE REMODELING 

1. Steps of the remodeling cycle 
Bone remodeling is a process that, replacing old bone with new, serves to repair 

microdamage and to maintain calcium and phosphate homeostasis 196,197. Remodeling 

is performed by bone-resorbing osteoclasts and bone-forming osteoblasts functioning 

as a unit called “basic multicellular unit” (BMU)198. 

In humans, bone remodeling takes place both in the cortical and trabecular 

bone. The cellular mechanism is similar in both types of bone but the three-dimensional 

outcome is different. In trabecular bone the BMU is located on the surface where a 

volume of bone in the form of a ‘trench', called Howship’s lacunae, is resorbed then 

refilled. In cortical bone, the osteoclasts excavate a tunnel in the cortex. New bone is 

then laid down concentrically on the tunnel walls by osteoblasts to leave a vascular 

canal in the center of the new osteon199. The complete cycle of remodeling takes 

120 - 200 days in cortical and trabecular bone respectively200. In mice, the remodeling 

occurs only in the trabecular bone5 and takes 2 weeks201. 

The remodeling cycle is composed of five sequential steps: initiation, resorption, 

reversal, formation and termination (Figure 10). 

In the initiation phase, osteoclast precursors are recruited from the 

circulation202,203 and activated. Preosteoclasts cause lining cells to detach from the 
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underlying bone204,205. Detached cells form as a raised canopy above the future 

resorption site, establishing a bone remodeling compartment (BRC) separated from 

the bone marrow206. 

Figure 10: Five phases of bone remodeling in humans 
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Until the end of resorption phase new osteoclasts can be recruited to the 

remodeling site to replace those that die. However, it is still unclear what mechanism 

regulates the extent of remodeling207. 

The reversal phase is a transition between bone resorption and formation. 

Immediately after the departure of the osteoclasts, the resorbed bone surface is 

colonized by the bone lining cells which remove undigested demineralized collagen left 

by the osteoclasts208. They then deposit a non-collagenous mineralized matrix rich in 

osteopontin, called a cement-line, which improves osteoblastic adhesion209,210. Finally, 

clastokines released by osteoclasts211 and/or hormones or cytokines released by the 

matrix212–214 promote the migration and differentiation of osteoprogenitors. 

During bone formation, osteoblasts first synthesize an unmineralized organic 

matrix (osteoid), which is mainly composed of type I collagen serving as a scaffold for 

mineralization215,216. Then osteoid is mineralized207. Mineralization is regulated by local 

inhibitors and enhancers, such as pyrophosphate (PPi) and non-collagenous proteins, 

and by extracellular concentration of calcium and phosphate (Pi) 217. The ratio Pi/PPi is 

critical for the mineralization, since PPi inhibits the initiation of mineral precipitation218. 

ALP, an enzyme bound to the osteoblast cell membrane and present inside 

extracellular matrix vesicles, cleaves PPi to generate Pi and alters the local Pi to PPi 

ratio to favor mineralization219. Noncollagenous matrix proteins serve as mineral 

nucleation sites and regulate crystal growth and maturation220–223. 

At the end of a remodeling cycle, part of the osteoblasts become the bone lining 

cells and cover the new bone. 

2. Recruitment of the osteoclasts and the osteoblasts and coupling factors 
The mechanisms that regulate the initial recruitment of the hematopoietic 

osteoclast precursors to the remodeling sites are not very clear, although recent 
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findings indicate that the sphingosine-1-phosphate (S1P)224–226, and chemokines such 

as CCL2227, CCL9228, CXCL1229, and CXCL12230 may be implicated. 

Coupling mechanism is a direct and an indirect crosstalk between osteoclasts 

and osteoblasts during remodeling cycle that allows spatial and temporal coordination 

of bone resorption with bone formation231. As was described in previous section, 

osteoblastic cells control osteoclast activation and differentiation (Figure 10). 

Osteoclasts themselves were believed to participate in the coupling through their 

primary function, by releasing growth factors and cytokines from the matrix during 

resorption212–214. However, emerging evidence suggests that osteoclasts can recruit 

and affect osteoblasts directly211. First, the conditioned media from the osteoclasts 

grown on plastic dose-dependently stimulates mineralization in vitro232. Second, the 

inhibition of Cathepsin K which blocks resorption without affecting osteoclast viability 

does not alter bone formation, suggesting that factors released from the matrix by 

resorption are not essential for osteoblast function233. Finally, several regulatory 

molecules derived from the osteoclasts, called clastokines, have been recently 

discovered211. 

Among them, SLIT3 was initially identified as an axonal guidance molecule234. 

However, it is also secreted by the osteoclasts and its synthesis is upregulated during 

osteoclast differentiation. More importantly, SLIT3 stimulates pre-osteoblast migration 

and proliferation while inhibiting osteoclastogenesis in an autocrine way26. 

CTHRC1 (Collagen Triple Helix Repeat Containing 1) is also a protein secreted 

by mature bone-resorbing osteoclasts. It suppresses adipocytic differentiation of 

marrow stromal cells and increases osteoblastogenesis235,236. 

SEMA4D (Semaphorin 4D) is another axonal guidance molecule237 produced 

by osteoclasts. Unlike SLIT3 and CTHRC1, it reduces bone formation238. Therefore, 
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SEMA4D could not be considered as a coupling factor. However, it may play a role in 

remodeling by inhibiting osteoblast differentiation until the completion of the resorption 

phase239. 

3. Age-related remodeling imbalance and bone alterations 
In aging men and women, bone mineral density, cortical bone thickness and 

trabecular bone volume decrease with increasing age and there is a substantial 

increase in cortical bone porosity240, which is more prominent in post-menopausal 

women241. Mice show analogous changes242–245. Several causes have been 

discovered for the loss of bone mass. First, estrogen's withdrawal in women or 

declining levels in men lead to a shortening in the bone formation period and an 

increase in the resorptive period246, resulting in the net loss of bone mass. Second, 

age-related osteocyte loss through apoptosis201,247,248 and consecutive disappearance 

of osteocyte-secreted signaling factors also tips bone remodeling balance in favor of 

bone resorption249. Finally, possible depletion of the bone marrow osteoblast 

progenitors17,250,251, their increased bias toward adipogenic differentiation252–254 and/or 

osteoblast senescence255–257 impair the osteoblastogenesis and therefore new bone 

formation. 

Age-associated modifications described above contribute to the increased risk 

of bone fracture. Currently, the assessment of the fracture risk is based principally on 

bone mineral density (BMD)258 which is thought to be correlated with the loss of bone 

mass and alterations to skeletal architecture, especially after the menopause in 

women. However, these changes contribute to only about 75% of the increased risk of 

fracture259,260. The remaining 25% could be engendered by age-related modifications 

of bone matrix properties. The discussion regarding changes observable in bone ECM 

components with age is presented in chapter IV. 
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CHAPTER 3: BONE EXTRACELLULAR MATRIX 

I. A VERY BRIEF HISTORY OF THE EXTRACELLULAR MATRIX. 

In a sense, humans have known about the existence of the extracellular matrix 

(ECM) since the beginning of their history, considering that they used a variety of 

objects made from bone and skin. Thus, when the first theories of life were developed 

in the middle ages, living organisms were described as being composed of fibers that 

were somehow alive. These fibers were given primordial importance, since, under the 

right conditions, life could arise from them by spontaneous generation. Those theories 

were reinforced in the early 1700s, when some living tissues were first studied with 

light microscopy, and fibers were observed. Later on, the fibers were collectively 

named “connective tissue” (in German, “bindegewebe”, by Johannes Müller in 1830), 

a term that we still use today. Nevertheless, with the discovery of cells in the 

mid-nineteenth century, a new theory emerged and was gradually accepted: cells are 

the basis of life and produce all intercellular substances, which stared to be called 

extracellular matrix (ECM) in the 1930s261. 

However, as it so often happens during a change of paradigm, ECM was 

relegated to a role of a structural support and nothing more. Only in the last 10-20 

years it has started to be recognized that matrix plays a far more active role. ECM not 

only constitutes the microenvironment in which cells reside, but it also regulates their 

fate, behavior and function. ECM has been shown to direct the stem cell differentiation 

along different pathways or, conversely, to retain their stemness262–264; to promote or 

inhibit cell adhesion265,266, cell migration267,268 and proliferation269,270; and to regulate 

apoptosis and survival271,272. Not surprisingly, it is currently a very dynamic field of 

research. However, bone ECM presents a particular challenge, being mineralized and 
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therefore hard, compact and difficult to study in its entirety. What follows below is a 

brief review of what is currently known about the composition of the bone matrix. 

II. COMPONENTS OF THE MINERALIZED ECM. 

Mineralized bone ECM (Figure 2 in the chapter I) is composed of approximately 

65 % of mineral phase (carbonated apatite), 25 % organic phase and 10 % water44. 

The organic phase contains about 90 % of collagens, mostly collagen I, with some 

collagen III and V, and 10 % of noncollagenous proteins (NCP)273. These proportions 

could vary depending on the bone type, the age of the mineralized tissue and even the 

location inside the lamella, where disordered phase seems to have more NCP28,215. 

1. Water 
Water exists in two different states in the mineralized matrix: free in the 

lacuno-canalicular and vascular spaces, and bound inside and around mineralized 

collagen fibrils. It can therefore affect mechanical behavior of bone differently 

depending on its location. Free water is a macrostructural feature of the bone and 

reflects intra-cortical porosity comprising Haversian and Volkmann’s canals, 

lacuno-canalicular network and resorption lacunae274,275. Several studies have shown 

that an increase in porosity, and thus in free water content of the bone, is inversely 

proportional to the fracture toughness, i.e. the ability to resist fracture276–278. 

Bound water exists in three different configurations (Figure 11). 

The tightly bound water forms inter- and intra-chain hydrogen bonds between 

hydrophilic sites of collagen (Figure 11b)279,280, and thus contributes to the structuring 

and the stabilization of the tropomolecule281,282. It should be noted that during 

mineralization water in the collagen is exchanged on 1:1 basis with mineral44. 

Therefore, the more collagen fibril is mineralized, the less water it contains. Removal  
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of the tightly bound water was shown to increase matrix’s hardness and stiffness 

(elastic modulus), but also brittleness283. 

Figure 11: Water compartment in the mineralized ECM 
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The so-called structural water, is trapped in the bone’s mineral phase, both 

inside284 and in-between285 hydroxyapatite crystals (Figure 11c). Structural water 

molecules form hydrogen-bonding bridges between surrounding ions, thus stabilizing 

the crystals286. 

Finally, there is an organized layer of water between collagen molecules and 

mineral crystals284,287,288, and between adjoining mineral platelets289,290 (Figure 11a). 

This loosely bound water is one of the major factors responsible for bone’s ductility – 

the capacity for non-elastic (permanent) deformation preventing complete fracture. 

Indeed, when load exciding yield point is applied to the bone, loosely bound water 

allows hydroxyapatite platelets to slide over each other instead of separating288. 

Removal of loosely bound water is thought to lead to a higher accumulation of the 

micro-cracks291,292. 

Given its importance to the bone mechanical performance, water remains an 

ECM component that is not very well investigated, probably because its study requires 

a combination of biochemical and mechanical knowledge. 

2. The organic bone matrix 

A. Collagen 

Collagen I is a major determinant of bone mechanical qualities (Chapter I). It 

also has a direct effect on bone cell function: inducing apoptosis of osteoblasts and 

osteocytes when mutated in a murine model293, stimulating proliferation and function 

of osteoblasts derived from rat calvaria294 and modifying intracellular signaling295. 

Collagen I is a heterotrimeric molecule ~300 nm long and ~1,5 nm thick, formed 

of two α1 chains and one α2 chain. A minor homotrimeric form assembled from three 

α1 chains is also found in bone (Figure 11). Each chain is about 1000 amino acid long, 

almost entirely made up of repeating Gly-X-Y triplets, where Gly is glycine and X and  
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Figure 12: Collagen synthesis 

Y are often proline and 3- or 4-hydroxyprolines. Repetition of the glycine residues is 

essential for the formation of helical structure, since it allows the helix to turn at every 

third position without suffering from steric hindrances that would have been created by 

any other, bulkier residue296,297. The helix is further stabilized by hydrogen bonds 

between OH of hydroxyproline and interchain water298. 
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Collagen biosynthesis is a very complex and tightly regulated process involving 

post-translational modifications (PTM), folding, secretion, extracellular procollagen 

processing, microfibril assembly and gradual cross-linking (Figure 11).  

During collagen synthesis in the endoplasmic reticulum (ER), the nascent 

polypeptide chains are post-translationally modified – hydroxylated on proline and 

lysine residues. Some of the resulting hydroxylysines are then glycosylated. After the 

synthesis, three α chains associate at their carboxy termini and assemble into a triple 

helix in a zipper-like fashion. The resultant procollagen molecule consists of 5 domains: 

the central triple helical domain (about 95% of the total length299), N- and C-terminal 

non triple helical domains (called N- and C- telopeptides respectively), and N- and 

C-terminal propeptides. The propeptides stabilize procollagen by sulfur cross-links44. 

It should be noted that lysine PTMs in bone present special characteristics. In collagen 

I of bone, only 50% of telopeptide lysines are hydroxylated, compared with 100% in 

the cartilage and 0% in the skin300. As described below, lysine hydroxylation during 

collagen synthesis determines subsequent tissue-specific cross-linking patterns. 

After formation of the triple helix, the procollagen molecule is secreted to the 

extracellular space, where N- and C-terminal propeptides are cleaved by ADAMTS (A 

Disintegrin And Metalloproteinase with Thrombospondin motifs) and BMP1 (Bone 

Morphogenetic Protein 1) respectively. Then, the resulting tropocollagen molecules 

self-assemble into collagen fibrils, via a mechanism that remains controversial. 

The currently accepted scheme of the collagen I fibril structure was proposed in 

1963 by Hodge and Petruska, based on transmission electron microscopy 

observations: tropocollagen molecules are aligned in several parallel layers with a 

regular space between two adjacent molecules of the same layer. Moreover, each 

molecule is shifted relative to the molecules of the other layers by ~67 nm or D period. 
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This arrangement creates repeated zones of high and low packing density, i.e. overlap 

and hole zones respectively as shown in Figure 12, resulting in a characteristic banding 

pattern of collagen fibrils. 

Because this model proved to be difficult to adapt to a three-dimensional 

structure of the collagen fiber as observed by X-ray diffraction, several 3D models of 

collagen packing into fibers have been proposed in the last 50 years such as liquid 

crystalline assemblies301 or fiber assembly directly from collagen monomers302,303. 

However, recent advances in crystallographic techniques have shown that fibrils are 

indeed the building blocks of collagen fibers30,304,305. Tropocollagen molecules 

assembled in a fibril rotate around the central axis and interlace with each other, 

leading to a rope-like structure. 

Concomitantly with fibril assembly, intra- and intermolecular and interfibrilar 

cross-links of the collagen are initiated by the lysyl oxidase (LOX) that catalyzes the 

conversion of lysine molecules into highly reactive aldehydes. In the collagen I, there 

are only five Lys or hydroxylysines in the telopeptides, giving a total of 5 possible 

cross-linking sites, since LOX cannot catalyze reactions in the helical domain299. Once 

the lysines and hydroxylysine of telopeptides are converted to reactive aldehydes, they 

non-enzymatically condense with amine groups of lysine or hydroxylysine residues in 

the triple helical domain to form bivalent (initial) cross-links (Figure 13). These links 

can further develop into trivalent (mature) links: pyridinolines and pyrroles. In normal 

bone, pyridinolines and pyrroles are present in equal amounts306, but the latter can 

only be generated from non-hydroxylated telopeptide lysines. Change in this proportion 

has been shown to lead to bone pathologies. For example, higher than normal content 

of pyrroles due to higher number of non-hydroxylated telopeptide lysine residues 

(under-hydroxylation) during collagen intracellular processing results in brittle bones 
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both in Bruck syndrome and in osteogenesis imperfecta307,308; however, lower amount 

of pyrroles due to over-hydroxylation of telopeptide lysine also leads to osteogenesis 

imperfecta309. 

Figure 13: Cross-linking in bone collagen 

Being a long-lived protein, bone collagen is susceptible to the accumulation of 

the advanced glycation end-products (AGEs) resulting from a spontaneous 

non-enzymatic glycation (Figure 14). In this process, called Maillard reaction,  glucose 

reacts with free amino-groups, such as lysine and arginine, to form unstable Schiff 



Introduction 
 

46 
 

bases310,311, which undergo further modifications to form Amadori products and then 

AGEs312. Some AGEs, such as pentosidine, form crosslinks between two residues 

(Figure 14, upper right panel), others, such as CEL (carboxyethyl lysine) are attached 

to single residue313. The former change collagen structural properties and decrease 

bone mechanical performance314–316. The latter mostly act through a cellular receptor, 

RAGE, and negatively affect bone cell function317–320. 

Figure 14: AGE formation 

B. Noncollagenous proteins (NCP) 

The term noncollagenous proteins (NCP) encompasses a wide variety of 

proteins with very different functions that could however be divided in several broad 

categories. These are: 

1) structural NCP, participating in regulation of collagen assembly and of matrix 

mineralization, 
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2) chemotaxic molecules, acting as homing signals for bone cells during bone 

remodeling, 

3) matrix-degrading enzymes, such as matrix metalloproteinases (MMPs) 

and 

4) matrix-bound growth factors, affecting bone cell proliferation and differentiation. 

Since there is a very abundant literature on NCPs and their role in bone, my 

experimental results prompt me, after a brief description of structural NCP, to focus on 

proteins that are of interest for further discussion. 

Structural NCP could be classified on the basis of their biochemical composition 

as (1) glycoproteins, (2) γ-glutamic acid containing proteins (Gla-proteins) and (3) 

proteoglycans. Although they all play some role in the organization of the bone ECM, 

some of them, which have recently been labeled as matricellular proteins, modulate 

cell functions321. Table 1 summarizes both structural and matricellular (if known) roles 

of the most abundant NCP. 

(1) Glycoproteins are characterized by polysaccharides that are 

post-translationally added to either serinyl or asparaginyl residues (O- or N-linked 

glycosylation respectively). With some exceptions [alkaline phosphatase (ALP), 

osteonectin and tenascin C], they also contain RGD (Arg-Gly-Asp) sequence that 

mediates cell-matrix interactions through binding to integrin receptors on the cell 

surface322. The list of RGD-containing matrix glycoproteins is very long (and getting 

longer each year), but in bone the best characterized examples are fibronectin, 

vitronectin and thrombospondins. They can bind both collagen and cell membrane 

receptors and therefore serve as an intermediary in the cell-ECM signaling. 

A part of the RGD-containing proteins forms a family known as SIBLINGs (Small 

Integrin-Binding Ligand, N-linked Glycoprotein) which is characterized by the N-linked 
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oligosaccharides containing large amount of sialic acid and by the long poly-acidic 

sequences in the core protein, that also incorporates many phosphorylation sites. The 

family includes osteopontin (OPN), bone sialoprotein 2 (BSP), dentin matrix protein 1 

(DMP1), matrix extracellular glycoprotein (MEPE), dentin phosphoprotein (DPP) and 

enamelin (ENAM). In humans, these proteins are clustered on chromosome 4 and 

thought to have appeared by the duplication of a single gene323. Carrying a high 

negative charge which has a strong affinity for the Ca2+ ions, the members of this family 

are the major regulators of mineralization324. 

(2) Gla-proteins are post-translationally carboxylated on the γ-carbon of the 

glutamic acid residues by vitamin K-dependent enzymes. There are three 

Gla-containing proteins in the bone matrix: osteocalcin325 with 3 Gla, matrix Gla 

protein326 with 5 Gla, and protein S 327 with 11 Gla. Similar to SIBLINGs, they bear a 

high negative charge that confers them an affinity for calcium ions, but in the case of 

Gla-proteins, the charge is carried by the di-carboxylic glutamyl residues. The functions 

of Gla-proteins are therefore dependent on their ability to sequester Ca2+ but specific 

to each protein (Table 1): while matrix Gla protein inhibits soft tissue 

mineralization328,329, osteocalcin controls hydroxyapatite crystal growth330. 

(3) Proteoglycans are defined by the covalent attachment of long chains of 

repeated disaccharide units, often sulfated, termed glycosaminoglycans (GAG) to a 

core protein. Four types of GAG could be bound to the proteoglycan core (Figure C): 

chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS) and heparan 

sulfate (HS). Hyaluronic acid (HA), another GAG found in bone, is not sulfated and 

exists as a separate entity not linked to a core protein. Most of the bone proteoglycans 

belong to the family of Small Leucine-rich Repeat-containing Proteoglycans (SLRP), 

characterized by a small protein core containing 10-12 repeats of peptide sequence 
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rich in leucine residues331. All bone SLRP can bind collagen, but with varying degree 

of affinity. Collectively, they play a crucial role in collagen fibrillogenesis, matrix 

assembly332 and spacio-temporal control of the matrix mineralization333. 

Decorin (DCN) is the best characterized SLRP, however its role in mineralized 

ECM is still under study as most of the research has been performed in soft tissues. 

Nevertheless, as a first indication, numerous histological examinations of normal bone 

performed mostly in the 1970s showed that the amount of proteoglycans is inversely 

proportional to the degree of bone mineralization215 and that 45 % of proteoglycans 

were removed during bone calcification334. In agreement with these observations, 

Hoshi et al. later showed that bone mineralization is preceded by the elimination of 

DCN335. Moreover, overexpression of the DCN in MC3T3-E1 osteoblastic cells induced 

a delay in the mineralization336. Combined evidence therefore suggests that DCN 

inhibits mineralization. However, the fact that it is expressed by osteoblasts at the onset 

of matrix synthesis337 implies that it could play a role in bone formation. Mouse 

Knock-out models and in vitro studies established that DCN limits side-to-side fusion 

of collagen fibrils, thus maintaining them thinner and uniform338–340. Taken together, 

the role of DCN in bone seems to be to regulate collagen fibril diameter and to prevent 

premature calcification of the osteon341. 

Table 1: Functions of the noncollagenous proteins in bone 

Protein name / 
type 

Gene 
name Structural function Matricellular function 

Alkaline 
phosphatase / 
glycoprotein 

ALPL 
Promotes mineralization by 
hydrolysis of 
pyrophosphates342 

 

Osteonectin / 
glycoprotein SPARC Synthesis and assembly of 

collagen I containing ECM343 

Promotes OB 
differentiation and 
survival, inhibits 
adipogenesis344  
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Protein name / 
type 

Gene 
name Structural function Matricellular function 

Tenascin C / 
glycoprotein TN-C 

Affects initial matrix 
synthesis through control of 
fibronectin deposition and 
turn-over345 

Promotes OB 
differentiation346 

Fibronectin / 
RGD glycoprotein FN1 Regulates collagen I matrix 

assembly347 and stability348 

Important for OB 
differentiation349,350 and 
function351 

Vitronectin / 
RGD glycoprotein VTN Inhibits HA nucleation in 

vitro352 
Promotes OB353 and 
OCL354 attachment 

Thrombospondin 
1 / RGD 
glycoprotein 

THBS1  

Promotes OSC 
function355, modulates 
cell migration356, 
antiangiogenic357 

Thrombospondin 
2 / RGD 
glycoprotein 

THBS2 Possibly modulates collagen 
fibrillogenesis358 

Promotes OB 
differentiation, inhibits 
adipogenesis, inhibits 
MSC proliferation359,360 

Osteopontin / 
acidic SIBLING 
glycoprotein 

SPP1 

Inhibits mineralization in 
vitro361; modulates HA 
crystal growth362; inhibits soft 
tissue calcification363; 
increases bone toughness 
through sacrificial bond 
formation364 

Promotes OCL migration, 
fusion and resorption 
activity365,366 

Bone sialoprotein 
/ 
acidic SIBLING 
glycoprotein 

IBSP 

Nucleation of 
hydroxyapatite367,368; 
implication in primary bone 
formation and modeling369 

Promotes OB 
differentiation and 
function370; promotes 
OCL adhesion, 
proliferation and 
function371,372 

Dentin matrix 
protein 1 /acidic 
SIBLING 
glycoprotein 

DMP1 
Participates in bone 
response to mechanical 
stress373 

Controls systemic 
phosphorus homeostasis 
through negative 
regulation of the FGF23 
synthesis in 
osteocytes49,374 

Osteocalcin 
/acidic Gla 
protein 

BGLAP 

Controls the growth of 
hydroxyapatite crystals and 
regulates their 
maturation330,375 

Acts as systemic 
hormone (chapter I); 
promotes OCL 
differentiation376 

Matrix Gla protein 
/ 
acidic Gla protein 

MGP Inhibits calcification in soft 
tissues328 

 

Versican / 
proteoglycan VCAN May define space destined 

to become bone377 
May inhibit pre-OB 
proliferation378  
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Protein name / 
type 

Gene 
name Structural function Matricellular function 

Fibromodulin / 
SLRP 
proteoglycan 

FMOD 
Binds collagen379 and may 
modulate collagen 
fibrillogenesis380,381 

 

Biglycan / 
SLRP 
proteoglycan 

BGN 

Modulates in 
dose-dependent manner HA 
crystal growth in vitro382; 
controls collagen I fiber 
diameter383 

Promotes OB 
differentiation384,385 

Decorin / 
SLRP 
proteoglycan 

DCN 

Controls collagen I fiber 
diameter and matrix 
mineralization339,340; 
prevents premature bone 
calcification341 

Inhibits angiogenesis386; 
inhibits multiple growth 
factor receptors331 

 

3. Mineral phase 
The inorganic phase of bone is best described as impure hydroxyapatite 

(HA)387. Pure geological hydroxyapatite has the formula Ca10(PO4)6(OH)2388, but bone 

mineral contains 5–8 % of carbonate (CO32-), which substitutes phosphate (PO43-) and 

hydroxide (OH-)387,389. Moreover, calcium (Ca2+) in HA crystal lattices is often replaced 

by sodium (Na+), potassium (K+), magnesium (Mg2+), and zinc (Zn2+) as well as being 

simply absent (calcium vacancies).  Despite high level of crystal defects, mineral phase 

integrity is maintained via hydrogen bonds created by structural water in and around 

crystals286 and, possibly, through HA interactions with NCP364. Specific effect of each 

ion substitution in the bone matrix is still not well understood, but it is established that 

the composition of HA lattice can affect the function of bone cells. For example, higher 

levels of Mg stimulate osteoblast differentiation390 while its depletion causes bone 

loss391. Besides above-mentioned physiological substitutions, in case of intoxication, 

phosphate in HA can be replaced by arsenic392, and calcium, substituted by 

aluminum393,394, lead395 and uranium396. This creates a long-term internal reservoir of 

these toxic substances, and extends their deleterious effect.  
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The long axis of the HA crystals in bone is aligned with collagen fibrils. Individual 

crystals are long and thin platelets ( 20-80 nm in length, 15-30 nm in width and 2-8 nm 

in thickness)397. These dimensions are important for optimal mechanical performance 

of the bone. Increase in the crystal size was observed in osteogenesis imperfecta398 

and osteoporosis patients216, as well as in normal bone with aging399,400. Moreover, 

small size of crystals confers them their unique biological properties. The smaller the 

size of a substance, the greater is its surface area, meaning that more of its constituent 

ions are available for rapid mobilization in order to maintain ion homeostasis. However, 

the size and the shape of the crystals are affected by the composition of the matrix. 

That is the case in the osteocalcin and osteopontin knock-out mouse models, where 

crystals are thinner, smaller and less aligned along collagen fibrils330. Nonetheless, 

much remains to be learned about how the nanoscale mineral properties are regulated. 

III. ECM REGULATION OF REMODELING 

To describe how bone matrix regulates remodeling means to show how ECM 

affects the behavior of the osteoclasts, the osteoblasts and the osteocytes, the actors 

of the remodeling. Many examples of this regulation were presented throughout this 

chapter, particularly in the section of noncollagenous proteins (table 1). Here, I will 

describe some cases that were left out. 

Multiple studies have demonstrated that the nature of the ECM, such as 

topology, stiffness and mineral composition, affects both osteoclasts and osteoblasts. 

As an example, the mineral phase of bone matrix is required for the resorptive activity 

of osteoclasts because, when osteoclasts are cultured on demineralized dentin or 

bone, they fail to form a proper actin ring structure or resorption pit401–403. Osteoclasts 

also form bigger and more stable sealing zones when cultured on surfaces with rough 

topologies404,405. Furthermore, presence of small cracks can stimulate actin ring 
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formation around these cracks404, while steep-sloped barriers prevents sealing zone 

expansion406. Osteoblasts are also sensitive to the surface topology, since 

pre-osteoblasts grow and differentiate better on surfaces with microgrooves407 or 

inside small steeply-angled concavities408,409. 

There is now enough evidence identifying ECM as an active player in osteoblast 

differentiation. First, matrix stiffness [expressed as elastic (Young's) modulus and 

measured in pascals (Pa); the higher the modulus, the stiffer the material], specify 

lineage commitment of mesenchymal stem cells towards neurons (0,1-1 kPa), 

myoblasts (8-17 kPa), or osteoblasts  (25-40kPa)410. Then, collagen I-rich extracellular 

matrix is required for initial411–413 and terminal osteoblast differentiation steps414. The 

regulation passes through the binding of the osteoblast integrin α2β1 receptor to 

collagen I415,416. Finally, matrix-bound growth factors stimulate osteoblast function, as 

does, for example, IGF-1417. 

Growth factors embedded in ECM directly participate in the remodeling process. 

When released from the matrix by osteoclastic resorption, TGFβ recruits mesenchymal 

progenitors cells to the site of remodeling214 and IGF-1 induces their differentiation418. 

Exogenous factors incorporated into the bone matrix also affect bone cell 

functions and thus influence remodeling. Gallium, for example, impairs osteoclast 

differentiation and resorptive activity419 and bisphosphonates induce osteoclast 

apoptosis420 and drastically reduces remodeling421. 

These examples are far from exhaustive, but illustrate the many mechanisms 

by which ECM can affect remodeling and thus contribute to the development of bone 

pathologies. 
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CHAPTER 4: BONE ECM ALTERATIONS 

I. BONE MATRIX-ASSOCIATED DISEASES 

Mutations in genes associated with the extracellular matrix affect various tissue 

organization and/or functions and can therefore lead to disorders with a wide range of 

clinical phenotypes. Here are some examples of genetic disorders related to the bone 

matrix.  

Osteogenesis imperfecta (OI), also called “brittle bone disease”, is a group of 

genetic disorder of variable severity, characterized by increased bone fragility and 

susceptibility to bone fracture, bone deformity, osteopenia, dental problems, and 

hearing loss422. About 90% of OI cases are autosomal dominant disorders caused by 

monoallelic mutations in one of the two genes encoding type I collagen (COL1A1 and 

COL1A2) that affect either the amount or the structure of the collagen matrix423. The 

remaining 10% of OI cases are mostly autosomal recessive diseases caused by 

mutations in genes related to collagen I biosynthesis and organization. Among 

mutations affecting COL1A1 or COL1A2, those resulting in a premature stop codon 

lead to collagen I haploinsufficiency through nonsense-mediated mRNA decay. 

Mutations leading to structural abnormalities, such as missense mutations, have 

different consequences, depending on the position of the mutation and/or the type of 

amino acid substitution. These consequences include: 

(i) the secretion of structurally abnormal triple helices that interfere with 

fibrillogenesis, collagen-NCP or collagen-cell interactions, or 

mineralization424; 

(ii) a delay in helix propagation during the formation of the triple helix which 

allows increased hydroxylation and glycosylation in the unfolded part of 

collagen chains425. This increase in post-translational modifications may 
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lead to a shift from pyrrole to pyridinoline cross-links in collagen309, a 

known cause of impaired trabecular bone formation426. 

(iii) the impaired assembly of the triple helix which triggers the intracellular 

degradation of the misfolded collagen via the ER-associated proteasomal 

degradation (ERAD) and consequently decreased collagen 

secretion427,428. The triple helix misfolding can also initiates an ER-stress 

response with deleterious cellular consequences up to apoptosis429.  

Another group of diseases are those caused by mutations in Fibrillin-1 (FBN1) 

and -2 (FBN2) genes that cause serious skeletal abnormalities in patients with Marfan 

syndrome (MFS) and congenital contracture arachnodacyly (CCA)430. Fibrillin-1 and 

Fibrillin-2 are glycoproteins that assemble as microfibrils and elastic fibers and play a 

structural role in the ECM of most tissues, including bones431,432. However, several 

studies have shown that these proteins play an important role in bone formation and 

metabolism by regulating the bioavaibility of TGFß and BMP proteins, which are crucial 

regulators of bone cell differentiation (OB and OCL)433,434. 

II. MODIFICATION OF BONE ECM WITH AGING. 

1. Inorganic matix 
General level of bone mineralization remains stable over the lifetime259,277,435, 

i.e. the amount of hydroxyapatite per volume of bone remains the same. However, as 

the bone ages, the mineral crystals lengthen436, most likely due to the increased 

substitution of carbonate ions (CO32-) for the phosphate ions (PO43-) in the 

hydroxyapatite437,438. This change in mineral conformation may increase stiffness439, 

but reduces the toughness of the bone as a result of the inverse relationship between 

toughness and stiffness440, thus leading to more fragile bone. 
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2. Collagen 
Both collagen content and the extent and nature of its cross-linking have a 

significant effect on bone mechanical properties. The bulk of mature enzymatic 

crosslinks does not change with age, with the exception of pyrroles, which are known 

to decrease with loss of bone mass441,442. This decrease could be detrimental since 

there is some evidence that pyrroles have a positive effect on bone strength441,443,444. 

Proteins with long half-lives, such as collagen, can accumulate substantial amounts of 

AGEs445–447, achieving levels 3-10 times those in younger bone448. AGEs form in the 

middle of the collagen fibrils, and restrict deformation (plasticity) of the collagen 

fibers449, reducing bone strength and toughness by making the tissue more brittle450,451. 

Figure 15: Bone microenvironmental changes induced by RAGE signaling 
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The accumulation of AGEs in bone ECM also has important effects on cell behavior. 

AGEs can impair the proliferation and differentiation of osteoblasts317,452 through 

interaction with the AGE-specific receptor (RAGE)453,454. Binding of AGE to its receptor 

reduces osteocalcin secretion (which regulates mineral crystal size), causes 

disruptions in cell-matrix interaction and cell adhesion455, and increased osteoblast 

apoptosis317, that affect bone formation452. Moreover, AGE-mediated RAGE signaling 

activates NF-κB in osteoblasts and stimulates the production of osteoclast-stimulating 

cytokines such as IL-1β, IL-6, and TGF-α or β456,457. The AGE-RAGE binding 

interaction also induces the production of reactive oxygen species (ROS)247 and 

heightens inflammation in the bone microenvironment that can lead to bone loss458. 

ROS are known to antagonize Wnt signaling in pre-osteoblasts459,460 and promote 

osteoclastic differentiation (Figure 15)454,461,462. The AGE-RAGE interaction should 

therefore promote resorption and reduce bone formation, which are characteristics of 

bone aging. 

3. Noncollagenous proteins 
Very little is known about age-related changes in bone NCP. One exception is 

proteoglycans such as biglycan and their hydrophilic GAGs side-chains, that are 

known to decline with aging463. This loss is accompanied by reduction in loosely bound 

water which correlates with the age-related deterioration of bone toughness464. In 

addition, a recent study has shown that sulfated GAGs bind sclerostin and can 

therefore regulate its bioavailability465. Therefore, a reduction in GAG content that 

occurs with aging could negatively affect Wnt signaling leading to lower bone 

formation. There is also some evidence that phosphorylation of bone NCP declines 

with aging, in particular that of osteopontin466. Such reduction of osteopontin negative 
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charge may interfere with its regulatory role during the mineralization process330 and 

with its biomechanical role in energy dissipation under stress364,467. 

III. BONE ECM MODIFICATION AND ENVIRONMENTAL POLLUTION BY METALS 

Metals are present in the natural environment, but also could be found in a highly 

purified form in the medical devices and in the manufactured products, such as 

batteries and dyes. In case of metal intoxication, bulk of the dose is rapidly eliminated 

by excretion, but some part of it is incorporated in the bone in the course of mineral 

deposition.The rate of metal uptake in bone tissue depends on the affinity of the given 

metal for the mineral or organic phase of the matrix, on the chemical similarity with 

calcium or phosphate ions and on its serum concentration468. 

Therefore, metals could generate two problems: their direct toxicity on bone 

cells and their accumulation in the bone matrix which may cause its pathological 

modification. Their direct toxicity mainly affects osteoblasts, inhibiting osteoblast 

differentiation, synthesis activity and mineralization of the extracellular matrix469–474. 

Their effect on osteoclasts differs according to the metal, increasing or decreasing 

TRAP enzyme activity and inhibiting maturation of precursors471,475–480. 

The ability of metals to accumulate in the extracellular bone matrix also leads to 

an increase in the half-life of the metal in the body. This is the case of Uranium481, the 

subject of my thesis project that will be described in detail later. 

Some metals were shown to modify bone ECM482. Here are some examples. 

Aluminum (Al) is present in drinking water and food. Through inhalation and/or 

ingestion it may enter the body, and 60% of the part that is not eliminated is stored in 

bones483. Al enters skeletal tissue with calcium, competing with it, and fixes phosphates 

in the bone mineral484. Al delays the formation and growth of hydroxyapatite 

crystals484,485 and alters the shape of newly formed mineral486. Thus, without affecting 
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cellular function, aluminum has a direct negative effect on the mineralization, which 

can partially explain osteomalacia observed in case of Al poisoning487. 

Cadmium (Cd) intoxication is principally the result of heavy metal mining, where 

it is a contaminant468. Like aluminum, Cd poisoning causes osteomalacia488, partially 

through modifications of bone ECM, disturbing both mineral and organic part of the 

matrix. In the mineral phase, Cd has an inhibitory effect on hydroxyapatite nucleation 

and growth and decreases crystal size in vitro489. In the organic phase, Cd diminishes 

collagen crosslinking  through inhibition of lysyl oxidase490,491. It also affects GAG 

(glycosaminoglycan) content. In rat bones, total amount of GAGs was decreased and 

their relative composition and sulphation pattern altered after Cd exposure492. 

Lead (Pb) contamination of the environment is due to its former widespread use 

in paints and in gasoline468. Bone accounts for 75% of total body lead493 and can serve 

as an endogenous source for many years494. Much as Al and CD, Pb was shown to 

induce alterations in bone matrix: diminished hydroxyapatite crystal size and increased 

amount of immature collagen crosslinks, both detrimental to bone strength495. 

Surprisingly, Pb also enhances osteocalcin binding to hydroxyapatite496. Since 

osteocalcin both inhibits mineralization and regulates crystal growth330, the increase of 

osteocalcin bound to mineral could play a role in the smaller hydroxyapatite crystal 

size495, the low bone formation rates497 and decreased bone density observed in 

Pb-intoxicated animals498. 

All metals discussed in this chapter appear to have an effect on the skeleton, 

but though I have described how they affect ECM, there is no clear distinction between 

cellular effects and effects due to accumulation in the bone mineral and/or the ECM. 

The study of the mechanism of metals’ bioaccumulation may reveal not only the details 
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of their action on the bone cells and the changes that they bring to bone matrix, but 

also give new insights into the process of biomineralization. 

CHAPTER 5: STUDY MODELS 

During my thesis, I have explored alterations of the bone matrix and their 

consequences in two different contexts presented in this chapter. The first one is a 

murine model of bone pathology corresponding to a rare human progeroid syndrome 

called the type II Rothmund-Thomson syndrome that is due to bi-allelic mutations in 

the RECQL4 gene. The second deals with bone matrices exposed to a heavy metal 

pollutant, natural uranium. 

I. RECQL4 AND THE TYPE II ROTHMUND-THOMSON SYNDROME 

1. Type II Rothmund-Thomson Syndrome 
RECQL4 is a DNA helicase (an enzyme that catalyzes ATP-dependent DNA 

unwinding), member of the RecQ helicase family which contains highly conserved 

proteins homologous to the RecQ helicase of Escherichia coli. In mammals, five RecQ 

helicase genes are involved in several DNA metabolism processes and mutations in 

three of them are linked to human autosomal recessive disorders. Loss-of-function 

mutations in the BLM gene give rise to a syndrome (Bloom’s syndrome) characterized 

by growth deficiency and a pronounced predisposition to almost all types of cancer 499. 

The absence of a functional WRN protein results in segmental progeroid syndrome 

(Werner’s syndrome) associated with the premature onset of features associated with 

normal aging and increased incidence of various cancers500,501.  

Bi-allelic mutations in the RECQL4 gene are associated with three rare 

recessive disorders: type II Rothmund-Thomson (RTS-II)502, RAPADILINO503 and 

Baller-Gerold (BGS)504 syndromes. BGS represents less than 40 cases in the 

literature. This disorder is characterized by premature fusion of cranial bones 
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(craniosynostosis), radial ray malformations, growth retardation and poikiloderma (skin 

abnormalities including erythema, atrophy, telangiectasia)504. Patients with 

RAPADILINO are fewer and predominantly Finnish. They exhibit a short stature, radial 

abnormalities and other bone malformations, in addition to infantile diarrhea503. 

Approximately 200 Type II Rothmund-Thomson syndrome (RTS-II) patients have been 

reported. These patients present poikiloderma, skeletal abnormalities, predisposition 

to osteosarcomas and premature aging505. The three RECQL4-related syndromes are 

therefore associated with specific clinical signs but share common skeletal defects, 

which indicate a particularly important role of the RECQL4 protein in bone tissue506. 

Figure 16: Human syndromes associated with RECQL4 mutations  

Clinical examinations of RTS-II patients revealed various congenital bone 

deformities, including frontal bossing, saddle nose, absent or malformed radii and 

thumbs, fused fingers and toes, clubfoot and abnormal ulna507. Subsequent studies, 
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reporting radiological follow-up of RTS-II patients have revealed other bone defects 

that could not be detected by clinical examinations alone508,509. These are mainly 

abnormal metaphyseal trabeculation, osteopenia and osteolytic lesions. In line with 

these radiological data, it was recently reported that more than 50% of RTS-II patients 

examined have a high incidence of bone fractures510. Together, these observations 

indicate that RTS-II is associated with bone remodeling dysfunction and premature 

aging of bone tissue. 

Approximately 30% of RTS-II patients develop osteosarcoma511 which present 

characteristics very similar to those of sporadic osteosarcomas. These tumors are 

mainly of osteoblastic origin, located in the femur or tibia and exhibit a high degree of 

genetic instability. However, the median age at diagnosis (11 years) is slightly younger 

than that observed for sporadic tumors (14-17 years)511. 

Nearly 70 mutations have been described for the three RECQL4 syndromes, 

about 50 of which are found in RTS-II patients505. Most of these are frameshift or 

nonsense mutations or other mutations that can interfere with the splicing of 

pre-mRNA502,511,512. These compound heterozygous mutations of the RECQL4 gene 

alleles are expected to lead to the production of truncated RECQL4 proteins which do 

not have all or part of the conserved helicase domain but retain the N-terminal 

region513. 

2. The RECQL4 helicase 
The human RECQL4 gene mapped to chromosome 8q24.3, consists of 21 

exons514 and has a specific tissue expression pattern, with the highest level of RECQL4  
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Figure 17: RECQL4 structure and functions. 
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mRNA detected in testis and lymphoid tissues (thymus, bone marrow)514. RECQL4 

transcription is also regulated according to the cell cycle with a peak of expression in 

S-phase514. p53 and the Rb family have been shown to partially repress RECQL4 

transcription515,516. This could explain why RECQL4 is found overexpressed in many 

cancers517–520, since p53 and RB pathway disruptions are common oncogenic 

mutations. 

RECQL4 is the only RecQ helicase present in both the nucleus and 

mitochondria. This protein plays many roles in DNA metabolism and genome stability, 

probably through its interactions with multiple partners521. 

Several studies have focused on the role of RECQL4 in initiating replication522–

524. This function involves the N-terminal part of RECQL4 that is homologous to the 

yeast Saccharomyces cerevisiae replication factor Sld2, required for the assembly of 

the replication initiation complex525. The RECQL4 N-terminus has also been shown to 

be essential for the viability of vertebrate cells526 and is almost never affected by 

mutations in RECQL4 patients527,528. The crucial role of RECQL4 in replication has led 

to the proposition that mutations in RECQL4 could result in replication stress, a 

phenomenon that seems to favor chromosomal abnormalities and aging529. Consistent 

with this proposal, chromosomal abnormalities in RTS-II patient cells509 and in primary 

cells of Recql4-deficient mice have been reported530. 

Another important region of RECQL4 is the helicase domain that catalyzes 

ATP-dependent DNA unwinding531–534 and has been implicated in the repair of different 

types of DNA lesions, in particular double-stranded DNA breaks (DBSs)535,536. 

RECQL4 also contributes to telomere protection537,538; to mitochondrial genome 

stability539,540 and consequently to mitochondrial function541. Finally, mitotic functions 
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of this helicase have recently emerged542,543. Notably, RECQL4 seems required for 

proper alignment of mitotic chromosomes543. 

Some in vitro and in vivo studies have also reported that RECQL4 dysfunction 

may lead an increased senescence529,544,545. Since the accumulation of DNA damage 

is known to promote senescence, it has been proposed that an increase in senescence 

could be the consequence of unrepaired DNA damage in cells lacking functional 

RECQL4545. 

3. Mouse models 
Mouse Recql4 gene shares 63.4% identity and 85.8% homology with the human 

RECQL4 gene546. Thus, to investigate the role of RECQL4 in the pathophysiology of 

RECQL4-related diseases several mouse models with global or conditional inactivation 

of the Recql4 gene have been developed. 

Targeted deletion of Recql4 in the mesenchyme of developing limbs leads to 

limb abnormalities, craniosynostosis (premature fusion of cranial sutures) and 

developmental bone abnormalities, as well as reduced femoral bone mass in 

3-month-old mice547,548. A very close phenotype has been described for mice with 

Recql4 conditional deletion at a downstream stage of osteoblastic differentiation549. 

The knockout mouse model chosen for this thesis project carries a germline 

deletion of helicase domain (exons 9-13)530 and it is known to express aberrant 

transcripts that could allow the production of Recql4 polypeptides with an intact 

N-terminal region530. These mice are known to exhibit genomic instability, skin 

abnormalities (hypo-/hyper-pigmentation on their tails) and birth defects of the skeletal 

system reminiscent of those found in RTS-II patients (Mann et al., 2005). However, 

this mouse model had never been explored regarding bone remodeling and aging 

before my thesis. 
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In conclusion, evidence that RECQL4 participates in a large number of cellular 

processes has been accumulating in recent years thanks to in vitro studies and also 

mouse models characterization. However, the mechanisms by which RECQL4 

deficiency affects bone remodeling remain elusive. Bone homeostasis and remodeling 

do not solely rely on osteoblasts but depend on the coordinated action of various cell 

types and on systemic factors550,551, this model with the constitutive gene knock-out 

allows a more comprehensive analysis of the mechanisms underlying RECQL4 

deficiency-induced bone pathology. Several factors have prompted us to analyze in 

particular the bone ECM in this model. As have already been mentioned, fibroblasts 

and bone marrow cells derived from RECQL4-deficient mice showed signs of 

premature senescence544,545. Senescent cells have been demonstrated to have an 

altered secretome552 that may lead to ECM modifications553–555. We decided to 

investigate if RECQL4-deficient osteoblasts indeed produce an altered bone matrix 

and, that being the case, to characterize these modified ECM with the view to explore 

their possible implication in the accelerated bone loss. 

II. URANIUM AND BONE 

The following section briefly presents the uranium and summarizes the known 

effects of the uranium toxicity on bone and bone cells. 

1. Uranium: physicochemical properties 
Natural uranium (U), the 92nd element of the periodic table, is the heaviest of 

the two naturally occurring actinide elements and is a silvery-white metal. Natural U 

consists of a mixture of three radioactive isotopes 238U (99.27%), 235U (0.72%) and 

234U (0.0054%). The half-lives (time for the radioactivity to decay to half its original 

value) of the uranium radio-isotopes are very long, 244 000 years for 234U, 710 million 
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years for 235U and 4500 million years for 238U556. The longer the half-life the less 

radioactive is a material. 

The chemical properties of U resemble those of the rare earth elements: U 

oxides are insoluble in water and alkalis, but dissolve in acids. U solubility in water – 

and hence its potential for water pollution – is strongly dependent on the oxidation state 

which ranges from +II to +VI. In aqueous solution and in the body, the most stable form 

of U is its oxygen-containing cation {UO22+} with the oxidation state +VI (called uranyl 

and referred to as U(VI) in the following text). U(VI) has a much higher solubility than 

U(IV). As a hard Lewis acid, U(VI) mainly reacts with hard bases such as 

oxygen-containing groups like carboxylate and phosphate groups. Thus, U(VI) does 

not appear as a “free” uranyl cation in biological media, but forms various organic or 

inorganic complexes. This is in agreement with the experimentally determined uranium 

speciation, i.e. complexes that it forms, showing that in the physiological pH range 

approximately 50% of U(VI) is found in carbonate complexes557. The rest of U(VI) may 

be bound to proteins (~30%) and to red blood cells (~20%)558. Another type of study, 

the thermodynamic computational modeling, add a nuance to these results predicting 

that uranium speciation in human fluids (blood, plasma, bile, saliva, sweat, urine etc.) 

could vary between each biological fluid due to differences in composition, ionic 

strength, and pH559. The latter results need to be developed further, since several 

groups have demonstrated that uranium bioavailability and cytotoxicity strongly 

depend on its speciation560–562. 

2. Uranium exposure and bone 
Uranium is both naturally present and released into the environment through 

human activities. Typical abundance of U in seawater is 1-3 μg/kg, and in bedrock, 

1-15 mg/kg, with the highest concentration in granite563. Most natural U is mined to 
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produce highly enriched 235U for use in nuclear power plants and nuclear weapons. U 

that remains after removal of the enriched fraction, called depleted uranium, and 

natural U are employed for armor-piercing shells, ship ballast, radiation shields in 

medical equipment or as a negative contrast in electron microscopy563. This extensive 

use of U in civil and military activities has led to an increased risk of exposure. 

Moreover, despite its poor solubility and the generally low concentrations, natural U in 

the Earth’s crust may also lead to significant exposures, for example in Finland through 

drinking water from wells in granite564. 

Exposure to uranium may occur by inhalation of airborne particles, ingestion of 

food and water and/or through skin uptake563. Natural U is weakly radioactive556. 

Therefore, the main health risk of uranium exposure is associated with its chemical 

toxicity565. 

Approximately 95% of U entering the body is eliminated in feces and only a 

small part reaches the bloodstream556. Then 80 to 90% of the uranium present in the 

blood is filtered through the kidneys and cleared within a few days in urine563. On 

average, approximately 90 μg of accumulated U exist in the human body from normal 

intakes of water, food and air. Approximately 66% is found in the skeleton, 16% in the 

liver, 8% in the kidneys and 10% in other tissues556. 

U(VI) shows a great affinity for bone. According to the biokinetic model 

established by the International Commission on Radiological Protection (ICRP), a few 

hours after intoxication, around 20% of uranium is found in bone where it can stay for 

several years566. The precise mechanism of uranium incorporation into the bone is still 

not completely clarified.  Early in vitro studies have demonstrated that U can be 

adsorbed to the bone passively, possibly by exchange with calcium ions567 and that U 

has a greater affinity to the newly formed bone568. Further research provided some 
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evidence that the rate of U incorporation may correlate with the rate of the remodeling 

of the particular bone569. Analysis of the spatiotemporal kinetics of the uranium 

deposition into the rat bones showed that the uranium appeared initially on the bone  

surfaces before diffusing in the whole bone570. Furthermore,  several studies have 

shown that U distribution pattern is remarkably like that of calcium, with intense hot 

spots over the growth regions and on the calcifying zones of skeletal cartilage481,570,571. 

Taken together, these results suggest that the mechanism of U(VI) accumulation in 

bone does not simply follow a chemical pathway, but may rely on its incorporation by 

the osteoblasts. 

3. Effects of Uranium on bone and bone cells 
Uranium has been shown to interfere with bone physiology by several groups. 

Indeed, in vivo, uranium alters the structure of the trabecular zone, seems to promote 

bone resorption, and inhibits bone formation572. Depleted uranium particles were 

subcutaneously implanted in rats573. The results revealed that the particles caused a 

diminution of height and length of the bones, probably caused by a slow delivery of 

soluble species from uranium particles. The authors observed a depletion of active 

osteoblasts replaced by a large increase in bone-lining cells at the trabecular surface. 

Cytoplasmic and nuclear alterations of rat OBs were also observed after 

intra-peritoneal injections of U(VI) nitrate574. Chronic exposure of rats just after birth 

decreased significantly the cortical bone diameter and significantly reduced mRNA 

expression of genes involved in OB differentiation, bone remodeling and bone 

mineralization575. In humans, Kurttio et al. observed some evidence for an association 

between increased bone turnover and exposure to natural U(VI) through drinking 

water576. Taken together, these data suggest that U(VI) is able to perturb bone 

metabolism. 
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In vitro, the effect of U(VI) on OBs and OCs is poorly documented. OBs have 

been shown to accumulate 10 times more U(VI) than kidney cells, suggesting a 

facilitated internalization or the capacity to transform U(VI) into a non-toxic form in this 

cell type577. Moreover, a concentration threshold, below which no toxicity and no 

accumulation could be measured, has been observed for U(VI) exposure in OBs. 

Above this threshold concentration, which is highly dependent on metal speciation, 

cytotoxicity correlates with metal accumulation577. After a 24 h exposure to low doses 

of U(VI) bicarbonate, culture in metal-free medium allowed a decrease of intracellular 

U(VI) concentration associated with a growth recovery, suggesting the existence of a 

detoxification mechanism. Finally, Tasat et al. demonstrated that sub-toxic 

concentrations of U(VI) nitrate induced the production of reactive oxygen species and 

decreased alkaline phosphatase (ALP) activity in human fetal OBs574. Previous work 

of our team demonstrated that sub-toxic concentrations of U(VI) reduces mineralization 

capacity of OB cells and trigger the induction of autophagy, a survival process induced 

by various stresses578. In addition, our results suggest that U(VI) exerts its toxicity in 

osteoblasts in part through the inhibition of autophagy, a major cellular catabolic 

process578. 

While a number of studies have focused on the effect of U(VI) on bone formation 

and osteoblasts579, the impact of U(VI) on bone resorption has been poorly explored. 

Ubios et al. have observed an increase in bone resorption of the alveolar bone after 

intraperitoneal injection of uranyl nitrate in Wistar rats580. Analysis of 

histomorphometric parameters of mouse metaphyseal bone, after oral administration 

of a lethal dose of uranyl nitrate, has also revealed an extension of resorption surfaces 

compared to untreated animals581. These results are not confirmed by those of Fukuda 

et al.582. Indeed, after an intramuscular injection of depleted uranium to rats, the 
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authors have failed to detect any significant modification in bone resorption of proximal 

tibial metaphyses582. Besides animal studies, several epidemiological investigations 

have addressed the question of the health effects of naturally occurring uranium in 

drinking water583. Among them, the study from Kurttio et al.576 provided some evidence 

of a positive association (only in males) between uranium exposure and serum levels 

of carboxy-terminal telopeptide, an indicator of bone resorption. The aforementioned 

in vivo studies have led to the proposal that U(VI) could promote bone resorption. 

Nonetheless, as far as we know, the cellular and molecular mechanisms underlying 

this possible effect of uranium have never been explored. 

Despite several experimental studies on uranium chemical toxicity in animals 

and a few epidemiological studies, the data are still too sparse to derive the precise 

cellular and molecular mechanism of uranium toxicity. Moreover, the effects of uranium 

on skeletal tissue where it accumulates remain an open question. Indeed, the 

observations that are available are mostly derived from in vivo studies where the form 

and doses of U(VI), as well as the administration ways are very different. It is still 

difficult to clearly assess which mechanism is affected upon U(VI) exposure and to 

discern how uranium affects each type of bone cells. Our team has previously 

examined uranium effect on osteoblasts. In continuation of this effort, my project was 

designed to analyze how mineralized matrix alteration due to uranium exposure would 

affect the osteoclasts. 

Our approach in this project was to start with a model where we can control 

most of the variables: the exposure of the osteoclasts to the uranium present in the 

culture medium at a range of concentrations. Having analyzed the osteoclast behavior 

in that condition, we proceeded to a more physiological systems of uranium 

incorporated in the mineralized matrix. 
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1. Summary 
Bi-allelic mutations in the RECQL4 helicase gene are responsible for type II 

Rothmund-Thomson syndrome, a rare progeroid disorder associated with a range of 

skeletal anomalies, including premature bone loss. While the physiological role of 

RECQL4 in bone development has been the subject of recent studies, its involvement 

in bone aging remains uncharacterized. To investigate the physiological function of 

RECQL4 in bone maintenance, we characterized age-related skeletal changes in a 

global Recql4 knockout mouse model. By using X-ray micro-computed tomography to 

assess bone architecture at different bone sites (femur and caudal vertebrae), we 

found that bone loss associated with normal aging is accelerated and more 

pronounced in Recql4-deficient animals of both sexes. Ex-vivo experiments using 

primary cells from elderly mice suggest that RECQL4-deficiency leads to osteoblast 

dysfunction, as evidenced by the production of an altered bone extracellular matrix 

(ECM), which is stiffer and less mineralized compared to control ECM. Stiffening of 

ECM is a general feature of aging tissue and is believed to promote bone resorption, 

which is consistent with our histological data. Collectively, our results reveal that this 

Recql4 knockout model is relevant for studying accelerated bone aging and that 

osteoblast dysfunction could be a prominent feature of precocious bone loss caused 

by RECQL4-deficiency. 
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2. Introduction 
The role of DNA damage in age-related bone decline has not yet been fully explored 

although several arguments suggest that genome stability is an important factor in 

bone quality. In particular, loss-of-function mutations in human genes implicated in 

DNA metabolism or DNA damage response are related to decreased bone mass and 

altered bone microarchitecture (Schumacher et al., 2008). This is the case for bi-allelic 

mutations of the RECQL4 gene (Cao et al. 2017), a member of the RecQ family of 

DNA helicase genes, that result in three rare recessive disorders: type II 

Rothmund-Thomson (RTS-II) (Kitao et al., 1999), RAPADILINO (Siitonen et al., 2003) 

and Baller-Gerold (BGS) (Van Maldergem et al., 2006) syndromes which occur with 

specific clinical signs but share common skeletal defects, suggesting a particularly 

important role of RECQL4 in bone tissue. 

Approximately 200 patients have been reported with RTS-II that are suffering from 

poikiloderma, skeletal abnormalities, predisposition to osteosarcomas and premature 

aging (Larizza et al., 2010). In addition to congenital bone abnormalities, such as radial 

hypoplasia, malformed or absent thumbs, patellar abnormalities (Vennos et al., 1992), 

studies reporting radiological follow-up of RTS-II patients, revealed other bone 

anomalies (Mehollin-Ray et al., 2008). These are mainly abnormal trabeculation in 

metaphyseal bone and diffuse or localized decreases in bone density. In addition, more 

than 50% of RTS-II patients included in a recent study had a high incidence of bone 

fractures (Cao et al., 2017). Together, these findings suggest that RTS-II is associated 

with bone remodeling dysfunction and bone tissue premature aging.  

Nearly 70 mutations have been described for the three RECQL4 syndromes (Larizza 

et al., 2010). Most of these are frameshift or nonsense mutations or other mutations 

that can interfere with the splicing of pre-mRNA (Siitonen et al. 2009) and are expected 
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to lead to the production of truncated proteins which do not have all or part of the 

conserved helicase domain, but retain the N-terminal region (Jin et al., 2008).  

RECQL4 plays many roles in DNA metabolism and genome stability, probably through 

its interactions with multiple partners (Mo et al., 2018). Several studies have focused 

on its crucial role in initiating replication (Capp et al., 2010). This function involves the 

N-terminal part of RECQL4 that shares similarity with the Sld2 protein of 

Saccharomyces cerevisiae involved in the assembly of the replication initiation 

complex (Bruck and Kaplan, 2014). Consistently, the RECQL4 N-terminus has been 

shown to be essential for the viability of vertebrate cells (Abe et al., 2011) and is never 

affected by mutations in RECQL4 patients (Siitonen et al., 2009). Another important 

region of RECQL4 is the helicase domain that catalyzes ATP-dependent DNA 

unwinding (Xu and Liu, 2009) and has been implicated in the repair of different types 

of DNA lesions (Croteau et al., 2012). The contribution of RECQL4 to telomere 

protection has also been documented (Ghosh et al., 2012) as well as its role in 

mitochondrial genome stability (Gupta et al., 2014) and in mitochondrial function 

(Kumari et al., 2016). Finally, evidence for a mitotic role of RECQL4 has recently 

emerged (Yokoyama et al. 2019).  

Although evidence that RECQL4 participates in many cellular processes has been 

accumulating in recent years, the mechanisms by which RECQL4-deficiency affect 

patient bone tissue remain elusive. To get a better understanding of the 

pathophysiology of RECQL4-related diseases, several mouse models with global or 

conditional Recql4 inactivation have been developed. Targeted deletion of Recql4 in 

the mesenchyme of developing limbs results in skeletal development abnormalities 

and reduced femoral bone mass in 3-month-old mice (Cao et al., 2017; Lu et al., 2015). 

A very close phenotype has been described for mice with Recql4 conditional deletion 
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at a later stage of osteoblastic differentiation (Ng et al., 2015). Because bone 

homeostasis and remodeling do not solely rely on osteoblasts but depend on the 

coordinated action of various cell types and on systemic factors, we decided to analyze 

the bone phenotype of a constitutive knockout mice carrying a germ-line deletion 

spanning from part of exon 9 through exon 13 and encoding the helicase domain of 

RECQL4 (Mann et al., 2005). These mice are known to exhibit skin abnormalities and 

birth defects of the skeletal system (Mann et al., 2005). Here, we report a detailed 

investigation of sex-specific and age-related evolution of bone density and 

microarchitecture in this murine model. In addition, we conducted ex-vivo 

investigations of Recql4-/- osteoblast and osteoclast function to understand the 

involvement of RECQL4 in bone physiology. 
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3. Results  
The Recql4 knockout mouse model  

RT-PCR experiments confirmed that cells from Recql4-/- mice do not express a 

full-length Recql4 cDNA, unlike cells from wild-type or heterozygous mice (Recql4+/-) 

(Fig.1A). As previously reported (Mann et al., 2005), we observed that Recql4+/- were 

indistinguishable from their wild-type littermates (data not shown) and that 100% of 

Recql4-/- mice develop with age a skin pigmentation defect that becomes visible on 

their tails from the age of 6 months (Fig. 1B). Since most RTS-II patients exhibit short 

stature, we examined mice long bone lengths. No differences were found in the femur 

and tibia length of 3-month-old Recql4-/- males and females compared to heterozygous 

control mice of the same sex, excluding a developmental delay in the growth of 

Recql4-/- animals (Fig. 1C). Although the body weight of Recql4-/- mice was similar to 

that of heterozygous mice at 3 weeks and 3 months of age, they were significantly 

underweight compared to controls at 13 months of age (Fig. 1D). 

Accelerated bone loss in long bones of Recql4-/- mice 

In order to characterize the aging process of bone in control and Recql4-/- mice, we 

conducted a cohort study consisting of 5 to 10 mice per age group per genotype and 

per sex, for which trabecular architecture of the metaphyseal femoral bone was 

examined using microcomputed tomography (μCT). As previously described for 

wild-type C57BL/6J male mice (Glatt et al., 2007), the trabecular bone volume fraction 

(BV/TV) showed downward trend (10,8%) between 6 and 13 months in control males. 

In Recql4-/- males, BV/TV decreased from 3 months of age and severely dropped 

(51.8%) between the age of 6 and 13 months (Fig. 2B). Consequently, 13-month-old 

Recql4-/- males had a significantly reduced BV/TV compared to control males of the 

same age (5.47% vs 12.08%, p = 0.0003) (Fig. 2A and 2B). Females of both genotypes 
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had a lower BV/TV than male counterparts at all ages tested and showed a gradual 

and significant decrease in BV/TV as they aged (Fig. 2B). At all time points analyzed, 

Recql4-/- females had a lower amount of trabecular bone compared to age-matched 

Recql4+/- females, with a statistical significance reached for the 13-month-old group 

(0.83% vs. 1.7%, p = 0.0004). Trabecular number (Tb.N) showed a pattern of 

age-related changes very similar to that of BV/TV in both sexes and genotypes, leading 

in older animals to a significantly lower number of trabeculae in Recql4-/- male (0.8 vs. 

1.58/mm, p = 0.0002) and female (0.12 vs. 0.22/mm, p = 0.0002) compared to controls 

(Fig. 2C). Consistent with this, trabecular spacing (Tb.Sp) increased with age in both 

sexes and genotypes, with a greater increase in females (Fig. 2D). In older individuals, 

the Tb.Sp. was higher in mutants than in controls, with a difference observed in both 

sexes and significant in males (0.28 vs. 0.34 mm, p = 0.038). The trabecular thickness 

(Tb.Th.) increased progressively and significantly with age in males of both genotypes 

(Fig. 2E), this increase being less marked in mutant males compared to heterozygous 

littermates (20% vs. 52% increase between 3 and 13 months of age, respectively). 

Thereby, at the age of 13 months, the Tb.Th. was lower in Recql4-/- than in control 

males, although this did not reach statistical significance. In females of both genotypes, 

the Tb.Th. remained stable between 3 and 6 months and then evolved in older animals 

in a manner similar to that observed in males. The bi-allelic deletion of the Recql4 gene 

had also an effect on the trabecular pattern factor (Tb.Pf). This parameter reflects the 

connectivity of the trabecular network, the low values of Tb.Pf corresponding to a 

well-connected network (Hahn et al., 1992). For all ages analyzed and regardless of 

genotype, Tb.Pf values were higher in females indicating a gender effect on trabecular 

connectivity (Fig. S1). We also noticed that both 13-month-old Recql4-/- male (27.5 vs. 

15.4, p= 0.0016) and female (40.5 vs. 31.9, p= 0.0353) had increased Tb.Pf compared 
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to heterozygous control mice suggesting that aged mutant mice exhibited a more 

disconnected trabecular structure than control ones (Fig. S1). 

Cortical thickness (Cort.Th.) of the femoral mid-diaphysis was also evaluated. While 

this parameter fluctuated only slightly in Recql4+/- males as a function of age (Fig. 2F), 

it dropped significantly in mutant males between 6 and 13 months of age (0.186 vs. 

0.208 mm, p=0.0072). Consequently, 13-month-old Recql4-/- males exhibited thinner 

cortical bone than the age-matched controls (0.206 vs. 0.186 mm, p= 0.0172). In 

females, the evolution of cortical thickness was different from that observed in males 

in that it increased gradually and significantly between 3 and 13 months for both 

Recql4+/- (0.215 vs. 0.240 mm p= 0.0134) and Recql4-/- (0.209 vs. 0.224 mm, p= 

0.0371) mice (Fig. 2F). However, at all ages analyzed, the Cort.Th. was lower in mutant 

females, this difference being statistically significant in 6-month-old animals (0.212 vs. 

0.230, p= 0,0279) and close to the significance at 13 months of age (0.224 vs. 0.240 

mm, p= 0.0722).  

In summary, we showed a significant age-by-sex interaction in age-related changes of 

trabecular bone architecture and femoral cortical thickness for both genotypes, as 

revealed by statistical two-way ANOVA analysis. More importantly, our results 

demonstrated that age-related alterations of trabecular and cortical femoral bone were 

more pronounced in the absence of RECQL4, in both sexes. This observation was 

supported by statistical analysis showing a significant age X genotype interaction for 

most parameters. Thereby, our data revealed that Recql4-/- mice are a relevant model 

of premature bone aging.  

Reduced bone mass in non-weight bearing bone sites in Recql4-/- mice 

As bone decline due to aging or pathological conditions may be dependent on the 

skeleton site considered (Glatt et al., 2007; Willinghamm et al., 2010), we also 
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examined a non-weight bearing site such as tail vertebrae of 6- and 13-month-old 

Recql4+/- and Recql4-/- male. For both age groups, an X-ray examination showed a 

notable difference in bone density between the two genotypes (Fig. 3A). Accordingly, 

μCt evaluation revealed strong differences between Recql4+/- and Recql4-/- mice from 

the age of 6 months and for all measured parameters (Fig. 3C to 3G), indicating that 

bi-allelic deletion of the Recql4 gene had an important deleterious effect on vertebral 

trabecular bone volume and architecture, as illustrated by μCT 3D reconstruction of 

the 12th caudal vertebra (Fig. 3B).  

Unlike what we observed for long bones, BV/TV (Fig. 3C), Tb.N. (Fig. 3D) and Tb.Th. 

(Fig. 3E) did not decrease in caudal vertebrae of control mice between 6 and 13 

months of age. Instead, these parameters tended to increase during this period and 

the Tb.Sp. decreased significantly at the same time (0.281 vs. 0.422 mm, p= 0.0152) 

(Fig. 3F). These observations are consistent with studies showing that the evolution of 

trabecular bone volume over time is different in long bones compared to caudal 

vertebrae, with an earlier onset of decline in long bones (discussed in Lambers et al. 

2012). In contrast to control mice, Recql4-/- animals failed to show an increase in caudal 

vertebral BV/TV and Tb.Th. between 6 and 13 months (Fig. 3C and 3E) and displayed 

an increase in Tb.N. smaller than the one observed for control mice (7.3 % vs. 10%, 

Fig. 3D). In line with this, their Tb.Sp. declined during this same period of life but to a 

lesser extent compared to Recql4+/- mice (14.7% vs. 21.7%). These data showed that 

RECQL4 dysfunction modifies the trabecular bone architecture in the caudal vertebrae.  
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Table 1: Summary of bone parameters evaluated by micro computed tomography 

The bone perimeter covered by osteoclasts increases in older Recql4-/- mice  

To understand the cellular basis of Recql4-/- mice bone phenotype, we performed bone 

histomorphometric analysis of femoral trabecular bone, for animals aged 12 months 

and older. Both the mineral apposition rate (MAR, Fig. 4A) and the numbers of 

osteoblasts per unit of bone perimeter (N.Ob./B.Pm, Fig. 4B) showed a weak 

decreasing trend in Recql4-/- mice compared to controls, without reaching significance. 

The percentage of bone perimeter covered by osteoclasts (Oc Pm/B.Pm) was slightly 

and significantly higher in mutant mice than in control littermates (11.72 vs. 8.68 %, p= 

0,0185) (Fig. 4C), raising the possibility that RECQL4 dysfunction could be associated 

with higher bone resorption. This prompted us to seek whether RECQL4 deficiency 
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has a direct or indirect effect on osteoclast differentiation and function.  

RECQL4 deficiency does not activate osteoclast formation and function through 

osteoclast-autonomous mechanisms nor via paracrine action of osteoblasts 

Since osteoclasts are of hematopoietic origin, we first checked the total cellularity of 

the bone marrow of Recql4-/- mice, in order to rule out the possibility of a major 

hematopoietic defect in these animals. We did not observe a significant difference in 

the number of cells in the bone marrow of Recql4+/- and RecqL4-/- mice of either sex 

(Fig. 5A). Because reactive oxygen species (ROS) are crucial for osteoclast 

differentiation (Domazetovic et al., 2017), and are known to be increased in fibroblasts 

of RTS-II patients (Kumari et al., 2016), we evaluated the levels of ROS in osteoclast 

precursors isolated from Recql4+/- or Recql4-/- mice. As shown in Fig. 5B, the levels of 

ROS in bone marrow-derived macrophages (BMM) were similar irrespective of the 

genotype. To explore the effect of RECQL4 dysfunction on osteoclast differentiation 

and resorption, primary BMM isolated from control or mutant mice were cultured on 

synthetic bone substrate in the presence of M-CSF (macrophage colony-stimulating 

factor) and RANKL (Receptor activator of nuclear factor-kappa B ligand), two critical 

factors for osteoclast formation and function. At the end of the culture, cells positive for 

tartrate-resistant acid phosphatase (TRAP) staining and containing more than 3 nuclei 

were counted as osteoclasts (Fig. 5C) and the area of matrix resorbed per osteoclast  

was quantified (Fig. 5D). Recql4+/- and Recql4-/- BMM produced a similar number of 

osteoclasts with comparable resorption ability, indicating that RECQL4 dysfunction 

affects neither the formation nor the function of osteoclasts, through cell-autonomous 

mechanisms.  

Osteoblasts contribute to the regulation of osteoclast differentiation through the 

production of signaling molecules involved in osteoclastogenesis (Han et al., 2018). In 
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order to determine whether Recql4-/- osteoblasts enhanced osteoclast differentiation, 

calvaria explant cultures were used as an osteoblast/osteoclast co-culture system 

(Nollet et al., 2014). TRAP staining was used to detect osteoclasts formed after 10 

days of culture of calvaria explants, each prepared from an individual mouse. We found 

no difference in the number of osteoclasts obtained in Recql4-/- cultures compared to 

the control ones (Fig. 5E), suggesting that the deficiency of RECQL4 in osteoblasts 

does not result in an increased stimulation of osteoclastogenesis through direct or 

paracrine cellular interaction. 

Recql4 deficiency leads to the production of an altered extracellular matrix 

Because our histological data showed a slight decrease in the number of osteoblasts 

in femoral cancellous bone of Recql4-/- mice (Fig. 4B), we next investigated the 

potential consequence of RECQL4 deficiency on cells of the osteoblastic lineage. We 

first examined the frequency of mesenchymal progenitor cells (CFU-F) in bone marrow 

from either Recql4+/- or Recql4-/- animals. By using colony-forming assays in bone 

marrow stromal cell cultures isolated from males aged 13 months and over, we found 

that the numbers of small and large colonies were not significantly different between 

Recql4+/- and Recql4-/- cultures (Fig. 6A). This suggested that neither the frequency, 

nor the proliferation ability of mesenchymal progenitors, is altered in Recql4-/- mice. In 

addition, the number of mature osteoblast colonies (colonies positive for mineral 

deposition) was unchanged between the two genotypes (data not shown). We next 

assessed the proliferation of primary osteoblastic cells from long bones and found that 

Recql4-/- cell growth was not slowed down compared to that of control cells (Fig. 6B). 

In order to determine if RECQL4 deficiency affects osteoblast differentiation and 

function we examined ECM produced ex-vivo by Recql4+/- and Recql4-/- primary 

osteoblasts. Primary long bone cells isolated from 13-month-old individual mouse (6 
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mice per genotype) were grown to confluence and then placed under differentiation 

conditions for 21 days. ECM mineralization was assessed by quantification of Alizarin 

Red S staining. Although the results were not significant due to a high inter-individual 

variability in control mice, we observed a 50% mineralization decrease in 

Recql4-/- cultures compared to Recql4+/- cells (Fig. S2). By comparing mineralization in 

cultures of primary bone cells pooled from 3 to 4 mice per genotype, we also found a 

50% mineralization decrease in mutant cultures, although the difference compared to 

control cultures did not reach significance (Fig. 6C). Collagen matrix deposition was 

also examined in cultures of these pooled primary osteoblastic cells by Picrosirius Red 

staining, the quantification of which indicated that equivalent amounts of collagen was 

deposited in ECM synthesized by osteoblasts regardless of their genotype (Fig. 6D). 

These results were consistent with the ECM thickness measurements made using 

atomic force microscopy (AFM), which showed that the height of the Recql4+/- and 

Recql4-/- ECM was similar (Fig. 6E, Fig. S3). It should be noted that these 

measurements were made in matrix areas without mineralization and therefore 

reflected the amount of deposited collagen. Thus, Picrosirius red assays and matrix 

height measurements suggested that there was no difference between the 

extracellular collagen levels present in Recql4+/- and Recql4-/- cultures. Despite this, 

the organic part of ECM derived from Recql4-/- osteoblasts exhibited a significantly 

increased stiffness compared to Recql4+/- cell-derived ECM (x 1.3) as revealed by 

Young’s modulus measurements performed by using AFM (Fig. 6E and Fig. S3). By 

contrast, no difference was found between the control and mutant ECMs when 

elasticity was evaluated in mineralized regions (Fig. S3). Our ex-vivo data suggest that 

RECQL4 deficiency in cells of osteoblastic lineage results in the production of an 

altered extracellular matrix with fewer mineral but also increased stiffness of the 
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organic matrix, which is a well-known characteristic of tissue aging (Lampi and 

Reinhart-King, 2018). 

  



Results: part 1-1 – Submitted manuscript 
 

86 
 

4. Discussion 
Our understanding of the relationship between age-related bone loss and impaired 

DNA metabolism is based only on the study of a few mouse models (Jilka, 2013). 

RECQL4 belongs to a family of DNA helicases critical for the maintenance of genome 

stability and, accordingly, mice with a global knockout of the Recql4 gene display 

genomic instability (Mann et al., 2005). Here, we show for the first time that these 

Recql4-/- mice exhibit accelerated bone aging in both sexes, which underlines the 

relevance of this model to assess the relationship between DNA instability and bone 

aging. Recql4-/- mice exhibit other signs of aging, including uneven skin pigmentation 

(Mann et al. 2005 and here). The skin and skeleton being the two organs affected by 

abnormal aging in patients with bi-allelic mutations of RECQL4 (RTS-II patients), this 

mouse model thereby represents an interesting tool for studying this human disorder. 

We also noticed that, as Recql4-/- mice aged, their body weight becomes significantly 

lower than that of control mice. This could be interpreted as a further sign of 

accelerated aging since the body weight in wild-type C57BL/6J mice is known to 

increase until 15 to 20 months and decreases beyond 24 months of age (Fahlström et 

al., 2011). 

Femoral trabecular and cortical bone parameters show age-related changes in control 

(Recql4+/-) male and female mice that are in line with those presented by others (Glatt 

et al., 2007; Halloran et al., 2002) and that are overall similar to those seen in human 

aging (Jilka, 2013; Riggs et al., 2004), with especially a strong gender effect. For 

instance, BV/TV and Tb.N. parameters of femoral metaphysis decrease from the age 

of 3 months in females, while this decrease only appears from 6 months in males. 

Besides, the cortical thickness of the femoral mid-diaphyseal region does not vary 

between 3 and 13 months in control males but whilst it increases in control females. 
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Interestingly, this cortical thickening could be a phenomenon driven by mechanical 

loading that compensate for the decrease in metaphyseal trabecular bone volume, 

which is dramatic in females. The effect of RECQL4 deficiency on the architecture of 

the femoral trabecular bone is observed as early as 3 months and worsens with age. 

Both BV/TV and Tb.N. peak at 3 months in the femur of mutant males instead of 6 

months in controls, indicating an accelerated evolution of trabecular bone architecture 

in the former. In mutant females, most of bone architecture parameters are altered 

compared to control females from the age of 3 months even if these differences reach 

statistical significance at 13 months of age.  

Trabecular bone was analyzed in the caudal vertebrae, which is also a valid model for 

studying bone loss (Lambers et al., 2012). By first examining the control animals, we 

found that overall age-related changes are less severe in the trabecular bone of the 

tail vertebrae compared to the femoral metaphysis. Although this same observation 

has been made by others (Glatt et al., 2007; Lambers et al., 2012; Willinghamm et al., 

2010), it is nevertheless surprising: since the caudal vertebrae are not weight-bearing 

bones, they do not benefit from the stimulating effect of mechanical loading on bone 

mass and should therefore be more sensitive to aging. At the moment, this paradox is 

not clearly understood albeit some proposals have been put forward, such as a 

different responsiveness to systemic factor between non-weight and weight bearing 

bones (Willinghamm et al., 2010). The effect of RECQL4 dysfunction on the trabecular 

bone of the tail vertebrae is stronger and earlier than in the case of long bones. The 

reason why vertebral trabecular bone, which seems less sensitive to aging than 

femoral trabecular bone, is more sensitive to RECQL4 deficiency remains to be 

determined. We cannot exclude that the phenotypic variations between the two bone 

sites are due to the differences in loads supported by these skeletal regions. In this 
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case, a more severe phenotype in the caudal vertebrae may be due to less 

compensation for the impact of the Recql4 mutation by the beneficial effects of 

mechanical loading.  

We found a significant association between age and genotype with respect to 

trabecular bone changes in femoral metaphysis, which supports an accelerated bone 

aging phenotype in Recql4-/- mice. The same conclusions cannot be formally drawn 

from the examination of the vertebral trabecular bone, since only two age groups were 

analyzed for this bone site. However, our data support the hypothesis that RECQL4 

deficiency leads to the premature cessation of the increase in BV/TV observed during 

normal vertebral bone aging, which also reflects a premature aging phenotype.  

Even if we cannot exclude the existence of bone development disorders in our model, 

this seems very unlikely because neither body size (not shown), nor body weight or 

long bone length are affected in young Recql4-/- mice. More generally, we did not detect 

any bone abnormalities other than low bone mass in these mice. Thus, all our data 

suggest that the skeletal phenotype observed in Recql4-/- mice reflects accelerated 

bone aging rather than developmental disorders. This contrasts with the study by Mann 

et al. (2005) which found, using the same model, congenital polydactyly in 5,7 % of 

mutant animals and palatal defects in 100% of them. The reason for this discrepancy 

is not known at this time but may be due to differences in genetic backgrounds. Mann 

et al. used mice with a mixed genetic background (75% B6 / 25% 129S7) while we 

analyzed animals with more than 95% B6 background, as assessed by microsatellite 

analysis (not shown).  

Two conditional models of Recql4 knockout mice with a deletion of the Recql4 gene in 

osteoprogenitors have been described with abnormalities in bone development, mainly 

characterized by reduced skeletal growth leading to decreased body size and 
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shortened limbs (Lu et al., 2015; Ng et al., 2015). These mutants show significant bone 

loss as early as 9 or 12 weeks of age, the evolution of which at an older age has not 

been documented (Cao et al., 2017; Ng et al., 2015). Thus, these phenotypes are more 

severe bone phenotype than that observed in the global Recql4 knockout model 

studied by Mann et al. (2005) and ourselves. This observation could be explained by 

differences in Recql4 mutant alleles considered. While Recql4 conditional knockout 

mice are believed to bear null alleles of Recql4 (Ng et al., 2015), global mutant mice, 

carrying homozygous germ-line deletion of exons 9-13, are known to express aberrant 

transcripts that could allow the production of RECQL4 polypeptides with an intact 

N-terminal region (Mann et al., 2005). This part of RECQL4, that shares homology with 

yeast DNA replication initiation factor Sld2, is essential for the initiation of DNA 

replication and cell viability (Sangrithi et al. 2005). Global Recql4 mutant allele could 

be a hypomorphic allele that retains some functions of RECQL4, a situation similar to 

most of mutant alleles in RTS-II patients, that are expected to be translated into 

truncated proteins conserving the N-terminal Sld2-domain (Siitonen et al., 2009). This 

hypothesis is supported by the comparison of histomorphometric data from the 

different models. Whereas conditional deletion of Recql4 in osteoblastic progenitors 

leads to a sharp decrease in either the mineral apposition rate (MAR) (Ng et al., 2015) 

or the number of osteoblasts (N.Ob/B.Pm) (Cao et al., 2017), we found only a slight 

diminution of these parameters in Recql4-/- mice. Moreover, our ex-vivo experiments 

suggest that the Recql4 mutant allele has retained some RECQL4 functions regarding 

cell proliferation and viability, since neither the bone marrow cellularity, nor the 

frequency of mesenchymal progenitors, nor the proliferation rate of primary 

osteoblastic cells, are affected in Recql4-/- mice.  
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The perimeter of femoral trabecular bone covered by osteoclast appears greater in 

Recql4-/- older mice than in Recql4+/- controls of the same age. This is not due to a 

change in the intrinsic behavior of Recql4-/- osteoclasts, nor to a paracrine effect of 

mutant osteoblasts. A recent study has suggested that age-related changes in the 

bone ECM influence the number and activity of osteoclasts (Panwar et al., 2015). By 

analyzing ECM produced ex-vivo by Recql4-/- primary osteoblasts, we found that they 

synthesize less mineralized matrices than those produced by Recql4+/- osteoblasts. 

Moreover, whereas RECQL4 deficiency does not quantitatively impact collagen 

production, the organic part of the Recql4-/- ECM displays modified mechanical 

properties with an increased stiffness compared to control ECM. Stiffening of organic 

ECM is considered as a feature of tissue aging, the age-related loss of collagen 

flexibility being mainly attributed to its non-enzymatic glycation that leads to excessive 

cross-linking of this major ECM component (Lampi and Reinhart-King, 2018). In bone, 

an increase of the stiffness of collagen fibrils and fibers with aging has been reported 

(Zimmermann et al. 2011) and the study of Panwar et al. (2015) suggests that these 

collagen modifications could promote excessive osteoclast bone resorption.  

Results from our ex-vivo experiments support in-vivo analyses by revealing a further 

sign of accelerated aging associated with Recql4-/- mice. More importantly, they 

suggest that the main mechanism of bone loss in Recql4-/- animals is independent of 

cell proliferation but might be related to osteoblastic dysfunction, as illustrated by the 

production of a modified ECM showing features which could potentially promote 

osteoclastic resorption. Besides its role in the initiation of DNA replication, RECQL4 

has several functions essential to genomic stability and whose loss could lead to 

cellular attrition (Mo et al., 2018). Further studies are therefore required to elucidate 

the role of the Recql4 allele studied here, in osteoblast dysfunction.  
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Collectively, this study shows that mice with a homozygous germ-line deletion 

of the entire Recql4 helicase domain display an accelerated bone aging phenotype 

that summarizes both the bone loss associated with normal human aging (Parfitt, 1984) 

and the premature bone aging observed in RTS-II patients (Cao et al., 2017). We 

believe that this mouse model is complementary to the conditional Recql4 knockout 

mouse models for providing new insights on the RTS-II pathophysiology, which is a 

disorder associated with both congenital skeletal anomalies and accelerated bone 

aging. Moreover, comparing the different Recql4 murine models could help to better 

understand the role of the different RECQL4 domains in the function of this protein, a 

subject on which much remains to be learned. 
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5. Experimental procedures 
 
Mice 

Heterozygous males carrying the Recql4 mutant allele were received from Guangbin 

Luo (Case Western Reserve University, Cleveland, OH), quarantined and mated with 

C57BL/6J females. Resulting embryos were transferred to surrogate dams. Offsprings 

were PCR-genotyped and homozygous mutant males (Recql4-/-) males were 

backcrossed with C57BL/6J females. The mice were housed and bred in the Faculty 

of Medicine animal facility, University of Nice, France. The procedures for the care and 

sacrifice of the animals were in accordance with the EU Directive 2010/63/EU for 

animal experiments and approved by the local experimentation committee.  

Micro-CT analysis 

The femoral mice samples were imaged using the Skyscan1174 micro-CT system 

(Bruker, Kontich, Belgium). After scanning, the images were reconstructed using a 

filtered back-projection algorithm (NRecon reconstruction software, V1.6.4.8). A core 

of 200 sections, each 10 μm thick was used for trabecular bone morphometry 

evaluations with SkyScan CtAn software V1.13.  

For tail vertebrae analysis, each tail was scanned at a pixel size of 18μm using the 

SkyScan1076 system (Bruker). 3D microstructural image data was reconstructed 

using the same NRecon software used for femoral samples. The bone parameters 

were calculated on the 12th caudal vertebrae, as the volume of interest for trabecular 

microarchitectural variables. Analyze of 3D morphometric parameters was done using 

SkyScan CtAn software V1.13. Scanning conditions and bone parameters 

measurements of femoral and vertebral samples are detailed in Appendix S1.  

Atomic Force Microscopy analyses 
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Primary long-bone cells pooled from 4 mice per genotype were grown in 50 mm glass 

bottom dishes (Willco Wells, Amsterdam, NL) and subjected to osteogenic 

differentiation. After 28 days, cells were removed by incubation with PBS containing 

20 mM NH4OH and 0.5% Triton X-100 for 5 min at 37°C. The mechanical properties of 

the resulting decellularized matrices were studied using a BioScope Catalyst atomic 

force microscope (Bruker Nano Surfaces, Santa Barbara, CA, USA) equipped with a 

Nanoscope V controller and coupled with an optical microscope (Leica DMI6000B, 

Leica Microsystems Ltd., UK). The experiments were performed using a probe having 

a Borosilicate Glass spherical tip (5 μm diameter) and a cantilever with a nominal 

spring constant k=0.06 N/m (Novascan Technologies, Ames, IA, USA). Force-distance 

curves were collected using a velocity of 2 μm/s, in relative trigger mode and by setting 

the trigger threshold to 2 nN. The apparent Young's modulus was calculated using the 

NanoScope Analysis 1.80 software (Bruker Nano Surfaces, Santa Barbara, CA, USA). 

For the detailed procedure and data normalization see (Appendix S1).  

The thickness of extracellular matrices was evaluated as previously described 584 with 

minor modifications (Appendix S1). 

Statistical analyses 

Our results were submitted to parametric or non-parametric analysis depending on the 

compliance of data with the statistical assumptions. The normality of residuals was 

assessed using normal probability plots. Variances homogeneity was checked by 

comparing the externally studentized residuals of groups to each other. The difference 

of means between two groups was evaluated by two-sample t-test, when possible. In 

case the assumptions were not met, Mann-Whitney test was chosen. If several factors 

had to be considered in the statistical model, we applied either two-way (Genotype X 

Age) or three-way (Genotype X Age X Sexe) ANOVA. Post-hoc analysis was achieved 
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by using t-test with Holm (two-way ANOVA) or Benjamini-Hochberg (three-way 

ANOVA) corrections for multiple comparisons. In order to comply with the normality 

and variances homogeneity assumptions, some data were log10 transformed before 

analysis. Statistical analyses specific to AFM experiments are in Appendix S1. 

The experimental procedures for bone histomorphometry, primary cell cultures, X-ray 

imaging, RT-PCR, oxidative stress analysis and MTT assays are described in 

Appendix S1. 
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7. Figures 

Figure 1 
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Figure 1: The Recql4 knock-out mouse model  

(A) Gel electrophoresis analysis of RT-PCR amplification products. Total RNA 

prepared from wild-type (WT), recql4+/- or recql4-/- mouse bone marrow were subjected 

to RT-PCR amplification by using a forward primer located at the junction between 

exons 9 and 10 and a reverse primer placed in exon 10 of the recql4 gene. (B) 

Photograph of representative 6-month-old recql4+/- and a recql4−/− mouse tails. (C) 

Representative X-ray radiographs of left femur and tibia of 3-month-old recql4+/- or 

Recql4-/- males are shown at the top. Evaluation of femur and tibia lengths of 

3-month-old males and females of both genotypes is presented at the bottom as a dot 

plot with mean ± SD (D) Comparative evolution of total body weight for both sexes and 

genotypes. Data are mean ± SD (** p <0.01, t-test). 
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Figure 2 

 

 



Results: part 1-1 – Submitted manuscript 
 

99 
 

Figure 2: Age dependent loss of trabecular and cortical long bone in 

Recql4-/- mice 

(A) Representative 3D μCT images of distal femurs from recql4+/- and 

recql4-/- 13-month-old male mice. (B to F) μCT analyses of distal femoral trabecular 

bone and cortical bone of recql4+/- (black circles) and recql4-/- (grey triangles) mice of 

each sex and three age groups (3, 6 and 13 months) (B) BV/TV for trabecular bone 

volume fraction, (C) Tb.N. for trabecular number, (D) Tb.Th. for trabecular thickness, 

(E) Tb.Sp. for trabecular separation, (F) Ct.Th. for cortical thickness. n = 5 to 10 per 

group. For all parameters data are expressed as dot plots with mean ± 95% CI ; 

(*p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA test ). 
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Figure 3 
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Figure 3: Bone loss in the caudal vertebrae of Recql4-/- mice 

X-ray radiographs showing tail vertebrae of recql4+/- and recql4-/- male mice of two 

groups of age. (B) 3D μCT reconstruction of the 12th caudal vertebra of male mice. 

Representative examples are shown. (C to G) μCT analyses of the 12th caudal 

vertebra from recql4+/- (black circles) and recql4-/- (grey triangles) male mice of two age 

groups (6 and 13 months). The following parameters BV/TV (C), Tb.N. (D), Tb.Th. (E), 

Tb.Sp. (F) and Tb.Pf for Trabecular Pattern Factor, are presented as dot plots with 

mean ± 95% CI. n= 6 to 9 per group. (*p < 0.05, **p < 0.01, ***p < 0.001, two-way 

ANOVA test). 
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Figure 4: Histological analysis of distal femoral trabecular sections 
(A) Mineralization apposition rate (MAR) visualized after calcein double labelling was 
measured for males aged 12 months and older. n= 6 per genotype, data are means ± 
SD (B) The number of osteoblasts per bone perimeter (N.OB/B.Pm) was evaluated 
after Osterix labeling. n=3 males per genotype aged 12 months, data are means ± SD. 
(C) Representative photos showing osteoclasts (arrows) in a femur section stained 
with toluidine blue and TRAP. Quantification of the percent of bone perimeter covered 
by osteoclast (OC.Pm/B.Pm) was performed on femoral section from recql4+/- (n=7) 
and recql4-/- (n=10) males aged 17 months or older. The bar graph shows mean ± SD. 
(* p<0.05, Mann-Whitney U-test).  
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Figure 5 
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Figure 5 (suite) 

 



Results: part 1-1 – Submitted manuscript 
 

105 
 

 

Figure 5: Recql4-/- osteoclast differentiation and function 

(A) The numbers of bone marrow cells per mouse tibiae and femurs are shown as dot 

plots with mean ± 95% CI (n= 8 to 10, 13-month-old mice per genotype). (B) ROS 

levels were evaluated in BMM from 13-month-old mice (n=9 mice per genotype). 

Photos of DAPI and Cell-ROX staining are shown. The percentage of cells with 

different levels of fluorescent intensity is presented as a bar graph showing the means 

± SD. (C and D) BMM from individual recql4+/- (n=5) and recql4-/- (n=6) mice were 

cultured on an inorganic bone mimetic surface in differentiation conditions. 

Multinucleated (≥ 3 nuclei) and TRAP+ cells were considered as osteoclasts. (C) 

Micrographs of osteoclasts obtained after 5 days of culture are shown. The numbers 

of osteoclasts in each culture are presented as dot plots with means ± 95%CI. (D) 

Representative resorbed matrices are shown. Quantification of the resorbed area per 

osteoclast is shown as means ±95% CI. (E) Calvaria from individual mouse (n= 24 per 

genotype) were cut into small fragments (white asterisk), cultured for 10 days and 

subjected to TRAP staining (black arrowheads indicate examples of osteoclasts). 

TRAP+ multinucleated cells were counted. Data are presented as dot plots with mean 

± 95% CI. 
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Figure 6 
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Figure 6: Recql4-/- osteoblast differentiation and function 
(A) Quantification of total colony forming unit (CFU) in bone marrow stromal cells from 
recql4+/- and recql4-/- mice (n=7 mice of 13 month of age and older per genotype). (B) 
Time-course of in-vitro cell growth in recql4+/- and recql4-/- long bone cells culture (n=4 
13-month-old mice per genotype). Data are mean ± SD. (C) Primary long-bone cells 
pooled from 3 to 4 mice per genotype were cultured 21 to 28 days. Photographs show 
mineralization as assessed by Alizarin red staining. Bound alizarin red was dissolved, 
measured by absorbance (570 nm) and related to total DNA content. Relative Alizarin 
red staining was then calculated as a % of the recql4+/- condition. (D) Cultures were 
stained with Picrosirius red to visualize collagen deposition. Bar graph shows relative 
Picrosirius staining as a % of the recql4+/- condition. (C) et (D) Data are mean ± SD 
from 4 experiments with 3 to 4 mice/genotype/experiment. All mice were 13-month-old. 
(E) (Left panel) The organic matrix thickness was calculated from the AFM image 
height profiles. n=5 independent experiments in which 3 to 12 height profiles were 
analyzed per sample. Data are presented as box-and-whisker (Tukey) plots. (Right 
panel) Apparent Young’s modulus values of organic matrix samples were normalized 
against the median value of the recql4+/- matrix sample in each experiment and are 
presented as a fold change relative to the recql4+/- condition. Data presented as a bar 
graph are median values with interquartile range. n=5 independent experiments, 
(**** p< 0.0001, Mann-Whitney U test). 
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8. Supplementary figures. 
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9. Supporting Information 
Supplementary experimental procedures and authors contributions 

Mice  

In the mutant allele, a PGKHprt mini-gene cassette replaced a genomic fragment of 

the Recql4 gene spanning from exon 9 to exon 13 and encoding the conserved 

helicase domain (Mann et al., 2005). 

For all experiments, Recql4+/- littermates were used as controls as these mice were 

indistinguishable from wild-type mice and did not exhibit any observable phenotype. 

Micro-CT analysis 

Scanning of femoral mouse samples was done with the bone specimen immerged in 

distilled water in a 6 mm inner diameter plastic tube and held in place thanks to gauze. 

Sample axial axis (i.e., femur long axis principal orientation) was aligned to the rotation 

axis of the sample holder. Scans were performed with a field of view of 1024x1024 

pixels, a source voltage of 50 kV, a current of 800 μA, a rotation step of 0.6° over a 

180° rotation and a 0.5mm-thick aluminum filter for beam hardening reduction. An 

isotropic voxel size of 10.44 μm was used with an exposure time of 4 seconds, 2 frames 

averaging leading to a total scan time of 41 minutes for each sample. 

After image reconstruction, a core of 200 sections was used to measure the following 

factors by using SkyScan CtAn software V1.13: total volume, bone volume (BV) and 

the BV/tissue volume (TV) ratio. Trabecular BV and cortical BV were evaluated 

separately and the ratio of these two volumes was calculated. Trabecular bone 

thickness (Tb.Th.), trabecular number (Tb.N.) and separation (Tb.Sp.) were measured 

with a semi-automating morphing procedure, from total BV. Cortical thickness 

(Cort.Th.) was evaluated on 150 sections at mid shaft of diaphysis. 



Results: part 1-1 – Submitted manuscript 
 

113 
 

For tail vertebrae analysis, scanning conditions were as follows: X-ray tube potential 

was 50kV and the X-ray intensity was 200 μA. An aluminum filter was used to remove 

image noise. The ring artifact correction was 6, and the beam hardening correction 

was 20%. To analyze 3D morphometric parameters with the SkyScan CtAn software, 

an upper threshold of 255 and a lower threshold of 55 were used to delineate each 

pixel as “bone” or “non-bone”.  

X-Ray Imaging 

Radiographic images of bone specimens were obtained by exposing them for 12 

seconds to an 18 keV radiation using a Faxitron X-ray cabinet (Faxitron, Tucson, AZ, 

USA).  

Bone histomorphometry 

Distal femoral metaphyses were used for histomorphometric analyses. Femurs were 

decalcified before embedding in paraffin. Two 3 μm-thick serial sections (Leica 

Microsystems, Wetzlar, Germany) were deparaffinized and subjected to 

tartrate-resistant acid phosphatase (TRAP) staining to identify osteoclasts or Osterix 

immunostaining to detect osteoblasts.  

For TRAP staining, slides were stained for 1 hour at 37°C in a pH 5.2 acetate buffer 

containing 100 mmol/L sodium tartrate, 1 mg/mL of Naphthol AS-TR phosphate, 60 

mmol/L N,N-dimethylformamide, and 1 mg/mL Fast Red TR Salt (all from 

Sigma-Aldrich, Darmstadt, Germany), and counterstained with hematoxylin 

(Sigma-Aldrich). For immunohistochemistry, after quenching of endogenous 

peroxidase activity, sections were blocked (2% of normal goat serum and 1% BSA in 

TBS Tween 0.05%) and incubated with anti-Osterix primary antibodies (ab22552, 

1/1000, Abcam, Cambridge, UK). The revelation was performed using a standard ABC 

method (Agilent, Santa Clara, CA, USA) and the signal visualized using 
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3,3′-diaminobenzidine (Microm Microtech, Brignais, France). Histological images were 

acquired using a NanoZoomer 2.0-RS slide scanner (Hamamatsu, Hamamatsu, 

Japan). Quantifications of osteoclasts (osteoclast perimeter/bone perimeter) and of 

osteoblasts (osteoblast number/bone perimeter) in a calibrated region of interest (ROI) 

were done using ImageJ software (NIH, Bethesda, MD, USA). For dynamic 

histomorphometry, in vivo labeling of bone formation was performed with 

intra-peritoneal injection of 13-month-old male mice with calcein (Sigma-Aldrich) 7 

days and 2 days respectively before tissue collection. Femurs were dissected and 

embedded in glycol methylmethacrylate and 3 sections per sample were used to 

measure the mineralization apposition rate (MAR). 

Bone marrow cell cultures  

Bone marrow cells were flushed-out from both femurs and tibias of each mouse with 

Dulbecco’s phosphate buffered saline modified (DPBS) (Sigma-Aldrich) dispensed by 

a 2.5 ml syringe with a 26-gauge needle. After centrifugation, cells were treated for 5 

min with 3 ml of ACK buffer (0.01 mM EDTA, 0.011 M KHCO3, and 0.155 M NH4Cl, pH 

7.3) in order to lyse red blood cells. The ACK lysis reaction was stopped by the addition 

of 27 ml of DPBS and the resulting 30 ml were filtered with a 70 m mesh filter. Cells 

were centrifuged, suspended in suitable complete culture medium and counted.  

For stromal colony count assays (CFU assays), nucleated bone marrow cells, 

flushed-out from mouse femurs and tibias, were suspended in MEM (Lonza, Basel, 

Switzerland) complemented with 15% HyClone fetal bovine serum (Thermo Scientific, 

Logan, UT, USA), 2 mM L-Glutamine, 1000 U/ml Penicillin and 1 mg/ml Streptomycin 

(all from Sigma-Aldrich) and directly seeded at 1x106 cells/well in 6-well plates (3 

wells/mouse). The medium was changed rapidly to eliminate non-adherent cells and 
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then every two or three days. After 14 days, the cells were stained with crystal violet 

dye.  

For the preparation of bone marrow-derived macrophages (BMM), bone marrow cells 

were suspended in MEM containing 10% HyClone fetal bovine serum complemented 

with 2 mM L-Glutamine and the penicillin-streptomycin mixture ( M10 medium) and 

cultured for 24 h in the presence of 10 ng/ml M-CSF (PeproTech, Rocky Hill, NJ, USA). 

The non-adherent cells were carefully collected and used as BMM. 

Osteoclast formation and function analysis 

BMM were seeded at a density of 105 cells/cm2 in osteo assay plates that provide a 

synthetic inorganic bone mimetic surface (Corning Life Science, Tewksbury, MA, USA) 

and were cultured in M10 medium complemented with 25 ng/ml of M-CSF and 50 

ng/ml of GST-RANKL (Gritsaenko et al. 2017). On day 3, media were changed and on 

day 5 the cultures were stopped. 3 wells per mouse were subjected to TRAP staining 

as previously described (Gritsaenko et al. 2017) and multinucleated (≥3 nuclei) 

TRAP-positive cells were considered as differentiated osteoclasts. 3 other wells of the 

same plate were used to measure resorbed areas as was done before (Gritsaenko et 

al. 2017). Subsequently, we determined for each mouse the average surface resorbed 

per osteoclast. 5 to 6 mice per genotype were analyzed. 

Primary long-bone cell cultures, mineralization and collagen deposition assays 

Osteoblasts from mouse long bone were isolated as previously described (Bakker & 

Klein-Nulend 2012). Briefly, cleaned and flushed femoral and tibial diaphyses of each 

mouse were cut into small pieces, washed in DPBS and incubated in 6 ml of MEM 

containing 2 mg/ml of collagenase II (Gibco, ThermoFisher Scientific) at 37°C in a 

shaking water bath. After 2 h, the bone pieces were washed in MEM and then 
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resuspended in M10 medium before being transferred to a 25 cm2 flask. After 10 to 

15 days of culture, cells were trypsinized, counted and seeded in M10 medium, under 

conditions adapted to the different types of assays: 3 x 103 cells/cm2 in 24-well plates 

for MTT assays, 12.5 x 103 cells/ cm2 in 6-well plates for mineralization and collagen 

deposition assays and 20 x 103 cells/cm2 in glass bottom dishes (WillCo Wells, 

Amsterdam, The Netherlands) used for Atomic Force Microscopy (AFM) analysis.  

For mineralization and collagen deposition assays, primary long-bone cells from a 

single mouse or pooled from 3 to 4 mice of the same genotype, were seeded in 6 well 

plates and cultured in M10 medium until reaching subconfluency, upon which the 

medium was changed for alpha-MEM containing 10% heat-inactivated HyClone fetal 

bovine serum, 2 mM L-Glutamine, the penicillin-streptomycin cocktail, 50 μg/ml 

ascorbic acid (Sigma-Aldrich) and 10 mM beta-glycerophosphate (Sigma-Aldrich). This 

osteogenic medium was changed every two or three days for 21 or 28 days. For 

mineralization evaluation, cultures in 4 of the 6 wells were then fixed with 4% 

formaldehyde solution (Sigma-Aldrich), rinsed with deionized water and stained with 

1% Alizarin red S solution (Alfa Aesar, ThermoFisher Scientific) for 5 min to assess 

calcium deposition. Extensive washes with deionized water were performed prior to 

solubilization of Alizarin Red S dye with 10% Cetylpyridinium chloride in PBS 

(Sigma-Aldrich) and absorbance reading at 570 nm. The two remaining wells were 

used to extract DNA by using QIAamp DNA mini kit (QIAgen, Hilden, Germany) in 

order to normalize Alizarin staining to DNA content. 

For collagen deposition assessment, cultures in 4 of the 6 wells were decellularized as 

previously described (Sun et al. 2018), fixed for 1 hour in 2% formaldehyde/ 2.5% 

glutaraldehyde (Sigma Aldrich) solution, washed in PBS prior to staining for 1 hour with 

0.1% Picrosirius Red (Sigma Aldrich) in saturated picric acid solution (Sigma Aldrich). 
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Then, the non-specific staining was removed by extensive washes with 0.01 N 

hydrochloric acid (Sigma Aldrich) and the specifically bound dye was dissolved for 30 

min at 37°C in 0.6 N sodium hydroxide and quantified by reading absorbance at 546 

nm (Tullberg-Reinert & Jundt 1999). The two remaining wells were used for DNA 

quantification as described above. 

Calvaria explant co-cultures  

Explant culture from mouse calvaria was performed as previously described (Nollet et 

al., 2014). Briefly, calvarial bone (cleaned of soft tissue) was cut into 1 to 2 mm2 

fragments that were cultured into 12-well plates in M10 medium (1 calvaria per well). 

Osteoclasts obtained after 10 days of culture were stained for TRAP and counted.  

Atomic Force Microscopy analysis 

Elastic modulus measurement 

The decellularized matrices were rinsed 3 times and covered with 3 ml of PBS. After 

thermal stabilization of the sample and AFM probe, at least three different areas per 

sample were analyzed using the “Point and Shoot” method, collecting a minimum of 

100 force-distance curves at as many discrete points spaced at least 20 μm apart. For 

each set of experiments, the calibration was performed by determining the deflection 

sensitivity of the system in PBS, using a clean Willco glass bottom dish and the spring 

constant of the cantilever, by the thermal tune method. 

The apparent Young's modulus was calculated using the NanoScope Analysis 1.80 

software, applying to the force curves, after the baseline correction, the Hertz spherical 

indentation model using a Poisson’s ratio of 0.5. For the analysis, only the force curves 

with a maximum value at 2 nN were considered and to avoid large indentation, the 

force fit boundary chosen to perform the fit was between 5% and 25% of the whole 
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force curve. Among all the obtained data, only the apparent Young’s modulus values 

corresponding to a fit with R2> 0.80 were considered. 

Data normalization 

For each set of experiments, the median value of the apparent Young’s modulus (YM) 

of the control sample (Recql4+/- matrix) was calculated. For each set of samples 

(Recql4+/- and Recql4-/- matrices) belonging to the same experiment, the ratios 

between every single calculated apparent YM value and the median value of the 

control sample were determined. Data from both genotypes were compared by 

non-parametric two-tailed Mann-Whitney statistical test. 

ECM thickness measurement 

ECM samples were washed 3 times with deionized water and dried with a gentle N2 

flux. Using a scalpel, four radial scratches were made across matrices. Then, the 

samples were covered with PBS to allow the re-hydration and their AFM height profiles 

were obtained using a Borosilicate Glass spherical tip of 5 μm of diameter and a 

cantilever with a nominal spring constant of k=0.06 N/m. The height profile analyses 

were performed on images obtained by peak force QNM (Bruker Nano Surfaces, Santa 

Barbara, CA, USA) and having a scan area of 100 x 2 μm (corresponding to 512 x 10 

pixels) and perpendicular to the scratch. These images were acquired with a scan rate 

of 0.1 Hz and a peak force setpoint of 6 nN. Matrix thickness evaluation was performed 

using the Step Analysis (NanoScope Analysis 1.80 software) in which 10 height profiles 

corresponding to 10 scan lines of 2 microns were averaged. 

RT-PCR of the Recql4 RNA 

Total RNA samples were prepared using TRIzol reagent (Thermo Fisher Scientific) 

following manufacturer’s instructions. Reverse transcription (RT) was performed using 
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SuperScript II reverse transcriptase (Thermo Fisher scientific), 1 μg of RNA and 

random hexamer primers. A 10-fold dilution of resulting cDNAs was then subjected to 

PCR amplification with primers located at the junction between exons 9 and 10 

(5’-CGG ATT CTT TCT GGC ATC TCT AC-3’) and in exon 10 (5’-GGC GAG ACC 

ACG AGT GTG A-3’) of the Recql4 gene. 

Oxidative stress analysis 

For oxidative stress analysis, BMM cells prepared from each mouse (n= 9 per 

genotype) were cultured for 30 min at 37°C with 3 μM of the fluorescent indicator probe, 

Cell-ROX orange reagent (Molecular Probes, ThermoFisher Scientific, 

Illkirch-Graffenstaden, France). A cell-permeant nuclear counterstain (Hoechst® 

33342 dye, Molecular Probes, ThermoFisher Scientific) was also added to the medium 

for the last 15 min. The cells were washed two times in PBS and fluorescence images 

from at least 6 different microscopic fields per culture were acquired at magnification x 

20, using an Axio Observer Z1 motorized inverted microscope. The pictures were taken 

under fixed exposure conditions and fluorescence quantification was done by using 

CellQuant, a freely available ImageJ plugin developed in our laboratory 

(http://biophytiro.unice.fr/tiro/). All mice used to prepare BMM cultures were at least 

13-month-old. 

MTT assay 

The growth of primary long-bone cells, from day 1 to day 4 after seeding, was 

established using MTT (3-(4,5-Dimethylthia-zol-2-yl)-2,5-diphenyltetrazolium bromide) 

viability assay as described previously 626. In brief, the cells were washed in DPBS 

before incubation at 37°C with 0.5 mg/ml MTT solution (400 μl/well). After 2.5 h, 

intracellular formazan crystals were dissolved in DMSO (Sigma-Aldrich) and 

absorbance was read at 570 nm (test wavelength) and 690 nm (reference wavelength). 
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The 690 nm background absorbance was subtracted from the 570 nm measurement 

to obtain corrected absorbance values. 3 wells/time point/mouse were analyzed. n = 4 

13-month-old mice per genotype. 
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II. CHARACTERIZATION OF THE MINERALIZED ECM PRODUCED BY RECQL4-DEFICIENT 

OSTEOBLASTS. 

1. Summary 

In the previous study we have characterized the bone phenotype of RECQL4-
deficient mice. By performing micro-CT analysis of bearing (distal femoral metaphysis) 
and non-bearing (caudal vertebrae) skeletal sites, we demonstrated that recql4-/- 
animals of both sexes have accelerated bone loss reminiscent of the premature 
osteopenia seen in RTS-II patients. All the ex vivo experiments we have carried out 
suggest that the observed bone loss could be linked to modifications in the extracellular 
matrix of recql4-/- animals. Indeed, the organic part of the bone matrix synthesized by 
recql4-/- osteoblasts was found to be more rigid, whereas its mineral content tends to 
be lower than that of the control matrix. 

In the following study we continued to characterize the mineralized ECM 
produced ex vivo by recql4-/- and recql4+/- osteoblasts. As a first step, we developed a 
method for extracting proteins from mineralized matrices, that provided samples 
enriched in ECM proteins and suitable for LS-MS/MS analysis. Next, we performed a 
proteomic analysis that identified 204 proteins with differential expression, which 
added support to the hypothesis that RECQL4-deficient osteoblasts synthesize an 
altered bone matrix. We focused on 4 of these proteins, based on their role in bone 
tissue biology or DNA metabolism. Two of them were found overexpressed in mutant 
matrices: Decorin, a structural proteoglycan involved in collagen fibrillogenesis and 
YB1, a transcription factor interacting with RECQL4. The other two candidates, 
Pleiotrophin and SLIT3, under-represented in recql4-/- matrices, are proteins known 
mainly as axonal guidance molecules. The expression of these candidates was further 
studied using Western Blot and RT-qPCR. Taken together, our data lead us to propose 
the following working hypotheses concerning recql4-/-mice bone loss. Accumulation of 
Decorin in the mutant bone ECM, could stiffen the organic matrix, thereby enhancing 
osteoclastic resorption. At the same time, the decrease in Pleiotrophin and SLIT3 level, 
two chemoattractant molecules of osteoblasts, could affect the recruitment of these 
cells at remodeling sites, and thus decrease mineralization. 

These hypotheses remain to be investigated, nevertheless all the work carried 
out has made it possible to characterize a model that offers interesting prospects for 
studying the complex relationship between DNA metabolism, bone cells and bone 
matrix and its role in bone aging. 
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2. Materials and methods 

A. Cell culture media 

Following culture media were used: 

• αMEM: alpha modified Minimum Essential Medium (Lonza, #BE12-169F) 

• αM10-AA, long bone amplification culture medium: αMEM with nucleosides 

(Lonza, #BE02-002F) supplemented with 10% HyClone fetal bovine serum 

(ThermoFisher Scientific, #SH30071.03), antibiotics (100 IU/ml penicillin and 100 

μg/ml streptomycin, Sigma-Aldrich, #P4333) and 50 μg/ml ascorbic acid (Sigma 

Aldrich, #A8960) 

• αM5, MLO-A5 cell line culture medium: αMEM with nucleotides supplemented with 

1% penicillin/streptomycin, 5% heat-inactivated HyClone fetal bovine serum (GE 

Healthcare, #SH30071.03), and 5% heat-inactivated Hyclone calf serum (GE 

Healthcare, #SH30072.03) 

• MM, long bone mineralization medium: αMEM with nucleosides supplemented with 

10% heat-inactivated HyClone fetal bovine serum, 1% penicillin/streptomycin, 50 

μg/ml ascorbic acid and 10 mM beta-glycerophosphate (Sigma-Aldrich, #G9422) 

B. Long bone cell culture and mineralization 

Three to four mice of each genotype [Recql4+/- (control, ctr) and 

Recql4-/- (mutant, mut)] were used for each experiment. Osteoblasts from mouse long 

bone (LB) were isolated as previously described (Bakker and Klein-Nulend, 2012). 

Briefly, cleaned and flushed femoral and tibial diaphyses of each mouse were cut into 

small pieces, washed in DPBS and incubated in 6 ml of αMEM containing 2 mg/ml of 

collagenase II (Gibco, #17101-015), at 37°C in a shaking waterbath (Gibco, 

ThermoFisher Scientific). After 2 h, the bone pieces were washed in αMEM and then 

resuspended in the αM10-AA medium before being transferred to a 25 cm2 flask. After 
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10 to 15 days of culture, cells were trypsinized (Trypsin-EDTA 0,25%, Sigma-Aldrich, 

#59429C), pooled according to genotype, counted and seeded in αM10-AA medium, 

under conditions adapted to the different experiments: 1.5 x 104 cells/cm2 in 24-well 

plates and 1.2 x 104 cells/cm2 in 6-well plates. 24-well plates were used as is for TEM 

(transmission electron microscopy); containing plastic coverslips (Thermanox, 

ThermoFisher Scientific, #174950), for SEM (scanning electron microscopy); and 

containing glass coverslips, for immunofluorescence staining. 6-well plates were used 

for RNA and protein extraction. At confluence, the medium was changed for MM. This 

osteogenic medium was changed every two to three days during 28 days. 

C. MLO-A5 culture and mineralization 

The MLO-A5 cell line was maintained subconfluent at 37°C, 5% CO2 in rat-tail 

collagen I (Sigma-Aldrich) coated flasks, in αM5 medium. Cells were used within a 

maximum of 4 passages after thawing. For mineralized matrix synthesis, MLO-A5 cells 

were plated at 35 000 cells/cm2 on rat-tail collagen I coated 6-well plates in αM5 

medium. At confluence, the media was replaced with nucleotide-containing αMEM 

supplemented with 1% antibiotics, 10% heat-inactivated HyClone FBS, 4 mM 

β-glycerophosphate and 100 μg/ml ascorbic acid. This mineralization medium was 

changed every 2–3 days for 10 days. 

D. Development of the protocol for protein extraction from mineralized matrices 

Four protein extraction methods were tried on the mineralized matrices 

produces by MLO-A5 cell line. After 10 days of mineralization in 6-well plates and prior 

to protein extraction, cells were removed from the mineralized ECM by incubation in 

PBS containing 20 mM NH4OH and 0.5% Triton X-100 for 5 min at 37°C. Three wells 

of the 6-well plate were used for each protocol. 
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1. Method 1 (M1) is based on the protocol of Xiao et. al. (Xiao et al. 2007). 

Decellularized ECM were incubated with magnesium-enriched PBS (Sigma-Aldrich, 

#D8662) containing 1 mg/ml DNase I (Roche Diagnostic, #10104159001) for 30 min 

at 37°C to remove DNA. After 3 washes in PBS, the matrices were incubated for 30 

min at 37°C with mixture of collagenase/dispase (Sigma-Aldrich, #10269638001). The 

supernatants were pooled, concentrated with centrifugal filter units (Amicon Ultra-2, 

Sigma Aldrich, #Z740163-24EA) and quantified by absorbance at 280 nm. After 

addition of 4x NuPAGE LDS buffer (see following method) and of DTT to 50 mM, the 

sample was heated to 80°C, rapidly cooled on ice and frozen at -80°C until LC-MS/MS 

analysis. 

2. Method 2 (M2) is based on the protocol of Swift et. al. (Swift et al. 2013). After 

removing DNA as above, cell plate was placed on ice where mineralized matrices were 

mechanically scraped from wells in the ice-cold PBS containing a protease inhibitors 

cocktail (Roche Diagnostic, #11836170001). The extracts were pooled and centrifuged 

at 4000 rpm for 10 min at 4°C. The pellet was suspended in 6 volumes of ice-cold lysis 

buffer [1x RIPA buffer (50 mM Tris HCl pH8,0; 150 mM NaCl; 1% NP-40; 0.5% DOC 

(Deoxycholate); 0.1% SDS), 1x NuPAGE LDS buffer (106 mM Tris HCl; 141 mM Tris 

Base; 2% LDS; 10% Glycerol; 0.51 mM EDTA; 0.22 mM SERVA Blue G250; 0.175 

mM Phenol Red, pH 8.5), protease inhibitor cocktail]. After 30 min incubation at 4°C, 

sample was homogenized by sonication using Bioruptor (Next Gen, Diagenode) for 5 

cycles: 20 sec ON / 30 sec OFF. Dithiothreitol (DTT), a reducing agent, was added to 

50mM and the sample was heated to 80°C for 10 minutes before ultra-centrifugation 

at 4°C for 1 hour at 90,000 rpm in a TLA100 rotor (Beckman). The sample was frozen 

at -80°C until LC-MS/MS analysis. 
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3. Method 3 (M3) is based on the protocol of Sroga et. al. (Sroga et al. 2011). 

The matrices were recovered from the well bottoms as in M2, pooled in the 

pre-weighed tube and centrifuged at 4000 rpm for 10 min at 4°C. The pellet was 

weighed and suspended in 0.5 ml of the following lysis buffer (5 mM EDTA; 4 M 

Guanidine hydrochloride; 30 mM Tris-HCl; 15% Glycerol; protease inhibitor cocktail) 

for every 20 to 50 mg of extract. The suspension was incubated overnight at 4°C in the 

rotary mixer, then sonicated for 45 cycles at 4°C (15 sec ON / 30 sec OFF) and 

centrifuged at 4 000 rpm for 10 min at 4°C. The recovered supernatant was dialyzed 

for 24 h at 4°C against 3 changes of PBS in the MAXI GeBaFlex-tube with 3.5 kDa 

cut-off membrane (Gene Bio-Application, #D035). Following concentration with 

centrifugal filter units (Amicon), the extract was quantified by absorbance at 280 nm. 

After addition of 4x NuPAGE LDS buffer and of DTT to 50 mM, the sample was heated 

to 80°C, rapidly cooled on ice and frozen at -80°C until LC-MS/MS analysis. 

4. Method 4 (M4) is based on the protocol of Prewitz et. al. (Prewitz et al. 2013b) 

and is similar to M3 in all points, except that a mechanical homogenization step using 

Ultra-Turrax T8 (IKA-Werke) was added before dialysis. 

E. Protein extraction from primary cell-produced mineralized matrix 

LB cells derived from Recql4+/- and Recql4-/- mice were differentiated in 6-well 

plates for 28 days. The synthesized mineralized ECM were decellularized, and proteins 

were extracted with Method 3 as described in previous section with one modification:  

after concentration, the extracts were quantified with Lowry-based 

detergent-compatible protein assay (Bio-Rad, #5000112). 3 wells per genotype were 

pooled during extraction. Samples were stored at -80°C in 90 μg aliquots. 
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F. Sample processing for LC-MS/MS analysis 

The same sample preparation protocol was used for the MLO-A5 trial samples 

and for the extracts of the mineralized matrix produced by primary cells. 

 After thawing and heating to 80°C for 10 min, 120 μg of each protein extract 

were shortly electrophoresed by SDS PAGE in 10% polyacrylamide gel to obtain 

approximately 1 cm-long protein lanes. Gels were stained with SimplyBlue SafeStain 

(Invitrogen), then washed overnight on the rocking mixer in the MS quality-grade water 

(Sigma-Aldrich, #1.15333) to eliminate all traces of the detergent. Next, 

protein-containing lanes were excised, cut into small pieces (~1-2 mm2), transferred to 

an eppendorf tube and destained with three 15 min washes in 1:1 v/v mixture of ACN 

(Acetonitrile, Sigma-Aldrich, #1.00029) / 50 mM ABC (Ammonium Bicarbonate, 

ThermoFisher Scientific, #40867). Protein extracts were incubated for 10 min at 56°C 

in 25 mM DTT (Sigma-Aldrich, #646563) / 50 mM ABC for reduction. Next, alkylation 

was carried out by incubating the samples for 10 min at room temperature in the dark 

in 25 mM IAM (Iodoacetamide, Sigma-Aldrich, #I6125) diluted in a 50 mM ABC 

solution. After two 15 min washes in ACN / 50 mM ABC, the gel pieces were 

mechanically homogenized in ACN, dried in a speedvac and trypsin digestion was 

performed overnight at 37°C with Sequencing Grade Modified Trypsin (Promega, 

#V5111) diluted in 50 mM ABC at enzyme to protein ratio 1:40 w/w. The reaction was 

stopped with formic acid (Fisher, #A117) added to 5% final volume. The peptides were 

extracted with ACN and centrifuged 5 min at 8 000 rpm. Supernatants were dried in a 

speedvac, reconstituted in 20 μl of 19% ACN / 76% MS grade water / 5% formic acid 

to a final concentration of 6 μg/ml and centrifuged 10 min at 14 000 rpm. The resultant 

supernatants containing extracted peptides mixtures were stored at 4°C until 

LC-MS/MS analysis.   
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G. Liquid Chromatography Tandem Mass spectrometry (LC-MS/MS) 

Shotgun label-free tandem mass spectrometry was performed by Jean-Marie 

Guigonis (Bernard Rossi platform, UMR E4320 TIRO-MATOs, CEA / Université 

Nice-Sophia Antipolis). 

The peptides (10 μL at 6 μg/μl) were analyzed using an ESI-Q Exactive Plus 

mass spectrometer (ThermoFisher Scientific) incorporating a high-field Orbitrap 

analyzer and coupled to an Ultimate 3000 RSL Capillary LC System (ThermoFisher 

Scientific). 

For capillary-liquid chromatography, the system was set up for a 

pre-concentration step using a 300 μm x 5 mm trap column in back-flush configuration 

at 40°C (P/N 6720.0315). An EASY-Spray 15 cm x 150 μm column (P/N ES806) was 

connected to the system and coupled with an EASY-Spray source (P/N ES081) 

operating at 40°C. 

The flow rate was 2 μL/min with a 5-45% gradient of solvent B (80% acetonitrile, 

20% water, 0.1% formic acid) against solvent A (0.1% formic acid, 100% water) for 180 

min. 

Full-scan (MS) spectra were obtained from 350 to 1500 m/z with an Automatic 

Gain Control Target set at 3x106 ions and a resolution of 70,000. For each full-scan, 

the most intense ions (top 15) were fragmented for MS/MS spectrum acquisition. 

MS/MS scan was initiated at a resolution of 17,500 for ions with potential charge of 2+, 

3+ and 4+ with a dynamic exclusion of 20 s. MS/MS were recorded with an Automatic 

Gain Control Target set at 5x104 ions. 
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H. Protein extraction tests: protein identification and proteomic data analysis from 

MLO-A5 mineralized matrices  

All MS/MS raw data files were analyzed by Proteome Discoverer software 1.4 

(ThermoFisher, France) using the Sequest HT search engine against a database of 

protein sequences (Uniprot version 2015_2). X corr confidence was held higher than 

0.7 for all parameters. Precursor mass tolerance was set to 10 ppm and fragment ion 

tolerance was 0.02 Da. Two missed cleavages were allowed in the trypsin digests. To 

ensure the reliability of the identified proteins, the Percolator algorithm within the 

Proteome Discoverer suite calculated the false discovery rate (FDR) using a decoy 

database search strategy. A 1% target FDR as strict criteria and a 5% target FDR as 

relaxed criteria were required for peptide validation. At least two peptides were required 

for protein identification. The strict maximum parsimony principle was imposed, and 

only peptide spectra with at least medium confidence were considered for protein 

grouping. Carbamidomethylation on cysteine was set as static modification and 

oxidized Methionine as dynamic modification. 

Cellular compartment enrichment analysis was performed with PANTHER 

software (Protein Analysis Through Evolutionary Relationships; (Mi et al. 2019)) that 

categorizes proteins using a highly controlled vocabulary (Gene Ontology (GO) terms) 

and calculates FDR (false discovery rate) that provides evaluation of the enrichment 

significance. Raw p-values for GO enriched terms were calculated with Fisher's exact 

test and FDR, with Benjamini-Hochberg correction (Benjamini and Hochberg 1995). 

I. Protein identification and differential proteomic analysis by label-free 

quantitation 

The raw data obtained from mass spectrometry analysis were processed in 

MaxQuant 1.5.5.1 (Cox et al. 2014; Tyanova et al. 2016). Spectra were searched using 

the reverted decoy mode of the Andromeda search engine implemented in MaxQuant 
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against the mouse proteome database downloaded from UniprotKB (The UniProt 

Consortium 2019) on April 4th 2018 (UP000000589, taxonomy ID 10090, Mus 

musculus) and the MaxQuant embedded database of frequently observed 

contaminants. MS tolerance was set to 20 ppm. A maximum number of 2 missed 

cleavages was accepted, and carbamidomethylation of cysteine residues was set as 

fixed modification, while acetylation of protein N-termini and oxidation of methionine 

residues were set as variable modifications. False discovery rates (FDR) were set to 

1% for peptide spectrum matches (minimum length of 7 amino acids). All other 

MaxQuant parameters were set as default. 

The resulted peptide list with corresponding ion peak intensities values was 

loaded into ProStaR (Wieczorek et al., 2017) for statistical analysis. Contaminant and 

reverse proteins were removed and only the proteins with five quantified values 

(including the values the duplicate runs) in at least one condition (control or mutant) 

were taken into account. After the peptide peak intensities were normalized by 

summed intensity of the sample and log2 transformed, missing values were imputed 

by using imp4p algorithm (Gianetto 2019) with 10 iterations. The intensities were 

assumed to follow beta-distribution, and the upper limit on the values completely 

absent in one condition was set at 2.5%. Protein abundance value was calculated as 

a sum of top 4 peptide intensities. Statistical testing of the proteins was conducted 

using the limma t-test (Ritchie et al. 2015) implemented in the ProStaR. Then, p-values 

were adjusted for multiple testing with the “histo” method (Nettleton et al. 2006) to 

estimate the proportion of true null hypotheses among the set of statistical tests. The 

proteins with an adjusted p-value inferior to a FDR of 0.01% and with a 

log2(fold-change) superior to 0,8 (corresponding to the 1.75 fold-change) have been 

considered as significantly differentially abundant proteins. 
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GO term enrichment analysis was conducted with online tools Panther (Mi et al. 

2019), DAVID (The Database for Annotation, Visualization and Integrated Discovery; 

(Huang et al. 2009a)) and Gorilla (Gene Ontology Enrichment Analysis and 

Visualization Tool; (Eden et al. 2009)). In the latter, either differentially abundant 

proteins were compared separately (over- and under-represented in the 

Recql4-/- ECM) against whole mouse proteome downloaded from UniprotKB on April 

4th 2018, or all the identified proteins were presented as a ranked list for analysis 

(based on the modulus of fold change). Another online software package, IPA 

(Ingenuity Pathway Analysis (version 0.1-0.7; QIAGEN)) was used to explore affected 

molecular pathways and networks. 

J.  Western Blot 

Protein samples were denaturated at 80°C for 10 min in NuPAGE sample buffer, 

separated by electrophoresis on a SDS-polyacrylamide gel and electrotransferred to 

polyvinylidene difluoride membranes (Millipore, #IPVH00010). Blots were blocked for 

1 h with Tris-buffered saline (TBS) supplemented with 0,05% Tween 20 

(Sigma-Aldrich, #P1379 (TBS-T)), 3% or 5% nonfat milk or 5% BSA (Bovine Serum 

Albumin, Sigma-Aldrich, #A9647) depending on the primary antibody, and incubated 

overnight at 4°C with the primary antibodies diluted in blocking solution. Membranes 

were then washed in TBS-T, incubated for 1 h at room temperature with goat anti-rabbit 

secondary antibody conjugated to horseradish peroxidase (Santa Cruz Biotechnology, 

#sc-2004) at 1/20 000 dilution and washed again prior to detection of signal with ECL 

plus chemilumiscent detection kit (GE Healthcare, #RPN2232). Primary antibodies 

used in this study were rabbit polyclonal anti-Decorin Ab (Cohesion Biosciences, 

#CQA1927) at 1/400 in 5% BSA / TBS-T, rabbit polyclonal anti-Pleiotrophin Ab (Boster, 

#PA1414) at 1/1000 in 5% milk / TBS-T, rabbit polyclonal anti-YB1 Ab (Abcam, 
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#ab12148) at 1/500 in 3% milk / TBS-T, rabbit polyclonal anti-SLIT3 Ab (Abcam, 

#ab11018) at 1/500 in 5% milk / TBS-T and rabbit polyclonal anti-HSP90α Ab (Abcam, 

#ab2928) at 1/5000 in 5% milk / TBS-T. 

K. Quantitative RT-PCR 

Total RNA was extracted with Trizol Reagent (Life Technologies, #15596-01) 

according to the manufacturer's instructions. Reverse transcription (RT) was 

performed using SuperScript IV reverse transcriptase (Invitrogen, #18090050), 0.5 μg 

of RNA and random hexamer primers (Invitrogen, #48190-011). Triplicates of each 

10-fold diluted cDNAs were subjected to real-time PCR analysis in an ABI PRISM 7000 

system (Applied Biosystems). Reactions were performed in a 20 μl final volume using 

5 μl of diluted cDNAs and MESA GREEN qPCR Mastermix Plus (Eurogentec, 

#RT-SY2X-03). Amplification conditions were: 95 °C, 2 min followed by (95 °C, 15 s, 

60 °C, 1 min) cycled 40 times. Nucleotide sequences of PCR primers are shown in 

Table 1. Cycle thresholds (Ct) were obtained graphically (ABI PRISM7000 Sequence 

Detection System version 1.2.3). ΔCt values were then calculated by subtracting the 

Ct value of the endogenous reference gene Rplp0 (Acidic Ribosomal Phosphoprotein 

P0). Relative expression was calculated as 2−ΔΔCt, ΔΔCt being the difference between 

ΔCt of a target gene at any given point and ΔCt of the same gene at day 0. Values 

presented are means ± standard deviations from 3 experiments (Ybx1) or technical 

triplicate (Slit3). 

Table 1: Primer sequences 
Gene Accession 

number 
Forward primer Reverse primer 

Rplp0 NM_007475.5 5’-TCCAGGCTTTGGGCATCA-3’ 5’-CTTTATCAGCTGCACATCACTCAGA-3’ 

Slit3 NM_011412.3 5’ AGGTCATCGCAACGAAGGTTT 3’ 5’ CAGTCTCTCCATCGCCTACAC 3’ 

Ybx1 NM_011732.2 5’ GAAGTGATGGAGGGTGCTGAC 3’ 5’ GATACCGACGTTGAGGTGGC 3’ 
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3. Results and Discussion 

A. Development of the extracellular matrix protein-enriched extraction protocol 

Starting with the isolation of primary murine long bone (LB) cells, the process of 

mineralized matrices synthesis in vitro takes approximately 40-45 days, depending on 

the length of the cell amplification stage. As this process is much shorter, we have 

developed the protein extraction protocol by using mineralized ECM generated by a 

cell line. First, the mineralized ECM produced by the murine pre-osteocyte MLO-A5 

and by the human osteosarcoma SAOS-2 cell lines were examined by SEM and 

compared with ECM synthesized by the primary LB cells (Figure 1). SAOS-2 cells 

produced very thin matrices with globular mineralization nodules dispersed over the 

matrix surface, either separately (two protruding spheres in the Figure 1c), or in 

clusters. MLO-A5 cells synthesize multilayered ECM (Figure 1b) with mineralization 

often hidden between layers. The structural aspects and the thickness of MLO-A5 

matrices are more reminiscent to the ECM generated by primary cells (Figure 1a). 

Therefore, the ECM protein extraction protocols were assayed on MLO-A5 matrices. 

Protein extraction from the mineralized ECM presents several particular 

difficulties. First, many bone proteins are tightly bound to the hydroxyapatite, therefore, 

the mineralized ECM has to be demineralized to release them. Moreover, this 

association with mineral is thought to protect proteins against enzymatic digestion 

(Collins et al. 2002), a step necessary for mass-spectroscopic analysis. Second, 

several of the bone proteins are large fibrous cross-linked or highly glycated molecules 

(collagens and proteoglycans respectively) which poses solubility problems during 

extraction and analysis. Third, collagen I is so abundant in the organic ECM 

synthesized by osteoblasts, that it could mask other proteins during analysis. 
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Therefore, in order to make our future ECM composition analysis as complete 

as possible, we have tested four extraction protocols, each of them applied to the 

mineralized matrices either with cells or decellularized. The goal was to determine 

which method produced an extract containing the highest number of the extracellular 

matrix proteins. 

Method 1 (M1), based on the protein extraction protocol of Xiao et. al. (Xiao et 

al. 2007), uses a mixture of two extracellular matrix digesting enzymes – collagenase, 

that cleaves collagen I, and dispase, that cleaves fibronectin and collagen IV (Stenn et 

al. 1989). These proteases are supposed to release most of the ECM proteins in the 

medium, while leaving intact cells attached to the culture dishes. Additional advantage 

of this protocol is its brevity. Only two steps are necessary to complete the extraction: 

(1) 30-minutes incubation with enzymes and (2) 2-hours concentration of the extracts. 

Moreover, with this method, large molecules, such as fibronectin and collagen, are 

cleaved and solubilized in the first step of the protocol, avoiding future problems. This 

method interested us since the authors have successfully applied it to extract both 

ECM proteins and matrix vesicles from the mineralized matrix synthesized by MC3T3

E1 osteoblast-like cells – a workflow similar to the one we had in mind in our project. 

Method 2 (M2), the extraction in RIPA-NuPAGE / LDC buffer, was adapted from 

Swift et al. (Swift et al. 2013). The slightly alkaline pH (8.5) of this buffer allows a higher 

reactivity of the usual reducing agents (e.g. DTT or β-mercaptoethanol) and therefore 

a more complete reduction of disulfide bonds (Lukesh et al. 2012). LDS (Lithium 

dodecyl sulfate) detergent that this buffer contains not only has a better solubility below 

room temperature than SDS (sodium dodecyl sulfate), but also permits to heat the 

sample at lower temperature (80°C instead of 95°C), which limits oxidation. Authors 

applied this protocol to a whole range of mouse tissues, including bone, in the project 
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exploring the relationship between matrix stiffness and the direction of stem cell 

differentiation. Since our results from atomic force microscopy revealed a difference 

between organic part of the Recql4+/- and Recql4-/- matrices (see submitted 

manuscript), we wanted to test this extraction method on the mineralized matrices 

produced in vitro. 

The third method (M3), is adapted from the protocol of Sroga et al. (Sroga et al. 

2011) and is based on several classical methods of protein extraction from bone 

(Termine et al. 1981; Wendel et al. 1998). The authors applied this protocol to very thin 

bone slices, which implies that the amount of extractable proteins was low, a situation 

similar to the in vitro produced mineralized matrices. This method employs EDTA 

(ethylenediaminetetraacetic acid) for demineralization, GuHCl (Guanidine 

Hydrochloride) for protein extraction, and dialysis for desalting. EDTA chelates 

calcium, removing it from the mineral and thereby releasing the phosphate into 

solution, which results in demineralization. GuHCl is a chaotropic agent that weakens 

hydrophobic interaction of the molecules, thus unwinding and solubilizing them 

(Greene and Pace 1974). 

The last method (M4), based on the protocol of Prewitz et. al. (Prewitz et al. 

2013b), is the same as M3 with addition of mechanical homogenization before dialysis. 

In their project, the authors used proteomics to analyze protein composition of the 

anchored decellularized ECM synthesized in vitro in 10-day period by human marrow 

stromal cells undergoing osteogenic differentiation. On our part, we wanted to 

determine if adding mechanical homogenization to the protocol augment the number 

of identified ECM proteins. 

All protocols were applied both to the whole cellular layers (indicated by “¢” next 

to the protocol number) and to the decellularized matrices (indicated by “de¢”). 
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Protocols M1 and M2 took one day to complete; M3 and M4, three days. Methods M3 

and M4 produced extracts that were viscous and cloudy, particularly these that were 

obtained from the samples containing cells. Given the incubation of the decellularized 

matrices with DNase I and 45 cycles of sonication, this effect is most likely due to the 

aggregates of undissolved fibrous molecules, particularly collagen. The final 

homogenization step in the M4 extraction engendered some loss of the sample due to 

the difficulty of transferring resultant foamy material. Processing of the extracts for the 

mass spectrometry was identical for all methods, and included in-gel reduction, 

alkylation and trypsin digestion. A total of 8 extracts were analyzed by LC-MS/MS. 

The proteins were identified with Sequest HT search engine (Eng et al. 1994) 

implemented in Proteome Discoverer software (ThermoFisher, France). The lists of all 

the identified proteins can be found in Appendix 1. 

The highest total number of identified proteins was obtained with M2 ¢ (2466), 

followed by M2 de¢ (2130), and the lowest number, with M1 ¢ (759) and M1 de¢ (1194) 

(Table 2). M3 and M4 gave intermediate numbers: 1969 for M4 de¢, 1834 for M3 de¢, 

1510 for M3 ¢ and 1477 for M4 ¢. For various reasons, these numbers are difficult to 

compare with what was obtained by the authors of protocols that we have adapted. 

Indeed, Swift et al. (M2) do not give the total number of proteins identified (Swift et al. 

2013). Sroga et al. (M3) used a different mass spectrometry method, the 

MALDI-TOF/TOF, which is known to identify less proteins. Moreover, these authors do 

not specify the total number of proteins either, since they were interested in a limited 

number of specific bone proteins to the exclusion of all the others (Sroga et al. 2011). 

The authors of M4 (Prewitz et al. 2013b) did use the same MS/MS analysis as us, and 

identified 500 proteins, a lower number that we did, but after only 10 days of human 

MSC culture they probably had to work with less material than we did. Regarding the 
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M1 method (Xiao et al. 2007), authors employed the same type of MS/MS analysis as 

us and identified 1327 proteins, 1.75 times more than we did (759). On the other hand, 

they separated the extracts by SDS-PAGE and analyzed each of the 24 bands 

separately. This approach always gives a higher number of identifications, but it is 

considerably more time-consuming. The lowest number of the proteins in M1¢ is not 

surprising. It could be explained by the fact that without demineralization many proteins 

were protected from enzymatic digestion (Collins et al. 2002). The increase of the 

identified protein number after decellularization in M1de¢ suggests that either enzymes 

got access to the proteins not previously accessible because of the cell layer, or that 

decellularization resulted in the release of intracellular proteins that were not removed 

in consequent washes, got attached to the matrix and were thus incorporated in the 

extract.  

However, what interested us most was not the total number of identified proteins 

but specifically the number of the extracellular matrix proteins. 

The lists of identified proteins were analyzed online with Panther (Mi et al. 2019). 

This is a software that categorizes proteins using a highly controlled vocabulary (Gene 

Ontology (GO) terms assigned to each protein in GO database (Ashburner et al. 2000; 

The Gene Ontology Consortium 2019)), compares input list (i.e. our identified proteins) 

to a reference list (e.g. total mouse proteome) and calculates GO term enrichment and 

FDR (false discovery rate). We have used “Cellular component” over-representation 

analysis, looking for the enrichment of the GO term “Extracellular Matrix”. 

Over-representation analysis answers the following question: can a given term 

be found statistically more (or less) often in the input list, than expected by chance? 

For example, mouse reference proteome contains 22296 entries (The UniProt 

Consortium 2019), with 475 entries (interchangeably genes or proteins) assigned the 



Results: part 1-2 – Matrix characterization 
 

141 
 

GO term “Extracellular Matrix” (The Gene Ontology Consortium 2019). Based on this, 

2.13% (475 divided by 22296) of the genes in the reference list encode for ECM 

proteins. When we upload a list of, for example, 759 genes (the number of proteins 

identified with M1 ¢), 16 genes in that list (2.13% of 759) are expected to belong to 

ECM. If, instead, our list has 67 genes that were assigned this term, the ECM category 

in the input list is enriched 4.1 times (67 divided by 16). 

Next, a raw p-value, that represents a probability of observing such enrichment 

by pure chance, is calculated for each GO term. However, raw p-value (e.g. p < 0,01) 

implies that there is still a chance (though less than 1%) that the observation was in 

fact due to randomness. When multiple p-values are calculated during the same 

analysis, the chance of reporting at least one false positive increases quickly. When 

this is done thousands of times (like when comparing the input gene list to all “Cellular 

Component” GO terms), we are virtually guaranteed to have some terms that appear 

to be significant just by chance. Therefore, some multiple comparison correction must 

be applied. The FDR (False Discovery Rate) is the expected proportion of true null 

hypotheses rejected out of the total number of null hypotheses rejected. In other terms, 

it is the expected proportion of false positive results. Developed by Benjamini and 

Hochberg (Benjamini and Hochberg 1995), FDR correction implemented in Panther 

guarantees that the proportion of false positive tests will be smaller than the chosen 

significance threshold. FDR is not applied to genes (or proteins) belonging to each 

enriched term, but to the GO term itself. 

The results of the “Extracellular Matrix” GO term enrichment analysis applied to 

the proteins identified with all extraction methods are summarized in Table 2. 
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Table 2: ECM enrichment of the proteins identified with each extraction protocol. Extracts from the 
samples with cells are marked in yellow, and decellularized are in blue. False Discovery Rate. 

Method Nb identified 
proteins 

Nb ECM 
proteins 

ECM protein 
Enrichment  

FDR-corrected 
p-value 

M1 with ¢ 759 67 4,1 2,5E-18 
M1 decellul. 1194 67 2,59 8,4E-10 
M2 with ¢ 2466 75 1,43 2,4E-02 

M2 decellul. 2130 90 1,98 3,7E-07 
M3 with ¢ 1510 49 1,52 4,0E-02 

M3 decellul. 1834 88 2,24 2,0E-09 
M4 with ¢ 1969 70 1,67 9,8E-04 

M4 decellul. 1477 82 2,59 1,3E-11 
     
Method 1 (M1) collagenase/ dispase    
Method 2 (M2) RIPA/ NuPAGE    
Method 3 (M3) EDTA/ Guanidine Chloride   
Method 4 (M4) EDTA/ Guanidine Chloride with Ultra-Turrax T8 grinding 

Consistently, the number of ECM proteins was greater or equal in the 

decellularized samples of the same extraction protocol, even when the total number of 

proteins was higher in the samples with cells. The latter case is illustrated by M2 (ECM 

proteins 90 de¢ versus 75 ¢, compared to the total proteins 2130 de¢ versus 2466 ¢) 

and M4 (ECM proteins 82 de¢ versus 70 ¢, compared to the total proteins 1477 de¢ 

versus 1969 ¢). Thus, with the exception of M1, the decellularization allows to identify 

more ECM proteins, probably because they are not obscured to the same degree by 

the highly expressed cellular proteins. However, the fold change values for the ECM 

enrichment, even in the protocols with decellularization, are rather low: 1.98 for M2, 

2.24 for M3 and 2.59 for M1 and M4. These values indicate that we still have many 

non-matrix proteins in our extracts. These proteins could be due, as I have mentioned 

before, to the "contamination" with cellular proteins released during decellularization, 

or/and some of them could be actually present in the extracellular space. For example, 

Xiao et al. (Xiao et al. 2007) discovered many membrane and cytoskeletal proteins, as 

well as some cytoplasmic enzymes in the extracellular matrix vesicles. We can 

suppose that similar matrix vesicles are present in our extracts. Nevertheless, the ECM 
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enrichment in methods with decellularization is real, as indicated by the highly 

significant FDR-corrected p-values, ranging from 1.3x10-11 in M4, through 8.4x10-10 in 

M1 and 2x10-9 in M3 to 3.7x10-7 in M2. 

M1 resulted in the highest enrichment (4.1 for M1¢ and 2.59 for M1 de¢), but 

the lowest matrix protein number (67), either when extracted with cells or after 

decellularization. This relatively high ECM enrichment could be attributed to the 

targeted action of the enzymes (collagenase and dispase) during extraction, which 

allowed to obtain high a proportion of ECM proteins in the otherwise shortest list of 

proteins. Nevertheless, these enzymes were probably hindered in their action by the 

hydroxyapatite, which would explain the lowest absolute number of the matrix proteins 

extracted with this method. While M4 de¢ method achieved an ECM protein enrichment 

of 2.59, it only led to the identification of 82 ECM proteins, probably due to the 

considerable loss of material during the extraction process. Thus, M1 and M4 were not 

chosen as extraction methods, despite their higher enrichment rate, due to the low 

absolute number of ECM proteins extracted by these two methods and also due, in the 

case of M4, to the rather laborious extraction process which did not seem to provide 

any advantage. 

The highest number of ECM proteins was obtained with M2 (90), followed very 

closely by M3 (88). However, M2 resulted in the lower ECM enrichment than M3 (1.98 

versus 2.24), suggesting that the demineralization step prior to extraction contributes 

to increase the proportion of matrix-specific proteins in the extract. Based on this 

observation and almost equal numbers of ECM proteins extracted with M2 and M3, we 

have chosen M3 as the extraction method. 
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B. Quantitative Label-free proteomic analysis of bone extracellular matrix 

produced by RECQL4-deficient osteoblasts  

Protein extracts for the proteomic analysis were prepared from the 

decellularized mineralized ECMs produced in vitro by the osteoblasts derived from long 

bones of either homozygous (ECM mut) or heterozygous (ECM ctr) RECQL4-deficient 

mice (Figure 2). Six independent experiments were performed over a period of more 

than two years because of the cell culture time required to obtain mineralized 
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extracellular matrix. In each experiment, in order to reduce the potential effect of 

inter-individual variation and to obtain a sufficient number of primary cells, osteoblasts 

from three to four elderly mice (approximately 60 weeks) were grouped by genotype. 

While we conducted 6 independent experiments, only 5 mutant extracts for 6 control 

extracts were analyzed due to the loss of a mutant matrix extract. Each extract was 

subjected twice to MS/MS analysis. 

In every MS/MS run, more than 57 000 fragmentation spectra were acquired. 

To consolidate the data for further analysis, RAW files from all MS/MS runs (containing 

the unprocessed output of the mass spectrometer) were downloaded to the MaxQuant 

proteomic search engine (Cox et al. 2014; Tyanova et al. 2016), which combined and 

analyzed them, matching 11 549 spectra to peptides. Using MaxQuant confers two 

advantages. First, contrary to Sequest HT (Eng et al. 1994), it assigns the same unique 

peptide identifier throughout the experimental series, a condition necessary for the 

subsequent statistical treatment with other tools. Second, it can increase the number 

of peptide identifications: in the case where a peptide had been identified by MS/MS 

in some runs but not in others, MaxQuant can “look back” at the corresponding LC-MS 

data and perform a “match between runs” based on the LC retention time and MS 

mass/charge ratio, resulting in the addition of the missing peptide identification if the 

match is found. 

MaxQuant’s results were uploaded online to the ProStaR (Wieczorek et al. 

2017) proteomic analysis software, which has proven its performance in the statistical 

analysis applied to proteomic data (Stratton et al. 2019). ProStaR identified 1363 

proteins (Appendix 2), performed their relative quantification and associated statistical 

evaluation. The totality of identified proteins was subjected to GO term enrichment 

analysis with Gorilla online tool (Eden et al. 2009), which, unlike Panther, is specialized 
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in the analysis of ranked lists. The results (Table 3) show that the term “extracellular 

region” was enriched 2.6 times in our data set (224 proteins or ~17% of the list), while 

the term “ECM” was enriched more than 5-fold (124 proteins). 

The most enriched category of the analysis, the “Myelin sheath”, that contains 

88 proteins, is a surprising result. The explanation could be in the fact that GO assigns 

multiple terms to the same gene. For example, if we analyze the list of proteins in 

“Myelin sheath” category with Panther, we’ll find that 13 of them are also classified as 

cytoskeletal proteins, 7 as chaperons and 4, including three ATPase subunits, as anion 

channels. Besides, 14 other proteins have oxydoreductase activity and another 17, 

hydrolase activity. Another possible explanation is that all these proteins were found to 

be present in myelin membranes by one proteomic study (Werner et al. 2007), that is 

referenced in GO. However, these 88 proteins are not oligodendrocyte cell-specific, 

and therefore could be found in or secreted by other cells types, including osteoblasts. 

Table 3: Cellular Component Enrichment. All MS/MS identified proteins were analyzed with 
Gorilla online tool for cellular component enrichment. This table represents an excerpt of 
the total analysis showing 10 most significantly enriched categories. The level of the 
statistical significance of the Gene Ontology (GO) term enrichment is indicated by the FDR 
(false discovery rate). Categories containing extracellular proteins are highlighted in red. 

GO term Description Enrichment FDR q-value Nb proteins in the 
target dataset 

GO:0043209 myelin sheath 10 1,42E-63 88 
GO:0062023 collagen-containing extracellular matrix 6,46 6,62E-55 107 
GO:0044445 cytosolic part 6,35 5,06E-37 74 
GO:0031012 extracellular matrix 5,69 5,17E-57 124 
GO:1990904 ribonucleoprotein complex 3,44 2,20E-34 130 
GO:0044421 extracellular region part 2,62 1,94E-41 224 
GO:0005615 extracellular space 2,47 2,14E-28 176 
GO:0005739 mitochondrion 2,41 1,04E-29 191 
GO:0032991 protein-containing complex 2,03 7,20E-68 487 
GO:0044444 cytoplasmic part 1,75 1,45E-81 664 

More importantly, ProStaR analysis revealed 80 significantly over- and 124 

significantly under-represented proteins in the Recql4-/- ECM (Figure 3a, Tables 4 and  
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5 respectively). These lists include 25 and 32 extracellular proteins respectively in 

over- and under-represented categories (shown on the blue background in Tables 4 

and 5). The proteins were considered to be significantly differentially abundant if they 

had a fold change of over 1.75 or under 0.57 with FDR set to 0.001. 

Table 4: Proteins over-represented in Recql4-/- ECM. The proteins chosen for further analysis are 
highlighted in red, blue background indicates extracellular proteins. 

UniProt 
accession Gene name Protein names log2FC    

mut vs ctr 
FC       

mut vs ctr 
p-value   

mut vs ctr 
Q9CQS8 Sec61b Protein transport protein Sec61 subunit beta 4,02 16,24 7,48E-12 

P26339 Chga Chromogranin-A 2,74 6,68 7,18E-12 

D3YYC2 Drap1 Dr1-associated corepressor 2,69 6,46 3,83E-08 

Q9DCS9 Ndufb10 
NADH dehydrogenase [ubiquinone] 1 beta subcomplex 
subunit 10 

2,60 6,05 2,52E-06 

O88273 Grem2 Gremlin-2 2,48 5,56 1,34E-08 

O88952 Lin7c Protein lin-7 homolog C 2,32 5,00 2,15E-04 

Q925I1 Atad3 ATPase family AAA domain-containing protein 3 2,31 4,95 1,13E-07 

G3X973 Stab1 Stabilin-1 2,31 4,95 4,32E-07 

Q3UGC7 Eif3j1 Eukaryotic translation initiation factor 3 subunit J-A 2,10 4,27 4,65E-09 

E9Q7T7 Chadl Chondroadherin-like protein 2,07 4,19 6,63E-08 

P17095 Hmga1 High mobility group protein HMG-I/HMG-Y 1,94 3,84 1,30E-03 

O09164 Sod3 Extracellular superoxide dismutase [Cu-Zn] 1,91 3,76 2,17E-03 

Q6NSP9 Hmga2 High mobility group protein HMGI-C 1,86 3,63 4,08E-04 

P62960 Ybx1 Y-box-binding protein 1 1,81 3,52 2,21E-10 

Q3TW96 Uap1l1 
UDP-N-acetylhexosamine pyrophosphorylase-like protein 
1 

1,74 3,33 1,63E-05 

P51942 Matn1 Cartilage matrix protein 1,71 3,27 2,13E-05 

Q3UDC3 Tom1 Target of Myb protein 1 1,64 3,12 1,05E-08 

A0A0G2JG59 Nexn Nexilin 1,63 3,09 5,06E-06 

G3UXY9 Enpp2 
Ectonucleotide pyrophosphatase/phosphodiesterase family 
member 2 

1,53 2,88 1,80E-06 

P12787 Cox5a Cytochrome c oxidase subunit 5A, mitochondrial 1,51 2,85 6,83E-06 

E9QQ18 Prg4 Proteoglycan 4;Proteoglycan 4 C-terminal part 1,50 2,84 1,62E-09 

Q3U0V1 Khsrp KH-Type Splicing Regulatory Protein 1,44 2,72 2,18E-04 

Q9ERD7 Tubb6 Tubulin beta-6 chain 1,42 2,67 3,17E-08 

P97379-2 G3bp2 Ras GTPase-activating protein-binding protein 2 isoform 2 1,38 2,61 6,97E-06 

Q8C0E2 Vps26b Vacuolar protein sorting-associated protein 26B 1,38 2,60 1,98E-06 

P70699 Gaa Lysosomal alpha-glucosidase 1,29 2,44 1,42E-08 

P12382 Pfkl ATP-dependent 6-phosphofructokinase, liver type 1,28 2,43 2,08E-07 
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UniProt 
accession Gene name Protein names log2FC    

mut vs ctr 
FC       

mut vs ctr 
p-value   

mut vs ctr 
Q8BVA0 Gpnmb Transmembrane glycoprotein NMB 1,28 2,42 3,13E-03 

Q9D8B3 Chmp4b Charged multivesicular body protein 4b 1,23 2,35 4,69E-07 

P51655 Gpc4 Glypican-4 1,23 2,35 2,11E-05 

Q8R2K3 Ssbp1 Single-stranded DNA-binding protein 1,23 2,34 7,95E-05 

Q8BVY0 Rsl1d1 Ribosomal L1 domain-containing protein 1 1,19 2,29 9,84E-06 

Q02248 Ctnnb1 Catenin beta-1 1,19 2,28 4,92E-07 

Q6PB66 Lrpprc Leucine-rich PPR motif-containing protein, mitochondrial 1,17 2,25 3,10E-04 

P09535 Igf2 Insulin-like growth factor II 1,17 2,25 8,85E-07 

P17809 Slc2a1 
Solute carrier family 2, facilitated glucose transporter 
member 1 

1,16 2,23 7,28E-08 

G3UZX6 Sumo3 Small ubiquitin-related modifier 3 1,11 2,16 9,71E-04 

Q920A5 Scpep1 Retinoid-inducible serine carboxypeptidase 1,10 2,15 1,02E-05 

P26040 Ezr Ezrin 1,09 2,13 2,21E-05 

Q8CG19-3 Ltbp1 
Latent-transforming growth factor beta-binding protein 1 
isoform 3 

1,07 2,11 2,10E-06 

Q07079 Igfbp5 Insulin-like growth factor-binding protein 5 1,07 2,10 1,57E-06 

Q9D6J6 Ndufv2 
NADH dehydrogenase [ubiquinone] flavoprotein 2, 
mitochondrial 

1,06 2,09 2,84E-05 

A0A0U1RPJ7 1110004F10Rik Small acidic protein 1,05 2,07 1,33E-06 

F6Q3W0 Wdr5 WD repeat-containing protein 5 1,04 2,05 3,86E-08 

E9PYG9 Samhd1 
Deoxynucleoside triphosphate triphosphohydrolase 
SAMHD1 

1,04 2,05 5,20E-06 

O88322 Nid2 Nidogen-2 1,03 2,04 1,77E-06 

P43275 Hist1h1a Histone H1.1 1,02 2,03 2,10E-03 

Q5FW85 Ecm2 Extracellular matrix protein 2 1,01 2,02 1,78E-04 

Q91YW3 Dnajc3 DnaJ homolog subfamily C member 3 1,01 2,01 2,31E-06 

Q61711 Ibsp Bone sialoprotein 2 1,00 2,00 3,81E-04 

P26645 Marcks Myristoylated alanine-rich C-kinase substrate 1,00 2,00 1,59E-05 

A2ARA0 Tfpi Tissue factor pathway inhibitor 0,99 1,98 2,66E-06 

Q8BVF2 Pdcl3 Phosducin-like protein 3 0,98 1,97 2,19E-07 

Q6ZWX6 Eif2s1 Eukaryotic translation initiation factor 2 subunit 1 0,98 1,97 7,61E-07 

F6ZCF0 Agtpbp1 Cytosolic carboxypeptidase 1 0,97 1,96 2,22E-04 

P30681 Hmgb2 High mobility group protein B2 0,97 1,96 2,81E-04 

P16460 Ass1 Argininosuccinate synthase 0,95 1,94 5,32E-06 

H3BKH6 Esd S-formylglutathione hydrolase 0,95 1,93 1,70E-06 

Q9CR51 Atp6v1g1 V-type proton ATPase subunit G 1 0,95 1,93 9,39E-04 

P28654 Dcn Decorin 0,95 1,93 4,13E-06 

F8WIR1 Ctsd Cathepsin D 0,94 1,92 3,17E-06 
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UniProt 
accession Gene name Protein names log2FC    

mut vs ctr 
FC       

mut vs ctr 
p-value   

mut vs ctr 
P21278 Gna11 Guanine nucleotide-binding protein subunit alpha-11 0,94 1,91 1,45E-03 

E9Q600 Loxl4 Lysyl oxidase homolog 4 0,94 1,91 1,65E-07 

P48771 Cox7a2 Cytochrome c oxidase subunit 7A2, mitochondrial 0,93 1,91 1,41E-03 

Q6ZWZ2 Ube2r2 Ubiquitin-conjugating enzyme E2 R2 0,93 1,90 7,21E-05 

A0A1L1SV25 Actn4 Alpha-actinin-4 0,93 1,90 9,38E-06 

P08226 Apoe Apolipoprotein E 0,92 1,89 9,74E-07 

Q3TCN2 Plbd2 Putative phospholipase B-like 2 0,91 1,88 1,88E-05 

Q921L6 Cttn Src substrate cortactin 0,91 1,88 4,08E-05 

Q791V5 Mtch2 Mitochondrial carrier homolog 2 0,90 1,86 2,54E-05 

Q501P1 Fbln7 Fibulin-7 0,89 1,85 1,06E-05 

S4R1W1 Gm3839 Glyceraldehyde-3-phosphate dehydrogenase 0,88 1,84 1,50E-04 

Q9JM58 Crlf1 Cytokine receptor-like factor 1 0,87 1,82 2,01E-03 

P11688 Itga5 Integrin alpha-5 0,86 1,82 1,14E-04 

Q91VK1 Bzw2 Basic leucine zipper and W2 domain-containing protein 2 0,83 1,78 1,27E-06 

Q9R0N0 Galk1 Galactokinase 0,82 1,77 2,34E-05 

S4R2M6 Rbm3 RNA-binding protein 3 0,82 1,76 2,43E-04 

Q8BGD9 Eif4b Eukaryotic translation initiation factor 4B 0,82 1,76 2,08E-06 

P39876 Timp3 Metalloproteinase inhibitor 3 0,81 1,76 1,62E-05 

P80314 Cct2 T-complex protein 1 subunit beta 0,81 1,75 1,75E-05 

Similar to our test proteomics results, the list of the over-represented proteins in 

Recql4-/- ECM contains several cytoskeletal proteins (α actinin 4, tubulin β 6 chain, 

nexilin), the integrin α-5 receptor and the Enpp2 (Ectonucleotide pyrophosphatase / 

phosphodiesterase family member 2) phosphatase, which were seen previously in the 

matrix vesicles isolated from femurs of chicken embryo (Balcerzak et al. 2008). 

Accumulation of the Enpp2 (Fold Change 2.9) is very interesting, because it produces 

the pyrophosphate (PPi), an inhibitor of mineralization (Orriss et al. 2016). The build-up 

of extracellular PPi could account for the lower mineralization that we have observed 

in Recql4-/- ECM in this study. 

Also over-represented in mutant ECM are 10 proteins found in stress granules, 

including the stress granule nucleator G3BP1 (FC 2.6), an endonuclease (Tourrière et 

al. 2003; Kedersha et al. 2016) and YB1 (FC 3.5), a multifunctional nucleic acid-binding 
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protein that activates G3BP1 translation under stress conditions (Somasekharan et al. 

2015), two proteins necessary for stress granule genesis. The other 8 proteins (Rsl1d1, 

Rbm3, Hmga1, Khsrp, Eif2s1, Nexn, Eif4b, Atp6v1g1) have been identified in stress 

granules in proteomic studies (Jain et al. 2016; Markmiller et al. 2018) but have not yet 

been assigned any particular role in their formation or function. This result is intriguing, 

since, to the best of my knowledge, nobody has yet demonstrated that stress granules 

could be secreted in the extracellular space, although YB1 itself has been shown to 

accumulate in stress granules before being secreted under oxidative stress conditions 

(Guarino et al. 2018). 

Another very interesting result is the over-representation in the mutant matrix of 

lysyl oxidase Loxl4 (FC 1.9). We have determined that the organic part of the ECM is 

stiffer Recql4-/- than control in control matrices. Loxl4 initiates the collagen cross-link 

formation (Trackman 2016). Its over-expression in the mutant ECM could result in 

greater number of cross-links and thereby stiffer matrix. 

Finally, some other proteins over-represented in mutant ECM are worth 

mentioning: LTBP1 (Latent-transforming growth factor beta-binding protein, FC 2.1) 

and BSP (Bone Sialoprotein, FC 2.0).  

LTBP1 controls the availability of TGF-β in the bone matrix (Dallas et al. 2000), 

a cytokine playing important role in bone remodeling coupling (Wu et al. 2016). 

However, the significance of LTBP1 overexpression in bone is not clear yet (Robertson 

et al. 2015). 

Although BSP is considered to be a pro-mineralization molecule, since it 

promotes hydroxyapatite nucleation, as well as the differentiation and the activity of 

the osteoblasts and the osteoclasts (Bouleftour et al. 2016), its constitutive 

overexpression in the mouse led to osteopenic phenotype due to the uncoupling of 
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bone formation and resorption (Valverde et al. 2008). It is possible therefore, that the 

beneficial effect BSP has on bone metabolism is a matter of correct dose. 

Table 5: Proteins under-represented in Recql4-/- ECM. The proteins chosen for further analysis are 
highlighted in red, blue background indicates extracellular proteins. 

UniProt 
accession Gene name Protein names log2FC     

mut vs ctr 
FC       

mut vs ctr 
p-value    

mut vs ctr 

A0A0R4J227 Mark2 Serine/threonine-protein kinase MARK2 -5,16 0,03 8,52E-12 
P00688 Amy2 Pancreatic alpha-amylase -4,37 0,05 2,43E-10 
Q3UMR5 Mcu Calcium uniporter protein, mitochondrial -4,05 0,06 5,98E-14 
D3Z041 Acsl1 Long-chain-fatty-acid-CoA ligase 1 -3,94 0,07 1,99E-09 
A0A0U1RNJ1 Fasn Fatty acid synthase -3,72 0,08 1,48E-07 
P55288 Cdh11 Cadherin-11 -3,69 0,08 1,32E-13 
Q9CPP6 Ndufa5 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 5 -3,65 0,08 3,41E-08 
Q7TPZ8 Cpa1 Carboxypeptidase A1 -3,60 0,08 2,44E-12 
Q6PE70 Itgb5 Integrin beta-5 -3,54 0,09 5,38E-11 
Q9R1P1 Psmb3 Proteasome subunit beta type-3 -3,53 0,09 9,66E-12 
Q6PE80 Axl Tyrosine-protein kinase receptor UFO -3,51 0,09 7,37E-11 
Q9JLI2 Col5a3 Collagen alpha-3 (V) chain -3,48 0,09 2,35E-14 
A0A140LHQ8 Picalm Phosphatidylinositol-binding clathrin assembly protein -3,43 0,09 1,11E-12 
P40240 Cd9 CD9 antigen -3,32 0,10 4,65E-10 
Q7TNC4-2 Luc7l2 Putative RNA-binding protein Luc7-like 2 isoform 2 -3,28 0,10 1,32E-09 
Q99L13 Hibadh 3-hydroxyisobutyrate dehydrogenase, mitochondrial -3,25 0,10 2,44E-07 
P11404 Fabp3 Fatty acid-binding protein, heart -3,16 0,11 9,68E-04 
Q3TYS2 Cybc1 Uncharacterized protein C17orf62 homolog -2,89 0,13 9,04E-10 
Q61425 Hadh Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial -2,79 0,14 4,94E-09 
P62071 Rras2 Ras-related protein R-Ras2 -2,77 0,15 3,16E-09 
A2A4N9 Dhx8 ATP-dependent RNA helicase DHX8 -2,66 0,16 1,73E-03 
E9PYT3 Atl3 Atlastin-3 -2,63 0,16 4,75E-09 
Q91WH7 Atp4a Potassium-transporting ATPase alpha chain 1 -2,47 0,18 4,73E-03 
D3Z6P0-2 Pdia2 Protein disulfide-isomerase A2 isoform 2 -2,41 0,19 2,93E-09 
A0A1D5RLB4 Tecr Very-long-chain enoyl-CoA reductase -2,16 0,22 7,35E-08 
Q8CAG6 Plek Pleckstrin -2,09 0,23 9,49E-06 
P23953 Ces1c Carboxylesterase 1C -2,08 0,24 1,19E-06 
Q9EQ20 Aldh6a1 Methylmalonate-semialdehyde dehydrogenase , mitochondrial -2,05 0,24 4,88E-11 
O88587-2 Comt Catechol O-methyltransferase isoform 2 -1,96 0,26 3,47E-04 
Q5RL79 Krtcap2 Keratinocyte-associated protein 2 -1,90 0,27 5,47E-07 
Q62261 Sptbn1 Spectrin beta chain, non-erythrocytic 1 -1,88 0,27 6,70E-11 
E9QAS4 Chd4 Chromodomain-helicase-DNA-binding protein 4 -1,86 0,28 2,63E-09 
Q63918 Sdpr Serum deprivation-response protein -1,84 0,28 2,30E-08 
Q8VHY0 Cspg4 Chondroitin sulfate proteoglycan 4 -1,81 0,28 1,22E-10 
Q8CHT0 Aldh4a1 Delta-1-pyrroline-5-carboxylate dehydrogenase, mitochondrial -1,69 0,31 3,66E-08 
Q3U9N4 Grn Granulins -1,68 0,31 4,04E-05 
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UniProt 
accession Gene name Protein names log2FC     

mut vs ctr 
FC       

mut vs ctr 
p-value    

mut vs ctr 

Q8BPB5 Efemp1 EGF-containing fibulin-like extracellular matrix protein 1 -1,68 0,31 4,97E-07 
E9Q6Z0 Cul5 Cullin-5 -1,66 0,32 1,40E-07 
Q02013 Aqp1 Aquaporin-1 -1,63 0,32 1,83E-07 
B7ZNH7 Col14a1 Collagen alpha-1(XIV) chain -1,63 0,32 4,72E-08 
F6VF36 Srpr Signal recognition particle receptor subunit alpha -1,63 0,32 1,20E-04 
Q9DCS3 Mecr Trans-2-enoyl-CoA reductase, mitochondrial -1,61 0,33 1,36E-07 
E9Q7L8 Cped1 Cadherin-like and PC-esterase domain-containing 1 -1,61 0,33 9,86E-07 
O88452 Stc2 Stanniocalcin-2 -1,54 0,34 4,63E-05 
P34884 Mif Macrophage migration inhibitory factor -1,53 0,35 1,88E-03 
A0A0A6YVZ1 Ssr2 Translocon-associated protein subunit beta -1,52 0,35 1,81E-06 
Q8C3X8 Lmf2 Lipase maturation factor 2 -1,46 0,36 1,01E-03 
Q9D3D9 Atp5d ATP synthase subunit delta, mitochondrial -1,36 0,39 1,69E-04 
O88271 Cfdp1 Craniofacial development protein 1 -1,34 0,40 2,21E-06 
Q9R1Q9 Atp6ap1 V-type proton ATPase subunit S1 -1,32 0,40 3,86E-07 
Q3UZI5 Ptn Pleiotrophin -1,28 0,41 4,13E-07 
Q9CPU4 Mgst3 Microsomal glutathione S-transferase 3 -1,28 0,41 3,98E-08 
A0A0N4SVB8 Arl8a ADP-ribosylation factor-like protein 8A -1,28 0,41 2,56E-04 
P31428 Dpep1 Dipeptidase 1 -1,27 0,41 8,68E-07 
Q8C7E4 Rnase4 Ribonuclease 4 -1,27 0,41 4,04E-06 
P54823 Ddx6 Probable ATP-dependent RNA helicase DDX6 -1,26 0,42 4,54E-08 
A2RT60 Htra4 Serine protease HTRA4 -1,26 0,42 4,25E-06 
P50637 Tspo Translocator protein -1,24 0,42 4,88E-04 
P29699 Ahsg Alpha-2-HS-glycoprotein -1,24 0,42 3,38E-04 
E9QAS9 Fmr1 Fragile X mental retardation protein 1 homolog -1,23 0,43 4,20E-05 
A2AEC9 Stxbp3a Syntaxin-binding protein 3 -1,22 0,43 2,64E-04 
Q62095 Ddx3y ATP-dependent RNA helicase DDX3Y -1,22 0,43 2,82E-06 
Q3TG45 Psmd8 26S proteasome non-ATPase regulatory subunit 8 -1,21 0,43 6,12E-07 
Q04447 Ckb Creatine kinase B-type -1,21 0,43 1,43E-04 
A0A140LHR4 Serpinh1 Serpin H1 -1,19 0,44 7,00E-09 
P62843 Rps15 40S ribosomal protein S15 -1,18 0,44 4,07E-07 
P10925 Zfy1 Zinc finger Y-chromosomal protein 1 -1,18 0,44 5,22E-03 
Q3THE2 Myl12b Myosin regulatory light chain 12B -1,15 0,45 1,02E-03 
F6R8S6 Akt1s1 Proline-rich AKT1 substrate 1 -1,13 0,46 5,10E-04 
Q3UNZ8 Cryzl2 Quinone oxidoreductase-like protein 2 -1,13 0,46 1,29E-07 
Q99JI4 Psmd6 26S proteasome non-ATPase regulatory subunit 6 -1,13 0,46 1,84E-07 
D3YYT1 Glyr1 Putative oxidoreductase GLYR1 -1,11 0,46 2,97E-07 
Q9JLZ6-2 Hic2 Hypermethylated in cancer 2 protein isoform 2 -1,10 0,47 1,44E-04 
Q8BJS4-3 Sun2 SUN domain-containing protein 2 isoform 3 -1,10 0,47 1,19E-05 
A0A0M3HEP8 Vkorc1l1 Vitamin K epoxide reductase complex subunit 1-like protein 1 -1,08 0,47 4,49E-06 
P62196 Psmc5 26S protease regulatory subunit 8 -1,05 0,48 3,07E-07 
P05132-2 Prkaca cAMP-dependent protein kinase catalytic subunit alpha isoform 2 -1,04 0,48 1,07E-05 
F6TQL3 Dnajc8 DnaJ homolog subfamily C member 8, NA -1,04 0,49 1,36E-03 
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UniProt 
accession Gene name Protein names log2FC     

mut vs ctr 
FC       

mut vs ctr 
p-value    

mut vs ctr 

G5E866 Sf3b1 Splicing factor 3B subunit 1 -1,03 0,49 1,69E-08 
Q9Z1K5 Arih1 E3 ubiquitin-protein ligase ARIH1 -1,02 0,49 1,63E-06 
P62331 Arf6 ADP-ribosylation factor 6 -1,01 0,50 3,45E-05 
Q792Z1 Try10 MCG140784 (Trypsinogen 10) -1,01 0,50 6,15E-03 
Q80VB6 Dclk1 Serine/threonine-protein kinase DCLK1 -1,00 0,50 7,28E-06 
P61961 Ufm1 Ubiquitin-fold modifier 1 -0,99 0,50 3,85E-06 
O08532-3 Cacna2d1 Voltage-dependent calcium channel subunit alpha-2/delta-1 isoform 2 -0,99 0,50 1,16E-08 
Q80T21 Adamtsl4 ADAMTS-like protein 4 -0,99 0,50 3,19E-07 
Q3V117 Acly ATP-citrate synthase -0,99 0,50 3,36E-06 
A0A0A6YVU8 Gm9774 Proteasomal ubiquitin receptor ADRM1 -0,99 0,50 7,34E-06 
A0A0R4J2B2 Kctd12 BTB/POZ domain-containing protein KCTD12 -0,99 0,50 2,00E-05 
Q9WVB4 Slit3 Slit homolog 3 protein -0,98 0,51 2,60E-06 
P11370 Fv4 Retrovirus-related Env polyprotein from Fv-4 locus -0,98 0,51 1,87E-06 
Q9CR61 Ndufb7 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 7 -0,98 0,51 4,15E-08 
Q9EQP2 Ehd4 EH domain-containing protein 4 -0,97 0,51 8,37E-07 
Q8R4V4 Cpz Carboxypeptidase Z -0,97 0,51 2,51E-05 
A2AQE4 Cops2 COP9 signalosome complex subunit 2 -0,95 0,52 4,20E-06 
Q6ZWQ7 Spcs3 Signal peptidase complex subunit 3 -0,94 0,52 2,26E-04 
Q99J56 Derl1 Derlin-1 -0,94 0,52 5,42E-04 
P23780 Glb1 Beta-galactosidase -0,94 0,52 1,39E-07 
Q9D666-5 Sun1 SUN domain-containing protein 1 isoform 5 -0,94 0,52 5,39E-06 
E9QMH7 Ikbip Inhibitor of nuclear factor kappa-B kinase-interacting protein -0,93 0,52 2,42E-07 
A0A0U1RPW2 Tjp1 Tight junction protein ZO-1 -0,93 0,53 7,92E-04 
E9PWW2 Tor1aip1 Torsin-1A-interacting protein 1 -0,92 0,53 2,41E-04 
Q5SV64 Myh11 Myosin-11 -0,91 0,53 2,07E-06 
E9PUX0 Mtdh Protein LYRIC -0,91 0,53 1,27E-05 
Q8K2C9 Hacd3 Very-long-chain (3R)-3-hydroxyacyl-CoA dehydratase 3 -0,90 0,54 4,11E-05 
I7HLV2 Rpl10 60S ribosomal protein L10 -0,90 0,54 1,08E-03 
B2RQA5 Sost Sclerostin -0,90 0,54 1,84E-04 
P14152 Mdh1 Malate dehydrogenase, cytoplasmic -0,88 0,54 2,04E-04 
E9Q6R3 Sec22b Vesicle-trafficking protein SEC22b -0,88 0,54 1,97E-03 
Q01149 Col1a2 Collagen alpha-2(I) chain -0,88 0,54 4,73E-06 
Q9EST5 Anp32b Acidic leucine-rich nuclear phosphoprotein 32 family member B -0,88 0,54 2,46E-06 
Q91V41 Rab14 Ras-related protein Rab-14 -0,88 0,54 6,82E-05 
Q99KQ4 Nampt Nicotinamide phosphoribosyltransferase -0,87 0,55 3,67E-03 
D3Z158 Qars Glutamine--tRNA ligase -0,86 0,55 6,45E-06 
Q5DTZ0 Nynrin Protein NYNRIN -0,85 0,55 3,53E-03 
Q8BWZ3-2 Naa25 N-alpha-acetyltransferase 25, NatB auxiliary subunit isoform 2 -0,85 0,55 3,23E-03 
Q9ET01 Pygl Glycogen phosphorylase, liver form -0,85 0,56 8,21E-04 
E9PYF4 Lmo7 LIM domain only 7 -0,84 0,56 6,32E-03 
A2A7S7 Yars Tyrosine--tRNA ligase -0,84 0,56 3,47E-04 
P10922 H1f0 Histone H1.0 -0,84 0,56 5,27E-03 



Results: part 1-2 – Matrix characterization 
 

155 
 

UniProt 
accession Gene name Protein names log2FC     

mut vs ctr 
FC       

mut vs ctr 
p-value    

mut vs ctr 

Z4YKV1 Gnas Guanine nucleotide-binding protein G(s) subunit alpha isoforms short -0,84 0,56 1,71E-05 
Q8CGF7-2 Tcerg1 Transcription elongation regulator 1 isoform 2 -0,82 0,57 1,38E-04 
Q8R059 Gale UDP-glucose 4-epimerase -0,82 0,57 1,04E-03 
Q6ZWZ4 Rpl36 60S ribosomal protein L36 -0,81 0,57 7,82E-05 

Although we have seen with Sirius Red assays that there was no difference in 

collagen amounts between Recql4+/- and Recql4-/- ECM, our proteomic results show 

that three collagen chains are under-represented in the mutant ECM: Collagen V α-3 

(Col5a3, FC 0.09), Collagen XIV α-1 (Col14a1, FC 0.32) and Collagen I α-2 (Col1a2, 

FC 0.54). Collagen V is a fibrillar collagen expressed in the bone at low levels in 

association with Collagen I (Birk 2001). The major molecular isoform of Collagen V is 

a trimer of two α1 and one α2 chains (Mak et al. 2016). Mutations in these genes cause 

the Ehlers–Danlos syndrome, in which patients suffer from fragile, hyperextensible skin 

and hyper-mobile joints. However, the function of Collagen V α-3 chain is unclear. 

Collagen XIV is a FACIT (fibril-associated collagen with interrupted triple helices) 

expressed in the osteoprogenitors and the developing bone (Walchli et al. 1994; 

Clough et al. 2015) the role of which remains unclear in bone. Nevertheless, these 

collagens seem to be deficient in the mutant ECM. However, given our protein 

extraction method, the proteomic results regarding collagen must be considered with 

caution. Indeed, we have mainly examined soluble protein fraction. We cannot exclude 

that part of collagens remained in insoluble aggregates. Moreover, it is possible that 

under-representation of collagen in mutant ECM extract is due to the higher expression 

of lysyl oxidase LOXL4: if mutant collagen is more cross-linked, it would be less soluble 

and thus less extractable than in control conditions. 

The lower abundance in mutant matrix of sclerostin (FC 0,54) and fetuin-A (FC 

0.42), which are respectively inhibitors of bone formation (Li et al. 2005) and 
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hydroxyapatite apposition (Schinke et al. 1996), was not expected taking into account 

the decreased mineralization in these Recql4-/- ECM. Nevertheless, studies show 

unexpected effects of these proteins on bone metabolism. Indeed, Ueland et al. have 

recently demonstrated that in postmenopausal women levels of sclerostin in the bone 

matrix positively correlated with bone mineral density (Ueland et al. 2019). Several 

other studies have shown that fetuin-A promotes collagen I matrix mineralization in 

cell-free conditions (Price et al. 2004; Hamlin and Price 2004) and protects osteoblasts 

from hydroxyapatite-induced apoptosis (Cai et al. 2015). 

Next, using PANTHER (Mi et al. 2019), DAVID (Huang et al. 2009b), Gorilla 

(Eden et al. 2009) and IPA (version 0.1-0.7; QIAGEN) online analysis tools, we 

attempted to further refine the analysis in order to find out if any signaling pathways, 

molecular functions or biological process could be affected by differentially abundant 

proteins. No significant changes were found in any of these categories, with the 

exception of two GO “Molecular function” terms in the case of proteins overexpressed 

in the Recql4-/- ECM (Figure Gb): 

1) “Protein-containing complex binding” – 22 proteins in our data set amongst those 

over-represented in the Recql4-/- ECM; 4.9-fold term enrichment, and 

2) “Glycosaminoglycan binding” – 8 proteins in our data set, 5 of which are 

extracellular (shown on the blue background in the right panel of the Figure 3b); 

10.6-fold term enrichment. 

The former function seemed too general for a meaningful biological 

interpretation in our case, therefore we have decided to concentrate on the latter, and, 

in particular, on the structural ECM protein Decorin (DCN, FC 1.93), a small 

leucine-rich proteoglycan (SLRP). It has been shown to regulate collagen 

fibrillogenesis, in particular collagen fiber diameter (Corsi et al. 2002b; Douglas et al. 
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2006) and the density of collagen ECM network (Iwasaki et al. 2008). Moreover, DCN 

was suggested to act as a kind of molecular cross-linker, stiffening the matrix (Cribb 

and Scott 1995; Iwasaki et al. 2008), which would be in accordance with what we saw 

in Recql4-/- matrices. Besides direct effects on ECM architecture, DCN also affects 

mineralization: in MC3T3 cells overexpressing DCN the timing and the level of 

mineralization is inversely correlated with the level of DCN synthesis (Mochida et al. 

2003b) and the transplants of these cells in mouse fail to mineralize (Mochida et al. 

2009b). 

We selected three other candidate proteins for further investigations, based on 

the literature and their possible implication in either bone function or DNA metabolism. 

One of them are over-represented in the Recql4-/- ECM: (1) Y-box-binding protein 1 

(YB1, FC 3.52). The other two are under-represented in the Recql4-/- ECM: (2) Slit 

homolog 3 protein (SLIT3, FC 0.51) and (3) Pleiotrophin (PTN, FC 0.41), both of which 

are chemotaxic molecules implicated in the osteoblast recruitment (Yang et al. 2003; 

Kim et al. 2018). The reasons for choosing these particular proteins are described 

below. 

(1) YB1 is a nucleic acid-binding protein with pleiotropic functions in DNA and 

RNA metabolism (Alemasova and Lavrik 2017) and can be found both inside the cell 

(cytoplasm and nucleus) and in the extracellular space (Frye et al. 2009). It is the only 

differentially abundant protein in our data set that has been shown to physically interact 

with RECQL4 (Mo et al. 2016). YB1 is also known to suppress the transcription of 

genes coding for both chains of collagen I (Dhalla et al. 1998; Norman et al. 2001; 

Higashi et al. 2003) and to play a role in the prevention of premature senescence (Lu 

et al. 2005). 
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(2) SLIT3 is known as the axon-guiding molecule (Wu et al. 1999). However, a 

very recent study (Kim et al. 2018) has described an important role played by this 

protein in bone remodeling. Osteoclast-secreted SLIT3 was shown to be a coupling 

factor, stimulating osteoblast migration and proliferation while inhibiting osteoclast 

resorption. Its deficiency in the Recql4-/- matrix could hypothetically lead to the bone 

phenotype found in our mice. 

(3) PTN was also initially identified as an axon-guiding molecule (Li et al. 1990), 

although many other functions were ascribed to this protein subsequently. PTN 

induces chemotaxis, proliferation and differentiation ex vivo in human primary 

osteoblasts (Yang et al. 2003). Transgenic mice overexpressing human PTN gene 

have been shown to achieve a higher bone mass peak, which compensated for bone 

loss caused by estrogen deficiency (Masuda et al. 1997) and to display a 10% increase 

of bone mineral content (Tare et al. 2002). This effect was specific to female mice 

(Hashimoto-Gotoh et al. 2004). We can hypothesize that partial protection of female 

mice from accelerated bone loss that we see in our model (see submitted manuscript) 

could be due to the PTN action. 

C. Validation of selected proteins by western blotting 

The samples for Western Blot (WB) were prepared using the same protein 

extraction protocol as those used for proteomics. In order to limit the effect of the 

inter-individual variability, the matrices were synthesized by the osteoblasts pooled 

from 3 mice.  

For WB performed on the ECM extracts, there is no “housekeeping” protein that 

is generally accepted as a loading control. Therefore, we selected our loading control, 

the HSP90, using mass spectrometry data, where it had an overall fold change close 

to 1 (1.06), was identified in all MS/MS runs and had the least intensity variation 
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between runs. Intracellularly, HSP90 is a highly abundant protein (1-3% of total 

intracellular proteins) functioning primarily as a molecular chaperon. Extracellularly, it 

may be found attached to the outer cell surface or as an unbound molecule (Cortes et 

al. 2018). HSP90 is a 90 kDA protein that migrated in our SDS-PAGE gels with an 

apparent weight of ~94 kDa and that we used as a loading control and for 

normalization. 

Proteomics results indicated that the 23 kDa protein Pleiotrophin (PTN) is 2.44 

less abundant in mutant matrix. We separated it on 14 % SDS-PAGE gel, where it 

migrated as a slightly smaller protein of ~18 kDa. It was highly abundant in our matrix 

extracts, so only 5 μg of proteins per sample were loaded in gels. Extracts from 4 

independent experiments (Figure 4) were charged on the same gel. As seen in figure 

H, there is a great variability between experiments: relative normalized PTN levels in 
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Recql4+/- ECM varied from 0.09 (experiment 1) to 7.72 (experiment 4); and in 

Recql4-/- ECM, from baseline (experiment 2) to 2.93 (experiment 4). Although PTN 

levels turned out to be higher in the control than in the mutant ECM in the experiments 

2, 3 and 4, in the experiment 1 it was not the case. However, on average (including 

experiment 1), there was 2,13 times as much PTN in Recql4+/- ECM as in 

Recql4-/- ECM, a figure close to what was expected from the proteomic analysis. 

Decorin is present in the ECM in the glycanated form, i.e. bound to 

glycosaminoglycan chains, and/or as a core protein of ~40-45 kDa. Due to its high and 

variable glycanation, DCN detection and quantification in WB are challenging. In our 

case, we were unable to detect it with the first antibody that we have tried. It should be 

noted that the synthesis of mineralized matrices takes approximately 45-50 days and 

that the amount of proteins obtained in each case is about 100-150 μg per sample. 

Therefore, after optimization of WB protocol using new primary antibody, we were able 

to verify DCN ECM levels in only two independent experiments (Figure 5a). We have 

detected signals from both glycanated and core-protein forms of the DCN. For 

comparison, similar band pattern was observed in another study (Figure Ib), where the 

authors followed DCN expression in mouse bones at different ages (Chan et al. 2018). 

Figure Ib shows that with age the DCN glycanation decreases and its band shifts lower. 

For 26-week old mice, the band of glycanated DCN is found between ~60 and 80 kDa 

(Figure 5b, lane 26W). The ECMs in our experiments were synthesized by the 

osteoblasts derived from mice more than twice older (~60-weeks old). Therefore, it 

seems reasonable to assume that in our case the DCN glycanation would have 

decreased even more, moving its corresponding band still lower, to the position 

between 55 and 72 kDa that we see in Figure Ia. We have also noted that the levels  
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of DCN glycanation in the Recql4-/- ECM varied between the experiment 1 and the 

experiment 2, while being negatively correlated with the levels of the core-protein: the 

high amount of glycanated protein and the low amount of the core-protein in the 

experiment 1 contrasts with the low amount of glycanated protein and higher amount 

of the core-protein in the experiment 2. In order to quantify total DCN levels in the ECM 

as accurately as possible, we have thereby decided to sum the intensities of the 

glycanated and the core protein bands. Proteomics indicated 1.93-fold DCN 

over-representation in the Recql4+/- ECM. Our preliminary WB results confirm this 

conclusion: on average, PTN is 12.6 times more abundant in the control than in the 

mutant ECM. However, more experiments are necessary ascertain this statistically. 

SLIT3 has a predicted molecular weight of 169 kDa. Due to this large size, we 

separated it on the 8% SDS-PAGE gels. We have used the same antibody as the 

authors of the study describing the discovery of SLIT3 as a coupling factor in bone 

remodeling (Kim et al. 2018). SLIT3 WB from Kim et al. are shown in the Figure 6a and 

6b. In panel (a) the background is heavily stained and the bands are discontinuous in 

both panels, but they are detectable. In our case, there was no SLIT3 signal at all. As 

far as we know, antibody used for these blots is the best currently available for the 

mouse SLIT3. Detection of this protein in WB is problematic, because high MW 

proteins are notoriously difficult to transfer to the membrane (Bolt and Mahoney 1997). 

We have tried unsuccessfully several transfer conditions. This led us to ponder whether 

the problem originated from our extracts. As shown in Figure 6c, the proteins migrated 

poorly in the high MW region, most likely due either to the mineral that was still 

associated with them, or to the presence of molecules that were not completely 

solubilized or heavily modified with side chains (glycanation, glycosylation). Kim et al. 

have demonstrated that, among bone cells, SLIT3 expression was highest in the 



Results: part 1-2 – Matrix characterization 
 

163 
 

osteoclasts (Kim et al. 2018). Thus we decided to perform SLIT3 WB on the osteoclast 

extracts obtained from differentiating mouse monocyte / macrophage RAW 264.7 cells. 

However, no signal was detected with osteoclast extracts either. Our results imply that 

a better antibody is necessary for the WB detection of SLIT3. Meanwhile, other 

approaches, such as immunohistochemistry and/or immunofluorescence, could be 

used to confirm the lower abundance of SLIT3 in Recql4-/- ECM. 

Though the actual molecular weight of YB-1 is 35,9 kDa, it most often exhibits 

an electrophoretic mobility of 50 kDa. Depending on the stimulus, YB1 can be found 

secreted (Frye et al. 2009) and/or in various subcellular localizations, such as 

cytoplasm, stress granules, p-bodies and nucleus (Alemasova and Lavrik 2017). 
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Moreover, studies have shown that its secretion is cell-type specific (Kang et al. 2014). 

However, reports concerning YB1 expression levels and localization that are based on 

WB detection are often contradictory, because of different immunoreactivities of the 

antibodies (Ab) used in these studies (Woolley et al. 2011). The first Ab we tried was 

directed against YB1 carboxy-terminus. We did not obtain any signal with the ECM 

extracts (not shown), but were able to detect 2 bands with the bone marrow cell 

extracts (25 kDa and 15 kDa, Figure 7a), the size of which did not correspond to 50 

kDa predicted for YB1. On the other hand, the band of 50 kDa was observed in the 

lane 10 charged with the positive control (human breast cancer MCF7 cell line) 

provided by Ab manufacturer. The WB of the decellularized Recql4+/- and 

Recql4-/- ECM using pAb against YB1 N-terminal epitope revealed bands of 44 kDa 

and 30 kDa (Figure 7b). Taken together, the results appeared puzzling: do the bands 

detected in our extracts correspond to YB1 or are they non-specific? We have no basis 

for comparison since, to the best of our knowledge, no YB1 WB has yet been 

performed on bone or bone cell extracts. Nonetheless, due to the YB1's emerging 

importance in cancerology, many studies have explored its electrophoretic behavior in 

other cell types or in vitro (Sorokin et al. 2005; Rauen et al. 2009; Kim et al. 2013a; 

Kang et al. 2014b; Pagano et al. 2016). First, Sorokin and his colleagues (Sorokin et 

al. 2005) demonstrated that YB1 is cleaved by 20S proteasome into two fragments, 

the N-terminal p32 and the C-terminal p22 (Figure 7c). As shown in Figure 7d, two 

fragments (~27 and ~15 kDa) and full-length (~47 kDa) YB1 were also found in the 

extracellular microvesicles secreted by rat mesangial cells expressing HA-YB1 (Rauen 

et al. 2009). 

The elaborate pattern of YB1 cleavage and multimer formation is further 

illustrated by multiple bands in the left panel of the Figure 7e (Kang et al. 2014). 
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Figure 7e shows macrophage-specific difference between intracellular (right panel) 

and secreted (left panel) YB1 species in RAW 264.7 cells. In these cells, secreted YB1 

is mostly present as fragments. It is thus likely that YB1 in the OB-secreted ECM could 

also exist in fragmented form. Interestingly, at least two YB1 fragments have been 

shown to be biologically active. Truncated N-terminal YB1 fragment accumulates in 

the nuclei of cells treated with DNA damaging drugs where it is capable of protecting 

cells against DNA damage-induced stress (Kim et al. 2013). The carboxy-terminal 

fragment, which also localized to the nucleus, acts dominant-negatively on full-length 

YB1-dependent gene transcription (van Roeyen et al. 2013). Moreover, 

overexpression of full-length YB1 in the human premalignant breast epithelial 

MCF10AT cells leads to the over-expression of the DCN (Evdokimova et al. 2009). 

Taking into account all these observations, it would be interesting to precisely identify, 

probably by mass spectrometric analysis, which YB1 fragments are present in our ECM 

extracts. 

D. RT-qPCR 

Complementary to the end-point protein expression analysis, we have 

conducted the time course examination of the Ybx1 (coding for YB1 protein) and Slit3 

gene expression (Figure 8). The mRNAs were extracted from Recql4+/- and 

Reqcl4-/- osteoblasts on days 0, 6, 14 and 21 of mineralization. 

Throughout the mineralization process, the Ybx1 mRNA levels remained stable, 

both in Reqcl4+/- and in Reqcl4-/- osteoblasts (Figure 8a). No differences between 

control and mutant samples were revealed, although considerable standard error 

values caused by high variation in the expression levels between experiments could 

have hidden a low-level trend. According to recent study, such fluctuation in Ybx1 gene 

expression could be due to the fact that it is regulated by circadian clock (Pagano et 
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al. 2016). Therefore, the small difference in the samples collection times could result 

in the big difference in gene expression. Nonetheless, the YB1 over-abundance in the 

mutant ECM does not seem to originate at the transcriptional level. 
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The Slit3 expression in Reqcl4+/- osteoblasts during mineralization followed a 

slight decreasing trend (from 1 on day0 (D0), to 0.86 on D6, to 0.71 on D14), while it 

remained stable in Reqcl4-/- osteoblasts (Figure 8b). If this is the case, higher 

accumulation of the SLIT3 in Recql4+/- ECM is also independent from transcriptional 

control. However, these are very preliminary results, and have to be taken with extreme 

caution. 

The interest for SLIT3 and YB1 in connection with bone is either very recent or 

nonexistent. This could be the first study to establish their gene expression pattern in 

mineralizing osteoblasts. 
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III. DISCUSSION 

Rothmund-Thomson type II syndrome (RTS-II) patients, presenting mutations 

in the RECQL4 gene, display, besides other symptoms, skeletal and skin 

abnormalities, accompanied by accelerated aging of both tissues. The specific injury 

of these two tissues raises the question of whether there is a particular link between 

the RECQL4 helicase and the extracellular matrix (ECM), which plays an important 

role in the biology of these two connective tissues. 

To the best of my knowledge, no such connection has as yet been established. 

In addition, the known functions of RECQL4, such as its roles in DNA replication, DNA 

repair, telomere as well as mitochondrial genome maintenance521, do not suggest an 

obvious link between this helicase and the extracellular matrix. The goal of this project 

was to investigate the role of RECQL4 in bone tissue biology and to determine if 

RECQL4 dysfunction could affects bone ECM. 

Our first objective was to establish if RECQL4-deficient mice available in the 

laboratory could serve as the appropriate model for this project, i.e. if they recapitulate 

the skeletal phenotype observed in RTS-II patients. This model has been generated in 

Dr. G. Luo laboratory (Department of Genetics, Case Western Reserve University, 

Cleveland)530. The authors have reported chromosomal instability found in cells from 

the mutant mice. They also described skin abnormalities (hypo- or hyperpigmentation 

of the tail) and skeleton defects (such as inborn polydactyly and a range of palatal 

deformities) in these Recql4-/- mice. While our RECQL4-deficient mice also developed 

tail skin pigmentation deficiency by the age of 6 months, they exhibited neither 

polydactyly nor palatal patterning defects. This might be due to differences in the 

genetic background between the mice studied in the two laboratories: 75% B6 / 25% 

129S7 in G. Luo’s lab and 95 % B6 in our case. On the other hand, detailed 
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examination of bone phenotype in our Recql4-/- mice showed accelerated bone aging 

in both sexes, illustrated by premature bone loss and by deleterious alterations of 

trabecular architecture as evidenced by microCT examination of femurs and caudal 

vertebrae. Similar modifications have already been described for the normal bone 

aging in mice242,243 and humans585, and for the premature bone aging in the RTS-II 

patients508,509. Therefore, this mouse model is relevant for the exploration of the 

mechanism underlying bone loss in RTS-II patients and also for the characterization of 

potential bone ECM modifications induced by RECQL4 dysfunction. 

It is very difficult to define the term “aging”. The best approximation is the 

functional decline caused by the passage of time. In every tissue throughout the body 

its primary cause is thought to be the accumulation of cellular and molecular damage 

that eventually leads to tissue dysfunction586. In bone, this deterioration is manifested 

as osteoporosis. Many mechanisms of bone aging have been described including, 

genomic instability587. 

Our understanding of the relationship between age-related bone loss and 

impaired DNA metabolism is based on a few mouse models that were generated to 

recapitulate human progeroid syndromes, generally associated with the loss-of 

function mutations in genes implicated in genome maintenance587,588, and on the 

examination of human patient’s cells (usually fibroblasts) ex vivo589. The best 

characterized of these syndromes are Hutchinson-Gilford progeria syndrome (HGPS) 

and Werner syndrome (WS). In HGPS the accumulation of the truncated form of 

Lamin A known as Progerin within the nuclear matrix leads to the disruption of nuclear 

shape and of chromatin organization590. WS is caused by the mutation in WRN, 

another RecQ family helicase involved in DNA repair and telomere maintenance. 
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Similar to RECQL4-deficient mice, murine models for HGPS and WS are characterized 

by low bone mass5. 

One of the mechanisms proposed for the premature aging of various tissues in 

all three models – the HGPS591–593, the WS594,595 and the RTS-II545 – is cellular 

senescence, a state of permanent cell cycle arrest, leading to the exhaustion of adult 

stem cell pool and decreased tissue regeneration potential. The primary driver for the 

senescence in the HGPS and the WS is thought to be telomere dysfunction594,596, 

which is not the case for RTS-II, where senescence is due to the unresolved DNA 

damage at non-telomeric cites545. 

Lu et al. have used for their study the same mouse model as us. They have 

observed in RECQL4-deficient mice a decreased number of blood cells, attributed to 

the higher number of senescent bone marrow cells, as revealed by SA-βGal 

(Senescence-Associated-beta-Galactosidase) staining, p21 expression and 

quantification of DNA damage foci545. It is therefore surprising that we did not see any 

sign of increased senescence in our Recql4-/--derived cells. 

The absence of the reliable and accurate markers makes senescence detection 

difficult and uncertain. For example, transient DNA damage induces the expression of 

p21 leading to a reversible cell cycle pause that provides time for DNA repair597. 

Therefore, even simultaneous presence of the DNA damage and of high levels of p21 

does not necessarily mean that the cell is senescent. Moreover, the most widespread 

senescence marker, the SA-βGal activity, is enriched in mature activated 

macrophages and osteoclasts598,599 potentially found among bone marrow cells. This 

enzymatic activity is also high when cells are maintained at confluence for prolonged 

periods600. 
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Although it cannot be formally ruled out that there are more senescent bone cell 

precursors in Recql4-/- mice than in Recql4+/- mice, several of our observations argue 

against it. Indeed, bone marrow cellularity was similar in the mutant and the control 

mice (submitted manuscript, Figure 5A). Moreover, the flow cytometry analysis of 

Recql4+/+, Recql4+/- and Recql4-/- marrow cells (2 mice per genotype) did not reveal 

significant difference in numbers of any hematopoietic or mesenchymal cell types (not 

shown). CFU-assay results also led to the conclusion that the frequency of 

mesenchymal progenitors was comparable in Recql4+/- and Recql4-/- mice (submitted 

manuscript, Figure 6A). Pre-osteoblasts isolated from control or mutant mice exhibited 

similar proliferation rates (submitted manuscript, Figure 6B). And, although SA-βGal 

activity was generally high in our ex vivo osteoblast and bone marrow cell cultures 

(derived from 60-weeks old mice), it was equally high in Recql4+/- and Recql4-/- cells 

(not shown). Finally, according to the proteomic analysis of the mineralized matrices 

(appendix 2), we do not see any accumulation in the Recql4-/- ECM of the secreted 

senescence markers, such as the plasminogen activator inhibitor type-1 (Serpine1, FC 

0.96)601,602 and IGFBP3 (insulin like growth factor binding protein 3, FC 0.77)603,604. 

The difference with the study from Bohr laboratory545 may well be the cell types 

that we examined (cells of the osteoblastic lineage in our case versus fibroblasts and 

cultured primary bone marrow cells for Lu et al.), since senescence phenotype can be 

heterogeneous and, depending on the stress, could be triggered in certain cell types 

but not others605,606. Nevertheless, our investigations seem to rule out bone cell 

senescence as the cause of the premature skeletal aging in our model.  

 Our further research revealed that the differentiation and function of the 

osteoclasts was not activated by RECQL4 deficiency: neither by cell-autonomous 

mechanisms, nor via paracrine action of osteoblasts. And though the extracellular 



Results: part 1 - Discussion 
 

177 
 

matrices produced ex-vivo by the Recql4-/- osteoblasts were less mineralized than 

those synthesized by Recql4+/- osteoblasts, the difference did not reach statistical 

significance. However, the observed trend indicated a possible alteration of the 

Recql4-/- osteoblast secretion, the hypothesis that got further support from the analysis 

of Recql4-/- ECM. 

Indeed, based on the AFM analysis, the organic part of the Recql4-/- ECM is 

more rigid compared to the control ECM, despite equal amounts of collagen deposited 

by the osteoblasts of both genotypes. Several mechanisms could account for the 

matrix stiffening, one of them being the increased number of collagen crosslinks607. 

These can form via two mechanisms: either through enzymatic reaction mediated by 

lysyl oxidases (LOX) or through spontaneous glycation leading to AGE (Advanced 

Glycation End-products)313. At the same time, proteomic analysis of mineralized ECM 

in our model shows an over-abundance of the LOX4 enzyme in mutant matrix, which 

could explain, at least partially, the increased rigidity of the Recql4-/- ECM. The small 

leucine-rich repeat proteoglycan Decorin (DCN), also over-represented in the 

Recql4-/- ECM, could be another stiffening factor, since it forms bridges between 

neighboring collagen fibrils and could serve as a molecular cross-linker608,609. 

The formation of AGE is mostly due to the presence of reducing sugars, such 

as glucose and fructose, and in vivo takes place over a period of weeks610. However, 

oxidative stress can accelerate the AGE generation611. We have detected similar levels 

of the ROS in Recql4+/- and Recql4-/- osteoclastic precursors (Figure 5B, submitted 

manuscript), but have not verified it in osteoblasts. Therefore, and despite the fact that 

our osteoblast cultures were maintained in identical conditions (implying equal amount 

of sugars in the medium), we cannot exclude that there might be a difference in AGE 

accumulation according to genotype. This remains to be verified experimentally. 
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A recent study suggests that modifications leading to a stiffer bone matrix could 

promote bone resorption612. This is consistent with our observation of larger bone 

perimeter covered by osteoclasts in RECQL4-deficient mice. Thereby altered rigidity 

of the ECM could be one of the mechanisms leading to the premature bone loss in our 

model. 

Another alteration of the Recql4-/- matrix revealed by proteomic analysis is the 

lack of two osteoblast chemoattractant molecules: pleiotrophin613 and SLIT326. This 

deficiency could result in diminished osteoblast recruitment to the remodeling sites, 

effect that would accumulate with that of increased resorption due to the rigidity of the 

matrix. 

  Taken together, our results suggest that RECQL4 dysfunction is associated with 

bone ECM alterations, even if underlying mechanisms remain to be clarified. One 

tantalizing possibility could be the role played by the multifunctional nucleic 

acid-binding protein YB1, over-abundant in mutant matrix (Appendix 2). YB1 

participates in DNA reparation, pre mRNA transcription and splicing, mRNA 

packaging, and regulation of mRNA stability and translation614. The study of Mo et al. 

demonstrated that physical interaction of RECQL4 and YB1 promotes phosphorylation 

and nuclear translocation of the latter615. Thereby the absence of functional RECQL4 

could lead to the cytoplasmic accumulation of the YB1. There, YB1 may affect cell in 

various ways. On the one hand, it can inhibit translation of multiple mRNAs616, possibly 

including those encoding proteins lacking in the Recql4-/- matrix. On the other hand, in 

the cytoplasm, YB1 is susceptible to the proteolytic cleavage associated with the stress 

response to DNA damage617 which could be a common occurrence in the 

RECQL4-deficient cells. Resulting proteolytic YB1 fragments can then reach the 

extracellular space618,619 or the nucleus, where they display biological activity distinct 
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from that of the full-length protein620,621, thus adding possibilities for modifying gene 

expression. For example, over-expression of the N-terminal YB1 fragment in the 

murine NIH3T3 cells has been shown to down-regulate the expression of decorin622, 

while the over-expression of the full-length YB1 in the human premalignant breast 

epithelial MCF10AT cells enhances decorin’s transcription and translation623. 

Full-length YB1 can also be secreted624,625, although its extracellular role is 

controversial, either mitogenic626 or anti-proliferative624, and possibly cell type 

specific618. The hypotheses involving the role of this protein in RECQL4-deficiency 

induced pathogenesis are numerous and have to be investigated in orderly fashion, 

starting probably with the precise identification of the extracellular YB1 found 

over-represented in the Recql4-/- matrix, followed by the analysis of YB1 intra- and 

extra-cellular distribution, before finally conducting functional studies of the YB1 effect 

on the bone cells in our model. 

In this study we have characterized the bone phenotype in mice with bi-allelic 

constitutive deletion of the Recql4 helicase domain. This mouse model, which shows 

accelerated bone loss reminiscent of age-related osteopenia, could be useful both for 

studying how altered DNA metabolism affects bone biology and for exploring new 

mechanisms governing normal bone aging. We have also demonstrated a 

senescence-independent modification of the Recql4-/- extracellular matrix and 

identified several mechanisms that could underlie accelerated bone loss induced by 

RECQL4 deficiency. I believe that my project opened up promising new avenues for 

research on the interaction between the ECM and bone cells. 

 



Results: part 2 
 

180 
 

RESULTS PART 2 

THE EFFECT OF NATURAL URANIUM ON THE 
OSTEOCLASTS. 

I. Publication 

“Natural uranium impairs the differentiation and the resorbing function of 

osteoclasts”……………………………………………………………….…181 - 193 

II. Manuscript in preparation 

“The effect of uranium-modified extracellular matrix on 

osteoclasts”…………………………………………………………......….194 – 225 

III. Discussion…………………………………………………………………...226 - 233 

 



Results: part 2-1 – Publication 
 

181 
 

I. PUBLICATION 



Results: part 2-1 – Publication 
 

182 
 

  



Results: part 2-1 – Publication 
 

183 
 

  



Results: part 2-1 – Publication 
 

184 
 

  



Results: part 2-1 – Publication 
 

185 
 

  



Results: part 2-1 – Publication 
 

186 
 

  



Results: part 2-1 – Publication 
 

187 
 

  



Results: part 2-1 – Publication 
 

188 
 

  



Results: part 2-1 – Publication 
 

189 
 

  



Results: part 2-1 – Publication 
 

190 
 

  



Results: part 2-1 – Publication 
 

191 
 

  



Results: part 2-1 – Publication 
 

192 
 

  



Results: part 2-1 – Publication 
 

193 
 

 



Results: part 2-1 – Publication 
 

193 
 

 



Results: part 2-2 – Manuscript in preparation 
 

192 
 

II. MANUSCRIPT IN PREPARATION “THE EFFECT OF URANIUM-MODIFIED EXTRACELLULAR 

MATRIX ON OSTEOCLASTS” 

1. Summary 

Uranium (U) is a naturally occurring radioactive element. Due to its low specific 
radioactive activity, the major hazard to human health results from the high chemical 
toxicity of uranium. Bone is the primary site of the long-term uranium retention in the 
body. However, to this date, the specific effects of this metal on bone cells and the 
bone matrix have not been fully explored. In our previous study, we reported for the 
first time that exposure to uranium in solution induces inhibition of osteoclastic 
differentiation and function in vitro. This effect was observed using either a cell line 
(RAW 264.7) or primary cells (bone marrow-derived macrophages) as osteoclast 
precursors and for uranium concentrations ranging from 2.5 μM (primary cells) or 5 μM 
(RAW 264.7) to 50 μM. The decrease in available precursor cells, as well as the 
reduced viability of mature osteoclasts appears to account for these effects of uranium. 
Moreover, we observed that SQSTM1/p62, a known regulator of osteoclast formation, 
accumulates in response to uranium exposure, suggesting that SQSTM1/p62 
dysregulation could contribute to uranium effects on osteoclastogenesis. 

In the following study, we continued our analysis of the consequences of 
uranium exposure on osteoclast behavior by examining, this time, the effect of uranium 
when it is bound to the bone matrix. To this end, two bone matrix models containing 
uranium have been developed: (1) synthetic inorganic resorbable substrates 
containing various amounts of adsorbed uranium, (2) “biological” matrices synthetized 
by an osteoblastic cell line cultured in the presence of different concentrations of 
uranium. The resulting matrices were first characterized using different approaches 
(ICP/MS, EXAF, SEM/EDX, TEM), then used as culture support for osteoclasts. 
Uranium quantification in both types of matrices as well as in culture supernatants 
during and after osteoclastic differentiation demonstrates, for the first time, that 
uranium incorporated into a mineralized matrix can be remobilized by osteoclastic 
resorption. In addition, our data suggest that remobilized uranium in solution in the 
culture medium has opposite effects on osteoclastic function depending on its 
concentration. While it inhibits resorption at concentrations above 5 μM, this process 
is stimulated at uranium concentrations of 0.25 and 0.5 μM. The underlying molecular 
mechanisms are under investigation.  

While the analysis of osteoclast behavior on both bone matrix models needs to 
be further consolidated, we already believe that these tools will be very useful for future 
work on the effect of uranium on bone cells, particularly in osteoblast/osteoclast co-
culture experiments.  
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2. Introduction 
Uranium is a naturally occurring radioactive heavy metal found in almost all 

rocks and soils. In most environmental systems, U is found in the oxidation state +VI 

as the uranyl ion UO22+ [referred as U(VI) hereafter]. It is widely used in various civil 

and military projects, which raises a problem of environmental pollution. As the specific 

radioactive activity of natural uranium is low, its toxicity is mainly due to chemical 

damage to target organs in the event of exposure (ATSDR, 2013). Regardless of the 

route of entry, uranium absorption is low and once uranium has reached the 

bloodstream it interacts with carbonate and proteins until it accumulates in its target 

organs, mainly the skeleton and the kidneys. In the skeleton, U(VI) can accumulate in 

a dose- and time- dependent manner (Arruda-Neto et al., 2004; Larivière et al., 2013) 

and can be retained for several years (ATSDR, 2013; Leggett, 1994). 

The affinity of uranium for phosphate, one of the two main constituents of bone 

mineral, has been proposed to explain this behavior (Neuman and Neuman, 1949). 

Since then, several studies have been conducted to examine the distribution of 

uranium in bone samples and have shown that uranium is rapidly fixed onto bone 

surfaces, preferentially on those undergoing active calcification (Bourgeois et al., 2015; 

Priest et al., 1982; Rodrigues et al., 2013) and become buried with time by the 

apposition of new bone (Ellender et al., 1995; Priest et al., 1982). However, to date, no 

mechanism explaining the biomineralization of uranium is formally accepted. This is 

probably related to the complexity of the bone matrix and the different types of chemical 

interactions that can occur between uranyl cations and the different mineral and 

organic components of the bone matrix (Vidaud et al., 2012). Among the mechanisms 

proposed in describing uranyl complexation to bone matrix, non-specific surface 

sorption of uranium onto apatite has been well documented (Arey et al., 1999; Fuller 
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et al., 2002, 2003; Simon et al., 2008). Co-precipitation of uranium with calcium and 

phosphate in the form of phosphate minerals such as autunite [Ca(UO2)2(PO4)2. nH2O] 

was also considered (Mehta et al., 2016; Ohnuki et al., 2004). The complexation of 

uranium to the organic part of the bone matrix was as well investigated. This organic 

matrix is composed of collagen fibrils (90%) and non-collagenous proteins (10%) that 

are secreted by bone cells or that originate from serum and become entrapped in the 

bone matrix (Boskey and Robey, 2013). Most non-collagenous proteins are involved 

in mineralization (Gorski, 2011). This is the case with Fetuin A and osteopontin, which 

are regulators of bone matrix mineralization and important systemic inhibitors of 

ectopic calcifications (Brylka and Jahnen-Dechent, 2013; Icer and Gezmen-Karadag, 

2018; Triffitt et al., 1976). These two proteins bind to calcium phosphate and have 

recently been shown to also have a high affinity for uranium which raises the possibility 

that uranium may be, at least in part, deposited in the bone via its binding to certain 

non-collagenous proteins (Basset et al., 2013; Qi et al., 2014). 

The impact of U(VI) on bone metabolism has been studied in vivo in several studies 

agreeing that acute or chronic exposure to U(VI) can lead to inhibition of bone 

formation (Bozal et al., 2005; Díaz Sylvester et al., 2002; Guglelmotti et al., 1985; 

Guglielmotti et al., 1984; Ubios et al., 1991; Wade-Gueye et al., 2012). In accordance 

with this observation, in vitro investigations have shown that U(VI) affects the viability 

and the function of osteoblasts, the cells responsible for bone construction, in particular 

by reducing their mineralization capacity (Milgram et al., 2008a; Pierrefite-Carle et al., 

2016; Tasat et al., 2007). More recently, we have also reported an effect of U(VI) on 

the function of osteocytes which are cells embedded in the bone matrix that are 

considered as the main regulators of bone remodeling (Hurault et al., 2019). 

Interestingly, our results suggest that in both osteoblasts and osteocytes, U(VI) exerts 
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its toxicity in part through its inhibition effect on autophagy, a major catabolic process 

(Hurault et al., 2019; Pierrefite-Carle et al., 2016). The third type of bone cells crucial 

for bone remodeling are osteoclasts, which are responsible for bone resorption. They 

are large multinucleated cells resulting from the fusion of hematopoietic precursor cells 

and are unique in their ability to solubilize both the mineral and organic components of 

the bone matrix. Autoradiographic and radiological analyses of rat bones that had 

undergone uranium injection led to the proposal that resorption contribute to the 

distribution of uranium in the skeleton as uranium could be resorbed from the bone 

surface, returned to the bloodstream and partially re-deposited in bone (Priest et al., 

1982). Conversely, few studies have examined the effect of U(VI) on bone resorption 

in vivo, using different rodent models, various uranium doses and administration 

routes, making it difficult to interpret the impact of uranium on bone resorption (Bozal 

et al., 2005; Fukuda et al., 2006; Ubios et al., 1991). Nevertheless, these in vivo 

investigations have led to the proposal that uranium could promote resorption. At the 

cellular level, we have recently demonstrated that 5 μM of U(VI), in solution in the 

culture medium, is sufficient to strongly inhibit osteoclastic resorption due to an 

impairment of osteoclast formation and survival (Gritsaenko et al., 2017). The 

mechanism underlying the apparent discrepancy between the in vivo and in vitro effect 

of U(VI) on resorption may be related to the complexity of the interactions involving 

uranium, organic and mineral matrix components and bone cells. To better understand 

these interactions, we decided to examine the effect of U (VI) embedded in the 

matrices, on the behavior and function of osteoclasts. To do this, we used a synthetic 

hydroxyapatite matrix as well as a "biological" matrix synthesized by a tumor osteoblast 

cell line in vitro. These two supports were compared and also used to determine if 
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osteoclasts are able to remobilize the uranium trapped in the matrix via resorption, 

which has never been formally demonstrated. 

3. Materials and methods 

A. Uranium exposure 

Uranium solutions were prepared extemporaneously in conditions allowing the control 

of uranium speciation in exposure cell culture media, as previously described 

(Gritsaenko et al., 2017, 2018). 

B. Cell culture 

The SAOS-2 cell line and the mouse monocyte/macrophage cell line RAW 264.7 were 

purchased from American Type Culture Collection. SAOS-2 cells were cultured as 

described by Lutter et al. (2010) with some modifications (Lutter et al., 2010). Briefly, 

SAOS-2 cells were maintained in McCoy's 5A medium without phenol red (HyClone, 

Thermo Fisher Scientific) supplemented with 15% heat-inactivated fetal bovine serum 

(Biowest) and antibiotics (100 IU/mL penicillin, 100 μg/mL streptomycin, Sigma-

Aldrich). RAW 264.7 cells were maintained in Dulbecco’s modified Eagle medium 

(DMEM, Lonza) supplemented with 5% HyClone serum (HyClone, Thermo Fisher 

Scientific) and antibiotics (100 IU/ml penicillin and 100 μg/ml streptomycin, Sigma-

Aldrich). Cells were grown in 75 cm2 flasks and passed by mechanical scrapping. 

C. Biomimetic matrices 

24-well Osteo assay plates that provide a synthetic inorganic bone mimetic surface 

(Corning Life Science, #3987) were incubated at 37°C with MEM medium (1ml/well) 

containing the indicated concentration of U(VI). After 48 hours, the medium was 

discarded and the plates were used directly either for U(VI) quantification or for 

osteoclastic differentiation and resorption assays. 
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For matrix production, 20,000 SAOS-2 cells/well/ml of complete McCoy's 5A medium 

were seeded in 24-well culture plates. When the confluence reached 90%, growth 

medium was replaced by differentiation medium (α-MEM, 10% heat-inactivated FBS, 

300 μM ascorbic acid, 10 mM β-glycerol phosphate) containing either 0, 0.5, 1 or 2 μM 

U(VI). Culture medium without or with U(VI) was changed on days 3, 5 and 7 of culture. 

On day 10, the resulting matrices were decellularized with 20 mM NH4OH for 10 min. 

at room temperature, then treated with DNase I (1 mg/ml in α-MEM) for 15 min. at 

37°C, rinsed in α-MEM medium and immediately used either for U(VI) quantification or 

for osteoclastic differentiation and resorption assays. 

D. Osteoclast generation, TRAP staining and pit resorption assays 

Osteoclastic differentiation and resorption were analyzed as described before 

(Gritsaenko et al., 2017, 2018) except that RAW 264.7 pre-osteoclastic cells were 

seeded at a density of 5000 cells/cm2 on synthetic apatite matrices (osteo assay 

plates) and a density of 20,000 cells/cm2 on matrices produced by SAOS-2 cells. 

E. Scanning electron microscopy 

For scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy 

(EDX), cellularized samples were fixed in a 1.6 % glutaraldehyde solution in 0.1 M 

sodium phosphate buffer (pH 7.4) at room temperature for 1 hour and then stored at 

4°C. After three rinsing in distilled water, samples were dehydrated in a series of 

ethanol baths (70%, 96 %, 100% three times, 15 min each). After a final bath in 

hexamethyldisilazane (HMDS, 5 minutes), samples were left to dry overnight. 

Decellularized samples were left to dry without fixation. Samples were then mounted 

on SEM stubs with carbon tape and silver paint. For SEM imaging, samples were 

coated with platinum (3 nm) prior to observations with a Jeol JSM-6700F SEM at an 
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accelerating voltage of 3 kV. For EDX analyses, sample were carbon coated and 

analyses were carried with a Tescan Vega3 XMU scanning electron microscope 

(TESCAN FRANCE, Fuveau, France) equipped with an Oxford X-MaxN 50 EDX 

detector (Oxford Instruments, Abingdon, U.K.) with a 20kV accelerating voltage. EDX 

data were processed with the Aztec software (version 3.1, Oxford Instruments). 

F. Transmission Electron Microscopy 

Samples were fixed with 1.6% Glutaraldehyde in 0.1 M phosphate solution immediately 

after medium removal. Cells were rinsed with 0.1 M cacodylate buffer and post-fixed 

for 1 h in the same buffer containing 1% osmium tetroxide. After rinsing with distilled 

water and progressive dehydration with increasing ethanol concentration solutions, 

cells were embedded in epoxy resin. Ultrathin sections (70 nm) were realized and put 

on Formvar-coated copper grids. Grids were stained with uranyl acetate and lead 

citrate before examination of sections with a Jeol JEM 1400 transmission electron 

microscope equipped with a SIS MORADA camera. 

G. ICP/MS analysis 

Culture supernatants were acidified with nitric acid (HNO3) and stored at -20°C 

until ICP/MS analysis. Synthetic and biological matrices were dried at room 

temperature and rinsed 3 times using 65% concentrated HNO3 (3 x 1 ml). Each solution 

was evaporated to dryness on a hotplate after being heated to 120°C during 3-4 h and 

re-dissolved into a HNO3 solution at pH 1. 

After appropriate dilution in HNO3 1%, samples were injected via a peristaltic pump 

equipped with Tygon tubing at 400 μL/min flow rate and nebulized by means of a 

microconcentric nebulizer. Quantification was performed by inductively coupled 

plasma mass spectrometry (ICP-MS; 7700, Agilent Technologies; Santa Clara, CA, 
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USA) at m/z = 238. ICP conditions were the following: nebulization gas flow rate: 1 L 

min−1, dilution gas flow rate: 0.1 L/min, plasma gas flow rate: 15 L/min, auxiliary gas 

flow rate: 1 L/min. Plasma power was set to 1550 W. Other parameters were adjusted 

to both maximize the analyte signal and minimize oxide and doubly charged ions 

formation. The standard curve (0.4 to 40 nmol/L of U) was prepared from the 

PlasmaCAL standard (U 1000 μg/mL, SCPscience; Courtaboeuf, France). The 

detection limit calculated by the MassHunter software was 0.01 nmol/L. Each sample 

was measured in triplicate. Between analyses, the system was rinsed for 30 s with 

HNO3 1% and 30 s with ultrapure water and a blank (HNO3 1%) was injected to control 

the absence of any memory effect. 

H. Extended X-Ray Absorption Fine Structure Analysis 

EXAFS experiments at U LIII-edge were performed on the MARS beam line at the 

SOLEIL synchrotron facility (2.75 GeV; 400 mA), which is the French bending magnet 

beam line dedicated to the study of radioactive materials (Sitaud et al., 2012). All the 

measurements were recorded in fluorescence mode using a 13-element high purity 

germanium solid-state detector. Data were processed with the Athena code (Ravel and 

Newville, 2005). The extracted EXAFS signal was fitted in R space, using theoretical 

models, by use of the Artemis code (Ravel and Newville, 2005). In all the fits, only one 

global amplitude factor and one energy threshold factor were considered for all the 

scattering contributions. Hanning windows with k2 [2.8; 11.5 Å-1] and fitting range with 

R [1.0; 5.0 Å] were selected. Phases and amplitudes were calculated with Feff9 code 

(Rehr et al., 2010) using the crystal structure of uranyl phosphate 

Ca[(UO2)(PO4)]2(H2O)11 (Locock and Burns, 2003). The first two single scattering paths 

correspond to the 2 axial oxygen atoms Oax and to the equatorial oxygen atoms Oeq. 

Additional single scattering path corresponding to phosphorous (U…P) was also added 
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to account for the third coordination shell. Several multiple scattering paths were also 

needed: triple and quadruple paths involving axial (U…Oax…U…Oax), and equatorial 

oxygens (U…P…Oeq), (U…Oeq…U…Oeq) and (U…Odistal…Oeq). During the fit 

procedure, the total coordination number (N) of the oxygen atoms was fixed to 2 (axial) 

+ 5 (equatorial) as the usual coordination mode for uranyl. Only one global amplitude 

factor S02 and one energy threshold factor e0 were used for all paths. The r-factor (in 

%) and quality factor χi2/n of the fit are both provided as an indication of fit quality in the 

R space. 

I. Statistical analysis 

Statistical analyses were performed with Prism 7.00 (GraphPad Software). Due to the 

size of the samples we used non-parametric approaches. Data were submitted to 

Kruskal-Wallis or two-way analysis of variance (ANOVA), as indicated, with the two-

stage step-up method of Benjamini, Krieger and Yekutieli to control the false 

discovery rate. 
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4. Results 

The synthetic apatite matrix model 

Since our objective was to determine the consequences of the presence of 

uranium in a mineralized extracellular matrix on the behavior of osteoclasts, obtaining 

mineralized matrices containing uranium was a prerequisite. The first model we used 

was a commercially available synthetic surface made of an inorganic crystalline 

calcium phosphate (COAS for Corning Osteo-Assay Surface) (Faruqi et al., 2011) that 

is usually used to assess osteoclast and osteoblast activity in vitro (Abdelmagid et al., 

2015; Gigliotti et al., 2016; Gritsaenko et al., 2017). 24-well COAS plates were 

incubated for 48 hours with alpha-MEM medium containing concentrations of uranyl 

acetate ranging from 0 to 100 μM. The medium was then removed and the amount of 

U(VI) retained on the synthetic surface was measured by ICP/MS. Fig 1A shows that 

U(VI) in culture medium was successfully retained on the calcium phosphate layer and 

that the amount of adsorbed uranium increased with the initial concentration of U(VI) 

in the culture medium. However, the fraction of uranium retained decreased with 

increasing U(VI) concentrations. 

To define the speciation of uranium in the inorganic calcium phosphate coating, 

the EXAFS spectrum of these synthetic matrices exposed to a solution of 100 μM U(VI) 

for 48 h was recorded at the U LIII edge and compared with the EXAFS spectrum of a 

pure autunite sample [Ca(UO2)2(PO4)2(H2O)11]. Autunite is the most stable form among 

uranyl phosphates and it is also very similar to the uranyl phosphate phase identified 

into osteoblastic and osteocytic cells exposed to uranium (Hurault et al., 2019; 

Pierrefite-Carle et al., 2016). The EXAFS experimental spectrum and corresponding 

Fourier transform are shown in Fig. 1B and the best parameters of the fit are presented 

in Table S1. In short, in the synthetic matrix metal coordination sphere consists of 2 
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Oax at 1.83 Å, 5 Oeq at 2.39 Å and 1.6 P at 3.64 Å and in the case au autunite powder 

the distances are 1.80 Å for the Oax, 2.32 Å for the Oeq and 3.61 Å for the phosphorus 

atoms. These data indicate that the phase on synthetic apatite matrix contaminated 

with U(VI) is a uranyl phosphate phase in which the U local structure resembles that in 

the autunite phase. However, U-Oeq distances are slightly greater in the synthetic 

matrix sample than in autunite crystalline powder which suggests a weak interaction of 

uranium with apatite. 

Osteoclast behavior on synthetic U(VI)-containing matrices 

The next step was to determine whether the presence of U(VI) in matrices can 

affect osteoclastic differentiation. For this purpose, we prepared several sets of 

synthetic matrices exposed to increasing concentrations of U(VI) (0, 5, 10, 25, 50 and 

100 μM). After U(VI) quantification in these sets of matrices we have chosen those 

containing amounts of U(VI) ranging from approximately 0.16 to 1 μg. We made this 

choice to have U amounts in these synthetic matrices comparable to those found in 

the biological matrices we had prepared in parallel (see Fig. 5D). RAW 264.7 cells 

were seeded on synthetic matrices containing between 0 and 1 μg U(VI) as indicated 

in Fig. 2B. After 4 days of culture in differentiation condition (i.e. in the presence of 

RANKL), the formation of osteoclasts was evaluated. As expected, in control condition 

(Fig. 2A, [U(VI)] = 0 μM), RAW 264.7 cells formed osteoclasts, defined as cells having 

more than 3 nuclei and positive for tartrate-resistant acid phosphatase (TRAP) activity 

staining. In the presence of 1 μg U(VI) in the matrix (Fig. 2A, [U(VI)] = 100 μM), no 

obvious difference was observed compared to the control condition. However, it should 

be noted that to date, precise quantifications of the number and size of osteoclasts 

obtained under the various conditions have yet to be made to confirm this first 

impression. We then analyzed the impact of U(VI) on osteoclast resorption activity. Fig. 
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2B shows the quantification of resorbed synthetic matrix surfaces as a function of the 

amount of U(VI) in these matrices. Surprisingly, we observed a significant stimulation 

of resorption compared to the control condition in the case of matrices previously 

exposed to 5 or 10 μM U(VI) and containing on average 0.16 and 0.24 μg U(VI), 

respectively. For higher amounts of U(VI) in matrices (0.45, 0.75 and 1 μg) no 

significant effect were detected when compared to the condition without U(VI). 

U(VI) release from synthetic matrices 

We then evaluated the distribution of U(VI) between the culture medium and 

matrices during the 4 days of cell culture according to the protocol presented in Fig. 

3A. Since one of our objectives was to determine whether part of U(VI) could be 

remobilized in the culture medium via osteoclastic resorption, the cultures were made 

in the absence of RANKL, therefore in the absence of resorbing cells or in the presence 

of RANKL, therefore in the presence of resorbing osteoclasts. It is important to note 

that the majority of the resorption occurs between culture days 3 and 4, i.e. after the 

change of culture medium that occurs at the beginning of day 3.  

The histogram presented in Fig. 3B shows the U(VI) found in the culture medium 

at D3 and D4 as a percentage of the U(VI) present in the initial matrices. After 3 days 

of culture (D3 supernatants), a large part of U(VI), 49 to 70% depending on the 

conditions, was found released into the culture medium whether or not RANKL was 

present, which indicated that U(VI) adsorbed on synthetic apatite was massively and 

passively released into the medium during this culture period. Over the next 24 hours 

(D4 supernants) 6 to 7.5% of U(VI) were measured in the culture medium under 

conditions without RANKL while this percentage was higher (9 to 13%) under all 

conditions tested in the presence of RANKL. The statistical analysis of the quantities 

of U(VI) present in D3 and D4 supernatants (box-and-whisker plots, Fig. 3C) further 
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highlighted the significance of the difference observed at D4 as a function of the 

presence of RANKL in the culture medium, whereas the presence of this cytokine did 

not impact the quantity of U(VI) found at D3. All these observations strongly suggested 

that part of the U(VI) adsorbed on synthetic apatite matrices was remobilized by 

osteoclastic resorption, which occurs only in the presence of RANKL and only after 3 

days in our culture conditions. This was confirmed by the quantification of U(VI) in the 

final matrices which showed that all those maintained in culture in the presence of 

RANKL tend to contain less U(VI) than the others (Fig. 3D). This trend observed under 

all tested conditions became significant for matrices containing the most U(VI) (0.75 

and 1 μg). 

Effect of low U(VI) concentration in the culture medium on osteoclastic 
resorption  

We observed that osteoclastic resorption was stimulated when the synthetic 

matrices contained between 0.16 and 0.24 μg U(VI) (Fig.2B). We also knew from the 

assays presented in Fig. 3B that when these matrices were maintained in culture, the 

U(VI) concentration in the culture medium could reach 0.35 and 0.57 μM, respectively, 

at D3 (Table S2), due to passive remobilization of the adsorbed U. We therefore 

wondered if the resorption stimulation we were observing could be due to U(VI) in 

solution. RAW 264.7 cells were seeded on synthetic matrices in the presence of 

RANKL and increasing concentrations of U(VI) from 0 to 5 μM, 5 μM being a 

concentration for which we had already reported resorption inhibition and analyzed 

resorption (Gritsaenko et al., 2017). In doing so, we observed that U(VI) concentrations 

of 0.25 and 0.5 μM could stimulate resorption, that 1 and 3 μM U(VI) had no effect and 

that, as expected, 5μM U(VI) caused significant resorption inhibition (Fig.4). These 

results suggested that the stimulation of resorption observed by using matrices 
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containing 0.16 and 0.24 μg U(VI) may actually be due to U(VI) in solution. These 

results could also explain why matrices containing 0.45, 0.75 and 1 μg U(VI) did not 

have a significant impact on resorption (Fig. 2B). Indeed, the use of these matrices 

resulted in the presence of 1, 1.8 and 3μM U(VI) in D3 supernatants (Table S2), 

concentrations which, according to the work presented in Fig. 4, did not appear to have 

an impact on resorption. Taken together, the work carried out with synthetic matrices 

shows for the first time that osteoclasts are able to resorb adsorbed U(VI) on an apatite 

layer and that low concentrations of remobilized U(VI) in solution are able to stimulate 

osteoclast activity. 

The biological SAOS-2 matrix model  

In order to be closer to the physiological conditions, a second model has been 

developed which consists of culturing an osteoblastic cell line (SAOS-2) in the 

presence of low U(VI) concentrations and under conditions that allow the production of 

a bone mineralized extracellular matrix. By doing so, we have obtained extracellular 

matrices that we have characterized by several microscopy techniques. SEM analyses 

(Fig. 5A) showed that SAOS-2 synthesize a thin matrix on which globular structures 

are distributed. This architecture and, in particular, the frequency, size and shape of 

these globular structures did not seem to be affected by the presence of U(VI) (0.5 to 

2 μM) during the synthesis phase, as illustrated by the representative images shown 

in Fig. 5A. Energy dispersive X-ray (EDX) analysis was used to identify the elemental 

composition of the globular structures (Fig. 5B) and showed, as expected, the 

presence and co-location of calcium (Ca) and phosphorus (P) in these structures, 

indicating that these « globules » actually correspond to the CA/P deposits produced 

by SAOS-2 cells. However, this technique was unable to detect U(VI) in these 

mineralization foci (Fig. 5B, right panel) or in the non-mineralized part of the SAOS-2 
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matrix. The transmission electron microscopy analysis showed the presence under 

both conditions of collagen fibrils recognizable by their band configuration (Fig. 5C). 

Taken together, these observations showed that, under our experimental conditions, 

SAOS-2s were capable of synthesizing an organic and mineralized extracellular matrix 

and that this process did not appear to be affected by the presence of 2 μM U(VI) in 

the culture medium. 

U(VI) could not be detected by EDX in SAOS-2 matrices. To overcome a 

possible sensitivity problem and also because we wanted to compare the amount of 

U(VI) present in the synthetic and biological matrices using the same technique, we 

measured the U(VI) incorporated in the SAOS-2 matrices by ICP/MS (Fig. 5D). These 

assays showed that up to 1 μg U(VI) can be incorporated into a matrix synthesized by 

SAOS-2s in a well of a 24-well plate. This incorporation was highly reproducible and 

increased linearly with the amount of U(VI) present in the culture medium during matrix 

synthesis. The EXAFS analyses of biological matrix synthetized in the presence of 2 

μM U(VI) was also performed and the resulting EXAFS spectrum (Fig. 5E) indicates 

the presence of a uranyl phosphate phase very similar to that of autunite. Moreover, 

the bond distances are closer to those of the autunite phase when compared to those 

found in the case of synthetic matrix samples (Table S2). This observation suggests 

that U(VI) is more tightly bound to the biological matrix than to the synthetic matrix. 

Osteoclast behavior on biological U(VI)-containing matrices 

Biological matrices prepared from SAOS-2 cell culture were decellularized and 

used to analyze osteoclast differentiation and resorption, as a function of the amount 

of U(VI) incorporated. We did not notice any obvious effect of U(VI) on either the 

number or size of osteoclasts (Fig. 6A). Nevertheless, here again, quantitative 

analyses remain to be done to confirm this observation. When we analyzed the function 



Results: part 2-2 – Manuscript in preparation 
 

207 
 

of osteoclasts, we found a low resorption rate (Fig. 6B) compared to that obtained on 

synthetic matrices (Fig. 2B) and a high inter and intra-experimental variability that we 

do not explain at this time, even if we consider the possibility that it is related to the 

treatments carried out for decellularization. In any case, all the experiments carried out 

did not reveal any effect of the U(VI) incorporated in the matrices on resorption 

efficiency. 

U(VI) release from biological matrices 

We then evaluated the distribution of U(VI) between the culture medium and 

matrices according to the protocol presented in Fig. 3A, with one difference, which is 

that the culture lasted 5 days and not 4 and that, therefore, U(VI) was measured in 

culture supernatants from days 3 (D3) and 5 (D5) instead of days 3 and 4. The bar 

graph in Fig. 7A shows U(VI) found in D3 and D5 supernatants as a percent of the 

U(VI) measured in the initial matrices. We first noticed that the percentage of U(VI) 

remobilized in the culture medium, under all tested conditions (D3, D5 ± RANKL), was 

at least 10 times lower than that obtained with synthetic matrices. Moreover, contrary 

to what was found with synthetic apatite matrices, the % U(VI) released differs only 

slightly between D3 and D5. These observations highlight the difference between our 

two matrix models and agree with the EXAFS data, since they suggest that the 

association of U(VI) with the matrix is much weaker in synthetic matrices than in SAOS-

2 biomineralized matrices. Nevertheless, as in the case of synthetic matrices, the 

presence of RANKL appeared to be associated with an increase in U(VI) release 

(Fig. 7A). This was confirmed by statistical analysis of the quantities of U(VI) present 

in D5 supernatants (Fig. 7B). In the presence of RANKL, D3 supernatants tended also 

to contain more U(VI) compared to control samples, though without reaching 

significance (data not shown). Likewise, the amount of U(VI) present in the final SAOS-
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2 matrices did not show statistically significant differences as a function of the absence 

or presence of RANKL in the culture medium (Fig. 7C). However, as can been seen in 

the box plot, the matrices with the lowest U(VI) initial content (0.28 and 0.5 μg 

U(VI)/well) tend to contain less U(VI) after 5 days of culture in the presence of RANKL. 

It should be noted that the low significance of these results is probably correlated with 

the low resorption efficiency obtained with SAOS-2 matrices. Although our data must 

be consolidated, they suggest that part of the U(VI) incorporated in mineralized 

extracellular biological matrices could be released into the culture medium via 

osteoclastic resorption. 

TEM analysis of osteoclasts that have resorbed U(VI)-containing 
biological matrix  

Using transmission electron microscopy, we then analyzed osteoclasts that 

have resorbed biological matrices containing either 0 or 1 μg U(VI). In 100% of 

osteoclasts formed on matrices with U(VI) that we have examined, we noticed one 

(Fig. 8A) or several large vesicles (Fig. 8B) containing isolated needle-like structures. 

No equivalent observations were made when we examined osteoclasts formed on 

matrices without U(VI). In addition, vesicles with the same content have not been 

observed on osteoclasts formed on synthetic matrices containing or not U(VI). These 

observations suggest that vesicles with such content are specific to osteoclasts that 

have resorbed mineralized organic matrices containing U(VI). However, the presence 

of U(VI) in these organelles remains to be verified. In addition, although these 

structures have some characteristics reminiscent of autophagic vesicles (Fig. 8C) - 

which are large double-membrane vesicles enclosing cytoplasmic components 

targeted for degradation -, their precise nature remains to be determined. 
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5. Figures 

Figure 1 

Fig. 1: U(VI) in synthetic apatite matrix. (A) 24-well COAS plates were 

incubated for 48 hours with alpha-MEM medium (1 ml / well) containing the indicated 

concentrations of uranyl acetate. U(VI) retained on matrix was quantified by using 

ICP/MS. Data represent the mean ± SD obtained of 5 independent experiments each 

performed in duplicate or triplicate. (B) (left panel) Experimental (straight line) and 

adjusted (dots) EXAFS spectra at the U LIII edge of U(VI)-synthetic matrix. The 

experimental EXAFS spectrum of autunite model is also shown for comparison; (right 

panel) corresponding Fourier transforms.  
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Figure 2 
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Fig. 2: Osteoclasts behavior on synthetic matrices containing U(VI). RAW 264.7 

cells were cultured with RANKL onto synthetic apatite matrix, prepared in the presence 

of the indicated concentration (μM) of U(VI) and containing, on average, the indicated 

amount (μg / well) of U(VI). (A) Representative micrographs of TRAP-positive 

osteoclasts (> 3 nuclei) obtained after 4 days of culture on synthetic matrix in the 

absence or presence of U(VI). (B) Resorptive activity of osteoclasts was determined. 

After 4 days, osteoclasts were removed and non-resorbed area were evaluated using 

ImageJ processing of images from each well. Representative processed images of 

resorbed synthetic matrix are shown (resorbed area is in black). A box plot 

representation shows minima, first quartile, median, third quartile and maxima of the 

relative quantification of resorbed area from 4 independent experiments with median 

resorbed area in control condition as 100%. P values were calculated using the 

Kruskal-Wallis test corrected for multiple comparisons by controlling the false 

discovery rate with the Benjamini, Krieger, and Yekutieli test. ** p<0.01, ns: non 

significant. 
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Fig. 3: U(VI) release from synthetic matrices. (A) Schematic illustration of the 

protocol. Series of synthetic containing different amounts of U(VI) were prepared. A 

part of them were used for initial U quantification (initial ECM) and another part was 

seeded on day 0 (D0) with RAW 264.7 cells in the absence or presence of RANKL. On 

day 3 (D3), culture supernatants (supernatant D3) were harvested and the cells were 

refed with fresh medium. On day 4, the culture medium was again collected (D4 

supernatants), the matrices were de-cellularized and subjected to U quantification 

(final ECM). (B) A bar graph shows the release of U(VI) in culture D3 and D4 

supernatants as the percent of U(VI) contained in initial matrices (C) Box plot 

representations show the quantification of U(VI) in D3 and D4 supernatants of synthetic 

matrix cultures, according to the presence of RANKL. Data are from 3 independent 

experiments. (C) Box plot representation of the quantification of U(VI) remaining in 

synthetic matrices at the end of the culture and after decellularization. Data are from 3 

independent experiments. P values were determined using two-way analysis of 

variance (ANOVA) with two-stage step-up method of Benjamini, Krieger, and Yekutieli 

to control the false discovery rate. *p <0.05; ***p <0.001; ****p <0.0001 ns, not 

significant. 
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Figure 4 

Fig. 4: Effect of low U(VI) concentrations in culture medium onto resorptive 

activity. RAW 264.7 cells cultured in the presence of the indicated concentrations of 

U(VI) were treated with RANKL to induce differentiation. After 4 days, osteoclasts were 

removed and resorption evaluated. Representative images of resorbed synthetic 

matrix and a box plot representation of the relative quantification of resorbed area from 

4 independent experiments are shown. P values were calculated using the Kruskal-

Wallis test corrected for multiple comparisons by controlling the false discovery rate 

with the Benjamini, Krieger, and Yekutieli test. ** p<0.01, * p<0,05; ns: non significant. 
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Fig. 5: U(VI) in biological SAOS-2 matrix. (A) Representative scanning electron 

micrographs of decellularized SAOS-2 matrix synthetized in the absence (left panel) 

or in the presence (right panel) of U(VI) in the culture medium. (B) Higher magnification 

of globular-shaped structures found in SAOS-2 matrix in the absence of presence of 

U(VI). X-ray microanalyses indicating calcium and phosphate composition of these 

structures are shown. (C) Transmission electronic images showing, in both conditions 

(0 and 2 μM [U(VI)], collagen fibrils (black arrow heads) with their characteristic 

banding pattern. (D) SAOS-2 matrices produced in the presence of indicated 

concentrations of U(VI) (0, 0.5, 1 and 2 μM) were decellularized after a 10-day culture 

period and U(VI) incorporated therein was quantified using ICP/MS. Data represent 

the mean ± SD of 4 independent experiments, each performed in duplicate or triplicate. 

(E) (left panel) Experimental (straight line) and adjusted (dots) EXAFS spectra at the 

U LIII edge of U(VI)-biological matrix shown with the experimental EXAFS spectrum of 

autunite model; (right panel) corresponding Fourier transforms. 
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Figure 6 
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Fig. 6: Osteoclasts behavior on SAOS-2 matrices containing U(VI). 

RAW 264.7 cells were cultured with RANKL onto decellularized SAOS-3 extracellular 

matrix, prepared in the presence of the indicated concentration (μM) of U(VI) and 

containing, on average, the indicated amount (μg/well) of U(VI). (A) Representative 

micrographs of TRAP-positive osteoclasts (> 3 nuclei) obtained after 5 days of culture 

in the absence or presence of U(VI). (D) Representative processed images of resorbed 

biological SAOS-2 matrix are shown (resorbed area is in black). A box plot 

representation shows the relative quantification of resorbed area from 5 independent 

experiments with median resorbed area in control condition as 100%. P values were 

calculated using the Kruskal-Wallis test corrected for multiple comparisons by 

controlling the false discovery rate with the Benjamini, Krieger, and Yekutieli test. 

** p<0.01, ns: non significant. 
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Figure 7 
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Fig. 7: U(VI) release from SAOS-2 extracellular matrices. Decellularized 

SAOS-2 matrices containing different amounts of U(VI) were prepared. They were 

used for initial U quantification or was seeded with RAW 264.7 cells in the absence or 

presence of RANKL. On day 3 (D3), culture supernatants (supernatant D3) were 

harvested and the cells were refeeded with fresh medium. On day 5 the culture medium 

was again collected (D5 supernatants), the matrices were de-cellularized and 

subjected to U quantification (final ECM). (A) A bar graph shows the release of U(VI) 

in D3 and D5 supernatants as the percent of U(VI) contained in initial matrices. (B) The 

box plot shows U(VI) quantification in D5 supernatants of SAOS-2 matrix cultures, 

according to the presence of RANKL. Data are from 2 independent experiments. (C) 

The box plot presents the quantification of U(VI) remaining in SAOS-2 matrices at the 

end of the culture and after de-cellularization. Data are from 3 independent 

experiments. P values were determined using two-way analysis of variance (ANOVA) 

with two-stage step-up method of Benjamini, Krieger, and Yekutieli to control the false 

discovery rate. **p <0.01; ***p <0.001 ns, not significant. 
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Figure 8 

Fig. 8: Transmission electron microscopy of osteoclasts on a U-

containing SAOS-2 matrix. Representative images of osteoclast with one (A) or 

several (B) vesicles (white arrows) containing needle-like structures (black arrows) are 

shown (C) Higher magnification showing the double membrane structure (white arrow 

head) of a vesicle containing needle-like structure, which is reminiscent of the double-

membrane delimiting autophagic vesicles.  
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6. Supplementary data 
 

 

samples path and distance 

(Å) 

σ2 (Å2) ΔE0 (eV); Amp 

U(VI)- synthetic matrix 

 

(2.97; 2.45)a 

2 Oax at 1.83(4) 

5 Oeq at 2.39(3) 

1.6 (1) P at 3.64(1) 

0.0032 

0.011 

0.0001 

1.21; 2.28 

U(VI)- Saos-2 matrix 

 

(3.10; 18.72)a 

2 Oax at 1.81(3) 

5 Oeq at 2.32(x) 

1.6 (1) P at 3.59(0) 

0.0068 

0.0163 

0.0099 

1.51; -2.44 

U(VI)- Autunite 

 

(2.49; 45.29)a 

2 Oax at 1.80(x) 

4 Oeq at 2.32(x) 

4 P at 3.61(x) 

0.0042 

0.0110 

0.0081 

1.10; 0.94 

 

aRefers to (r %; 2/n) where r is the R factor of the fit in % and 2/n is the reduced quality 

factor of the fit. 

Table S1 Best fit metrical parameters for the EXAFS spectra. σ2 is the Debye 

Waller factor and N is the degeneracy of the path. Amp and ΔE0 are the global 

amplitude factor and energy threshold of the fit. Numbers in italics have been fixed or 

linked, errors are given in brackets. 
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[U(VI)] in culture supernatant (μM) 

Day 3 Day 4 

[U(VI)] in 

exposure 

medium (μM) 

Average amount of 

U(VI) in initial matrix 

(μg) 

without 

RANKL 
with RANKL 

without 

RANKL 
with RANKL 

5 0,16 0,32 0,34 0,04 0,05 

10 0,24 0,59 0,57 0,06 0,09 

25 0,45 1,13 1,13 0,13 0,23 

50 0,75 1,80 1,92 0,18 0,33 

100 1 2,95 2,97 0,26 0,41 

 

Table S2 Uranium concentrations in culture supernatants of synthetic matrices at 
days 3 and 4 were calculated based on ICP/MS quantification. 

 

  



Results: part 2-2 – Manuscript in preparation 
 

226 
 

7. Discussion 

Since U(VI) accumulates in the skeleton where it can be stored for a long time (Brugge 

and Buchner, 2011), several studies have focused on the effect of U(VI) on bone cells 

(Arzuaga et al., 2015). Those were carried out in vitro, mainly by exposing cells to 

uranium in solution in the culture medium. Although this work has led to a better 

understanding of the mechanisms related to uranium cytotoxicity, the conditions used 

did not reproduce the in vivo situation in which uranium is embedded in the bone 

matrix. Supporting this point of view, a recent study showed a different effect of U(VI) 

on osteoblasts depending on whether it is integrated into an apatite matrix or in solution 

in the culture medium (Chatelain et al., 2015). These findings have led us to develop 

bone biomimetic matrices contaminated with U(VI), a medium-term objective being to 

test the effect of this metal immobilized in the matrix on osteoclasts and osteoblasts, 

in co-culture, in order to better understand its impact on the bone remodeling cycle in 

vivo. As bone remodeling cycle begins with a resorption phase, we decided to start by 

studying osteoclasts. The assessment of these cell behavior in the presence of U(VI) 

was all the more interesting because we wanted to understand not only the effect of 

U(VI) on resorption but also the consequences of resorption on the distribution of U(VI). 

Indeed, autoradiographic and radiological analyses of rat bones that had undergone 

uranium injection led to the proposal that resorption contributes to the distribution of 

uranium in the skeleton as uranium could be resorbed from the bone surface, returned 

to the bloodstream and partially re-deposited in bone (Priest et al., 1982). However, to 

the best of our knowledge, it has never been demonstrated at the cellular level that 

osteoclasts are able to remobilize U(VI) once it is incorporated into the bone matrix. 

As biomimetic matrix, we first used apatite supports containing controlled amounts of 

uranium and synthesized in Dr. Meyer's team (ICSM, UMR 5257, Bagnols-Sur-Cèze), 
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according to a published process (Chatelain et al., 2015). While these mineral 

substrates allow the growth of osteoblastic cells (Chatelain et al., 2015), we have 

observed a decreased viability of pre-osteoclasts on these same supports, which has 

hampered effective osteoclastic differentiation and resorption. The causes for this 

toxicity, which was observed regardless of the presence of uranium, remain to be 

determined. In order to find an alternative substrate, MEM serum-free culture medium 

containing increasing concentrations of U(VI) was added to commercial culture plates 

coated with a synthetic inorganic crystalline calcium phosphate surface (COAS plates). 

This attempt was based on the following facts: (1) As is shown by the thermodynamic 

modeling of uranium speciation (Carrière et al., 2004; Milgram et al., 2008a, 2008b; 

Pierrefite-Carle et al., 2016) and EXAFS analyzes (Pierrefite-Carle et al., 2016), 

uranium is mainly in the form of soluble U(VI) carbonate complexes in MEM serum-

free culture medium, and these are also among predominant species in body fluids 

(Ansoborlo et al., 2006). (2) Apatite has a high affinity to uranium (Bourgeois et al., 

2015; Fuller et al., 2003; Thakur et al., 2009). (3) We and others routinely use COAS 

plates that allow an easy and reproducible evaluation of osteoclastic resorption 

(Gritsaenko et al., 2017, 2018; Ochotny et al., 2013; Zhao et al., 2020). By doing so, 

we obtained biomimetic matrices containing 0.16 to 1.7 μg U(VI) as determined by 

ICP/MS. EXAFS analyses further showed that the main speciation of uranium in these 

bone-like surfaces is a uranyl phosphate phase in which the U local structure 

resembles that of the autunite phase. However, it should be noted that the interatomic 

distance U-Oeq is slightly greater in the matrix-U(VI) sample than in the autunite. This 

could be explained by a weak interaction between the metal and the matrix, which 

could be the case if U(VI) is simply adsorbed on the apatite surface. In good agreement 

with this assumption, we found that up to 70% of U(VI) incorporated in the matrices 



Results: part 2-2 – Manuscript in preparation 
 

228 
 

could be passively released into the medium after three days of culture. The process 

of immobilization of U(VI) on apatite has been intensively studied (Bostick et al., 1999; 

Fuller et al., 2002, 2003; Thakur et al., 2009). However, the mechanisms involved are 

not completely understood, perhaps because they are dependent on many parameters 

such as U(VI) speciation, concentration, pH, temperature, apatite composition, etc… 

(Mehta et al., 2016; Thakur et al., 2009). In our case, mechanisms of U(VI) uptake, 

likewise those governing the exchanges between the solid and liquid phase in our 

culture condition remain to be clarified. Nevertheless, these synthetic matrices seemed 

relevant to continue our work, as they contain U(VI) in a form previously detected inside 

osteoblasts and osteocytes (Hurault et al., 2019; Pierrefite-Carle et al., 2016) and in 

sufficient quantity to be quantified (using ICP/MS) both in the matrix and in culture 

supernatants throughout the experimental procedure. 

In order to imitate bone matrix even better and because interaction between U(VI) and 

the organic part of the bone matrix might be of importance for uranium deposition 

(Basset et al., 2013; Huynh et al., 2016; Qi et al., 2014), we have also undertaken to 

use biological matrices synthesized in vitro by an osteoblastic cell line grown in the 

presence of increasing concentrations of U(VI). We used the human osteosarcoma 

SAOS-2 cell line, known to synthesize an extracellular matrix suitable for resorption 

assays (Lutter et al., 2010). The maximum concentration of U(VI) used was 2 μM in 

chronic exposure (10 days) because beyond this, the viability and the function of the 

SAOS-2 cells was too impaired to produce an extracellular matrix. In our experimental 

conditions, SAOS-2 cells produced a matrix with the expected mineral and organic 

phase, and incorporating a maximum of 1 μg of U(VI). As with synthetic matrices, 

EXAFS results suggest that U(VI) is mainly in the form of uranyl phosphate in these 

biological substrates. But this time, the U-Oeq distances are similar to those of autunite 
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crystalline powder. In addition, we found that no more than of 2 to 4% of U(VI) 

contained in the initial matrix is passively released after 3 days of culture, compared to 

70% in the case of synthetic apatite surfaces. Together these data suggest a stronger 

interaction of U(VI) with biological matrices, which is not surprising given that U(VI) is 

probably biomineralized and incorporated into the biological matrix while it is simply 

deposited on the surface of the synthetic apatite. Although EXAFS data suggest that 

U(VI) is mainly present as a mineral autunite-like phase in SAOS-2-synthetized 

matrices, it cannot be excluded that part of U(VI) is complexed with matrix proteins. 

Osteopontin (OPN) is a non-collagenous protein produced by osteoblasts and 

belonging to the SIBLING protein family. OPN binds U(VI) with nanomolar affinity and 

shares with other non-collagenous SIBLING proteins features favorable to the binding 

of U(VI), which suggests that other non-collagenous proteins could be potential targets 

for uranyl cations (Qi et al., 2014). This possibility underlines the interest of looking for 

potential interactions of U(VI) with organic components of SAOS-2 biological matrices. 

Unfortunately, likely due to the detection limit, element mapping using SEM/EDX did 

not allow us to detect U(VI) and therefore to examine the distribution of U(VI) between 

the mineral and organic phases of SAOS-2 matrices. Therefore, other techniques 

should be tried, for example scanning transmission X-ray microscopy (STXM), to 

detect U(VI) in our samples. 

The next step was to examine osteoclastic differentiation and resorption on both types 

of matrices according to their initial uranium content. We will not discuss here the data 

on osteoclast differentiation because analyses (cell counting, cell size comparison, RT-

PCR assessment of osteoclastic markers) are still in progress. On the other hand, 

resorption has been quantified and the results obtained show that resorption was more 

effective on synthetic matrices (up to 47 % of the well surface) than on biological 
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matrices (up to 13 % of the well surface), regardless of the presence of uranium. This 

could be explained by the fact that synthetic matrices are made of a very thin layer of 

highly homogeneous apatite while biological matrices are made of a thicker 

heterogeneous matrix with an organic and mineral phase. In addition, we believe that 

the SAOS-2 decellularization process we have used leaves too much cellular debris 

on the matrices, that could subsequently interfere with osteoclastic function. This is a 

step in our protocol that must be improved. 

We also found that resorption was significantly increased in the case of synthetic 

matrices containing the lowest amount of U(VI) (0.16 and 0.24 μg). This last result was 

unexpected because in our previous study we had observed an inhibition of resorption 

in the presence of U(VI) in solution (from 5 μM of U(VI) in the case of RAW 264.7 and 

2.5 μM for primary osteoclasts). Moreover, this stimulation was not found in the case 

of matrices derived from SAOS-2 cells, whereas the amounts of immobilized U(VI) 

were quite comparable in the two types of substrates. The concentrations of U(VI) in 

the various culture supernatants, determined by ICP/MS, led us to hypothesize that 

the differences observed between biological and synthetic matrices could originate 

from U(VI) in solution rather than from immobilized U(VI). On the basis of U(VI) 

quantifications done on the 3rd day of cultivation, it can be estimated that the passive 

release of U(VI) is on average nearly 20 times lower for biological matrices than for 

synthetic ones. Therefore, one can assume that the first steps of osteoclastogenesis 

occurred in the presence of very different U(VI) concentrations depending on the matrix 

used. We therefore evaluated the effect of U(VI) in solution, using concentrations close 

to those found in the culture supernatants of synthetic matrices on day 3 (Table S2). 

In doing so, we observed that the lowest concentrations of U(VI) (0.25 and 0.5 μM) 

induce a significant stimulation of resorption (of synthetic apatite) while at 5 μM, U(VI) 
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inhibits resorption, as previously demonstrated (Gritsaenko et al., 2017). Taken 

together, these data suggest that the stimulation of resorption observed for synthetic 

matrices containing approximately 0.16 and 0.24 μg U(VI) may be due to the passive 

release of U(VI) into the culture medium. More importantly, these findings suggest for 

the first time that U(VI) has opposite effects on osteoclast behavior as a function of its 

concentration: 5 μM U(VI) inhibits resorption whereas 0.25 μM promotes it, in our in 

vitro conditions. These data should be compared with some in vivo studies that suggest 

an increase of resorption after exposure to U(VI) (Bozal et al., 2005; Fukuda et al., 

2006; Kurttio et al., 2005; Ubios et al., 1991). It is possible that by decreasing the 

concentration of U(VI) in our experiments, we may approach the conditions in vivo. 

However, the comparison is complicated. Indeed, on the one hand, to reach 0.25 μM 

U(VI), or 59.5 μg/L in human serum, the ingestion of 15 mg U(VI) would be necessary 

(2% intestinal absorption, 5L of blood) (Leggett and Harrison, 1995; Yue et al., 2018), 

suggesting that U(VI) concentrations in our experimental conditions remain very high 

compared to in vivo conditions. On the other hand, since uranium is not 

homogeneously distributed in bone and is concentrated mainly in remodeling areas 

(Bourgeois et al., 2015; Ellender et al., 1995; Priest et al., 1982), high local 

concentrations of U(VI) in bone remodeling units can be assumed. In conclusion, the 

use of the lowest possible U(VI) concentrations is certainly the best way to get closer 

to in vivo conditions, but it is possible that we are not so far from them. Our results also 

raise the question of molecular mechanisms related to the opposite effects of U (VI) 

on osteoclastic function. Ongoing comparison of osteoclastogenesis according to the 

type of matrix and the amount of U (VI) incorporated should help to clarify this point. 

By comparing the amount of U(VI) in supernatants and matrices resulting from cultures 

made without or with RANKL, we have shown that a small proportion of U(VI) is only 
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released from matrices in the presence of resorbing cells. This was observed for both 

synthetic and biological matrices. The results are significantly more robust in the case 

of synthetic apatite, certainly due to the low level of resorption obtained with SAOS-2 

substrates. Thus, we provide here evidence in favor of the remobilization of U(VI) via 

osteoclastic resorption. During resorption, osteoclasts bind to the bone surface forming 

a resorption lacuna, isolated from the rest of the extracellular environment into which 

they secrete protons, chloride anions and proteases resulting in the degradation of the 

bone matrix (Feng and Teitelbaum, 2013; Väänänen et al., 2000). Degradation 

products are internalized at the ruffled border, packaged into transcytosis vesicles and 

transported to a restricted area of the basolateral plasma membrane (called the 

functional secretory domain) where they are secreted (Ng et al., 2019). In an attempt 

to detect the presence of intracellular U(VI), we used TEM to examine osteoclasts 

grown on synthetic or biological matrices containing 0 or 1 μg of U(VI). In all osteoclasts 

examined that have resorbed biological matrix containing U(VI), we observed vesicles 

that can reach several μm in size with dark needle-like structures inside. Surprisingly, 

these vesicles exhibit several characteristics of autophagic vesicles (Martinet et al., 

2014): some of them are clearly delimited by a double membrane, their content 

resembles the cytoplasm and sometimes includes membrane debris. Emerging 

findings indicate that, along with transcytosis, several membrane trafficking pathways 

that intersect, such as endocytic, secretory, and autophagic pathways are involved in 

the osteoclast resorption function (Ng et al., 2019). Based on these results, it is 

tempting to speculate that U(VI) conditioned in vesicles crosses osteoclasts to be 

secreted by the functional domain with other degradation products. To date, we have 

planned STXM analyses to verify that the needle-shaped structures correspond to 

U(VI), though we have yet to determine the nature of the vesicles observed. 
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These vesicles have not been observed in osteoclasts that have resorbed synthetic 

matrix. This could be explained by the nature of this matrix, which is so thin that 

osteoclasts are very quickly found on a plastic surface during resorption. One can 

assume that in this case, the attachment of the osteoclast to the support becomes 

loose and that products resulting from resorption are released directly into the 

extracellular medium. 

In conclusion, all our work has shown that pre-osteoclasts and osteoclasts are cells 

particularly sensitive to U(VI), whose function can be stimulated or inhibited depending 

on the concentration of U(VI) in the environment. They also show for the first time, at 

the cellular level, that resorption can contribute to the remobilization of U(VI). We have 

developed matrices that mimic bone and are contaminated with U(VI). Although 

improvements are needed in matrices derived from SAOS-2 cells, we believe that this 

3D environment model will be very useful for further work on osteoclasts and also to 

study the effect of U(VI) in a co-culture context, the objective being to get as close as 

possible to the in vivo functioning of a bone remodeling unit. 
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CONCLUSION 
This dissertation presents results of two projects, seemingly very different: (1) 

the characterization of a murine model corresponding to a rare human progeroid 

disease with pathological bone alterations and (2) the study of the effect of uranium on 

osteoclasts. Both, however, are related to the exploration of the modified bone 

extracellular matrices and the consequences of these modifications on bone cells. 

Thereby, the general study design was the same for both projects: the in vitro 

production of the mineralized ECMs, their characterization and their use as a culture 

support for bone cells. 

 

The two projects have progressed at different tempos. While in the first one we 

have thoroughly characterized the ECM, in the second, we have focused more on the 

effect of ECM modifications on osteoclasts behaviors. Nonetheless, we have 

developed three different three-dimensional bone cell culture systems that mimic 

normal or defective bone microenvironments. These are: (1) the synthetic inorganic 

resorbable substrates containing varying amounts of adsorbed uranium, (2) “biological” 

matrices into which uranium is incorporated through biomineralization (3) the matrices 

synthesized by Recql4-/- primary mouse osteoblasts, which have abnormal stiffness 

and modified protein composition. The last two models are of particular interest 

because, used in co-culture experiments (osteoclasts + osteoblasts), they would allow 

to approach the physiological conditions of a bone remodeling unit. 

 

With RECQL4-deficient mice, we have described a new murine model of 

premature bone aging and determined possible mechanisms underlying this 
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phenotype. On the basis of proteomic data, several non-exclusive hypotheses can be 

proposed. Accumulation of decorin in the bone ECM, combined with the increased 

number of collagen cross-links produced by LOXL4, could stiffen the organic matrix, 

thereby enhancing osteoclastic resorption. At the same time, the lack of pleiotrophin 

and SLIT3, two chemoattractant molecules of osteoblasts, could affect the recruitment 

of these cells at remodeling sites, and thus alter mineralization. Experiments to validate 

these hypotheses are currently being programmed. Additionally, we have identified 

YB1 as another protein that might participate in the establishment of bone phenotype 

induced by RECQL4 deficiency. It has not been associated previously with bone 

physiology and therefore seems an interesting research subject. Taken together our 

results suggest that alterations in bone ECM are involved in accelerated bone loss 

associated with RECQL4 dysfunction. 

 

With regard to uranium, we provide the first evidence of a biphasic effect of this 

metal on osteoclasts, whose function can be stimulated or inhibited depending on the 

U(VI) concentration in the environment. We have also shown that osteoclasts are able 

to remobilize the uranium incorporated in the ECM, which had never been formally 

demonstrated before. 

 

In conclusion, this work illustrates the importance of bone matrix alterations on 

bone cell function. In addition, the development of three-dimensional bone cell culture 

systems will be useful in identifying new mechanisms essential to bone health. 
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