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Summary

Osteoblasts are bone forming cells that work in cooperation with osteoclasts, which resorb bone, in
a continuous cycle of bone remodeling. Since bone remodeling is crucial for preserving skeletal integrity
and functionality, events, such as mechanical unloading, perturb this equilibrium, leading to pathological
conditions, like disuse osteoporosis.

In a previous work conducted in our laboratory, Lipocalin 2 (LCN2) and Pre-proenkephalin 1
(PENK1) were identified as the most up- and down-regulated genes in osteoblasts subjected to
mechanical unloading.

Starting from this data, during my PhD | focused my research to evaluate the involvement of these
molecules in osteoblasts homeostasis, in particular in response to mechanical unloading.

In Chapter 2 we confirmed PENK1 downregulation due to mechanical unloading in both human and
animal models of mechanical unloading. We also observed high expression of Penk1 in mouse in mouse
femurs and calvariae cleaned from bone marrow, and this expression progressively increased during
osteoblast differentiation. Surprisingly, Penk1 knock out (Penk1”) mice did not show bone phenotype
compared to the WT littermates; however silenced Penk 1 in mature osteoblasts we observed an
impairment of the Wnt pathway, while primary osteoblasts isolated from Penkl 7 mouse calvariae
showed an impairment of their metabolic and Alp activities, along with a lower nodule mineralization
ability, compared to cells isolated from WT mice. Moreover, in a CFU-Fibroblastic assay, using bone
marrow cells isolated from tibias, we observed a decrease of ability to form Alp-positive colonies in
Penk1’ versus WT mice, suggesting a cell autonomous positive effect of Penkl in osteoblasts. In line
with this, treatment of osteoblasts with Met-enkephalin, Penkl encoded peptide, increased Osx and
Collal mRNAs, and enhanced nodule mineralization.

In the second part of this work (Chapter3) we investigated whether genetic ablation of this gene can
counteract the inhibitory effect of microgravity on osteoblast differentiation. Our results demonstrated
that, at least in vitro, Lcn2 genetic ablation counteracts the reduction of Runx2 and Osx transcriptional
expression induced by microgravity. Moreover, Lcn2 ablation also prevents the increase of
RANKL/OPG ratio observed in the conditioned media of WT osteoblasts cultured under unloading
conditions. However, in the mice subjected to mechanical unloading, the lack of Lcn2 is not sufficient to
counteract the bone loss due to mechanical unloading and disuse, although it is enough to prevent the
number and the surface area of osteoblasts from decreasing, as compared to WT littermates.




In conclusion, although future studies will be required to fully understand the mechanism of bone
detrimental adaptation after mechanical unloading, the work reported in this dissertation adds another
piece of knowledge, demonstrating the role that Penkl and Lcn2 play in this event, as well as the
contribution of Penkl in osteoblast homeostasis. It is also important to point out that these studies are
exploitable and applicable to those pathological circumstances in which patients experience disuse
induced-bone loss due to of paralysis or neuromuscular disorders, as well as in case of long-duration

space flights.




Chapter 1: “Introduction”




1. Introduction

1.1 The bone tissue

The bone tissue exerts many important functions, including locomotion, protection of soft organs,
metabolic reserve of calcium and phosphate, and harbouring of bone marrow?. Unlike its marble-like
appearance, bone is far from immutable being an extremely dynamic and metabolically-active tissue,
that is renewed throughout our entire lifetimes™ Like other connective tissues, bone has an abundant
organic extracellular matrix (ECM) mainly composed of collagen fibers (predominantly type 1),
glycoproteins and proteoglycans. What sets bone apart from the other connective tissues is its inorganic
matrix component composed of mainly hydroxyapatite (a form of calcium phosphate), along with low
amounts of calcium carbonate, magnesium hydroxide, fluoride and sulphate. During growth, bone has to
change shape and size to accommodate the growing organism, in a process called bone modeling, while
after puberty and final height is reached, it undergoes a continuous remodeling process through which
old bone is replaced by a new one, in order to preserve its mechanical properties?>. The remodeling
process requires the three main cell types present in the bone tissue to work in concert: (i) osteoblasts,
the bone forming cells, (ii) osteoclasts, the bone resorption cells, and (iii) osteocytes, mechanosensors

and controllers of bone remodeling *°.

1.2 Anatomy and macroscopic organization

Bone can be classified according to its morphology and structure, from a macroscopic to a nanoscopic
level °. Macroscopically, the 206 bones that form the human skeleton can be divided into five types: long,
short, flat, irregular and sesamoid *. Long bones, such as the femur and tibia, consist of a cylindrical-like
body whose length is greater than its width, called diaphysis, which ends in two epiphyses, as well as a
transition zone between them, the metaphysis #. The diaphysis is a hollow cylinder in which the medullary
cavity is housed and whose wall consists of dense, compact bone tissue, known as cortical bone.
Proceeding from the diaphysis to the epiphysis, the bone tissue thins out and the free space is occupied
by trabecular bone #°. The trabeculae are thin calcified structures that form a network, the cavities thus
formed are continuous with the diaphyseal medullary cavity and are occupied by bone marrow °. Short
bones, such as the carpus, tarsus, and vertebrae, are characterized by similar length and diameter; while

flat bones have a large surface area and are thin in cross section. Examples of irregular bones are




vertebrae, difficult to describe in terms of shape. Finally, the sesamoid bones, like the patella, are small
round-shaped bones with the main function of protecting the tendons from compression *-°.

From a structural point of view, human bone can be classified into woven and lamellar bone #. The
former is only found in embryonic and neonatal bones and during fracture healing and is characterized
by collagen fibers organized in randomly oriented bundles, resulting in a weaker but more flexible bone
compared to lamellar bone (Figure 1a). In contrast, in lamellar bone the matrix is organized in
microscopically thin layered sheets known as lamellae, in which collagen fibers are arranged in parallel

oriented bundles whose orientation varies between adjacent lamellae (Figure 1b) *°.

Figure 1: Woven and lamellar bone. Diagram illustrating the difference between (a) woven and (b) lamellar bone.
Woven bone, due to the random organization of collagen fibres, displays a disorganised appearance, while in lamellar bone
the matrix is organized in microscopically thin layered sheets known as lamellae in which collagen fibers are arranged in
parallel oriented manner (Source: adapted from: Bone Structure, Development and Bone Biology: Bone Pathology -
Scientific Figure on ResearchGate. Available from: https://www.researchgate.net/figure/Diagram-of-immature-and-mature-

bone-Immature-woven-bone-displays-a-disorganized fig2 224929158).

In trabecular bone and periosteum, which is an envelope of connective tissue that lines external bone
surfaces, the lamellae are arranged parallel to each other and lodged along a flat surface, while in cortical
bone they are deposited around a central canal, known as Haversian canal. In fact, cortical bone is
organized in the Haversian systems or osteons (Figure 2). In the center of each osteon there is the
Haversian canal, which is coated by endosteum, a layer of connective tissue that lines the inner surfaces
of bones and contains blood vessels and nerves. In addition to Haversian canal, Volkmann's canals ensure
communication between adjacent osteons by also connecting Haversian blood vessels. The appearance
of an osteon is that of a cylinder running parallel to the long axis of the diaphysis. In the interstices
between the osteons there are irregular areas of lamellar bone, which are residues of previous remodeled

osteons. In the outermost and innermost layers of cortical bone, called the outer and inner circumferential
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lamellae respectively, there are no Haversian canals and the lamellae run parallel with periosteal and

endosteal surfaces. 1 °.
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Figure 2: Microscopic structure of bone. Schematic representation of the Haversian system and of lamellar bone
(Source: adapted from https://www.vectorstock.com.)

1.3 The bone matrix

The bone extracellular matrix is quite unique, since it is mineralized and therefore composed of both
inorganic and organic components 3. The mineral component of the matrix provides to the bone tissue
the mechanical rigidity and load-bearing strength, while the organic component is responsible for its
flexibility and elasticity. About 90% of the mineral component consists of hydroxyapatite crystals, while
the main constituent of the organic matrix, which accounts for 35% of the dry weight of all the tissue,
consists of collagen type | fibers oriented parallel to each other and arranged in layers that form the
typical lamellar structure of the bone 8. This organization gives reason for the extensive resistance and
stiffness of the bone. Non collagenous proteins in the organic matrix, such as osteonectin, osteocalcin,
osteopontin, proteoglycans, cytokines and growth factors, are involved in many functions, including a
structural function but also regulation of bone mineral deposition and turnover, and regulation of bone

cells activity & 7.
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1.4 Bone cells

14.1 Osteoblasts

Osteoblasts are cuboidal-shaped cells (Figure 3) accounting for the 4-6% of the total resident bone
cells. Osteoblasts are in charge for deposing and calcifying the bone matrix . Osteoblasts can be observed
lining the bone matrix in often long lines of cells (>3), which are in contact with the neighboring ones
through adherent and gap junctions®®. The latter not only provide adhesion but also intercellular

communication &

-l .

Figure 3: Osteoblasts, osteocytes, and bone-lining cells morphology. Toluidine blue staining of a mouse tibia showing
osteoblasts (arrows), osteocytes (arrowhead) and bone-lining cells (asterisks) (male, 8 weeks of age, original magnification
400x).

Like other cells of connective tissues such as adipocytes, chondrocytes, fibroblasts and myoblasts,
osteoblasts arise from mesenchymal stem cells (MSCs) °. The commitment of MSCs to an
osteo/chondroprogenitor line is regulated by specific molecules, such as those belonging to the Wingless-
related integration site (WNT) and Bone Morphogenetic Proteins (BMPs) 2 family (Figure 4). A very
important role is played by WNT proteins by means of both the canonical and non-canonical WNT
signaling pathways. The canonical WNT pathway is initiated by the binding of WNT ligand to Frizzled
(FZD) receptor and to Low-density lipoprotein Receptor—related Proteins 5/6 (LRP-5/6) coreceptor,
expressed on osteoprogenitor cell plasma membrane 2°. This binding promotes an intracellular signaling
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cascade which involves a multi-protein complex, incluuding Glycogen Synthase Kinase 3 (GSK3b),
Axin, Adenomatous Polyposis Coli (APC) and Dishevelled (DSH) proteins. The assembled complex
inhibits the GSK3pB-mediated B-catenin phosphorylation and its ubiquitin-mediated degradation, leading
to B-Catenin stabilization and translocation into the nucleus. Once in the nucleus, B-Catenin interacts
with T cell-specific transcription factor/Lymphoid Enhancer-binding Factor (TCF/LEF) and promotes
the transcription of the master regulators of osteoblast differentiation Runt-related transcription factor 2
(RUNX2) and Osterix (OSX), among other important osteoblast differentiation genes *°. Genetic evidence
that B-Catenin is required for osteoblast development has been demonstrated by Hu and colleagues in
2005 "3, while Tu X et al ® proved that WNT-GAQ/11 -PKCd non-canonical pathway operates in
mammalian osteoprogenitors in order to promote osteoblast development. Another novel noncanonical
signaling pathway enhancing osteogenic differentiation of MSCs is reported by Chang J et al ®,
according to which WNT-4 plays a critical role in osteoprogenitor development.

Going through the differentiation pathway, pre-osteoblasts express AKP2, the gene coding for
Alkaline phosphatase (ALP), which is considered one of the early markers of osteoblast differentiation
along with Collagen 1A1 (COL1al, which is kept very active throughout the differentiation process) and
Osterix. Mature osteoblasts also express receptors for parathyroid hormone (PTH), estrogens (ERS),
vitamin D3 (VDR), and produce bone matrix proteins, such as bone sialoproteins and osteocalcin °-9,
When observed by transmission electron microscopy, mature osteoblasts have a very abundant
endoplasmic reticulum and an extensively developed Golgi apparatus, their cytoplasm is rich in
ribosomes and secretory vesicles, and the nucleus is euchromatic, with large, well-defined nucleoli 12,
In fact, the main activity of osteoblasts is the production and secretion of the organic component of the
ECM, as well as the deposition of its mineral component, which is consistent with their appearance and
organelle composition °.

Osteoblasts also produce several cytokines involved in the regulation of osteoclasts, such as
Macrophages-Colony Stimulating Factor (M-CSF), responsible for the survival and growth of pre-
osteoclasts, Receptor Activator of Nuclear Factor-kB Ligand (RANKL), which is crucial for osteoclast
differentiation, and osteoprotegerin (OPG), a RANKL decoy receptor that prevents RANKL from
binding to RANK and therefore also osteoclastogenesis 3. In addition, recent papers highlight
unexpected osteogenic functions of RANKL. In particular, it has been identified the existence of an
autocrine loop possibly activated by the secreted cytokine in MSCs. RANKL™ MSCs, in fact, show a
reduction in osteogenic capacity and, in parallel, restoration of RANKL production ameliorates the defect
in the osteoblast lineage °. Moreover, osteoclast derived vesicular RANK is able to promote bone
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formation by binding to osteoblast RANKL. This interaction activates RANKL reverse signaling, which
in turns activates RUNX2 .

Osteoblast is however only a phase in the osteoblast-lineage cell, which once completed its work as
bone matrix builder, can go to three different fates: apoptosis, become an osteocyte (see below), or giving
rise to bone lining cells, which are flat and quiescent cells covering the resting bone surfaces until a
stimulus reactivates them %3,

Preadipocyte
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Figure 4: Schematic representation of the osteoblast differentiation process. Osteoblasts derive from mesenchymal

stem cells and their differentiation is promoted by Wingless (WNT) and bone morphogenic protein (BMP) pathways. The
activation of these pathways promotes RUNX2 and OSX expression in osteo-chondroprogenitors, leading to their
differentiation towards osteoprogenitors and then pre-osteoblasts, which express ALP, one of the earliest markers of osteoblast
differentiation. Later on osteoblasts will express other specific markers, such as COL1A1, OPN, BSP Il and OCN. Mature
osteoblasts ultimately will be embedded in the bone matrix as terminally differentiated osteocytes, or will became a bone
lining cell, or will die by apoptosis.
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142 Osteocytes

The evolution from osteoblasts to osteocytes is characterized by a drastic change in cell shape. In
fact, from a polygonal morphology that characterizes mature osteoblasts, the cells become flattened and
with several polarized cytoplasmic protrusions, some of which extend towards the mineralization front,
while others extend towards the vascular space or towards other osteocytes, forming the so-called
lacunar-canalicular system (LCS) °. In the last decades, some specific markers for osteocytes
differentiation have been identified, including phosphate regulating neutral endopeptidase on the
chromosome X (PHEX), dentin matrix protein 1 (DMP1), and E11/gp38 for early osteocytes; while
RANKL, sclerostin (SOST), fibroblast growth factor 23 (FGF23), and matrix extracellular
phosphoglycoprotein (MEPE) are mainly expressed by mature osteocytes 4. Although osteocytes are the
most abundant cell population in bone tissue (about 90-95% of the total bone cells), for a long time they
were considered quiescent cells derived from osteoblasts trapped in the bone mineralized matrix.
Currently, thanks to new technologies and improved isolation protocols, additional functions have been
attributed to osteocytes ®. Indeed, osteocytes are very long-lived cells, having an estimated life span up
to 25 years, during which they play a role as mechano-sensors, as well as in the local activation of bone
turnover and in the release of FGF23, a hormone that regulates tubular phosphate reabsorption by the
kidney !. Another molecule produced by osteocytes playing a crucial role in the regulation of bone
formation is SOST, a glycoprotein that inhibits proliferation and differentiation of osteoblasts by binding
to LRP5/6 and thus blocking the Wnt/B-catenin signaling pathway . For this reason, antibodies against

sclerostin are successfully used in osteoporosis treatment 3,

Since osteocytes are fully surrounded by LCS, these cells can sense shear stress from mechanical
stimulation, convert mechanical signals into internal biochemical signals, and eventually transduce these
into different biological functions, playing an important role in bone remodeling regulation %. Indeed,
osteocytes regulate both bone formation by osteoblasts and bone resorption by osteoclasts, via both cell-
cell interactions, and also through the release of soluble mediators . Indeed osteocytes are a source of
OPG and RANKL, and the regulation of their production provides a mechanism by which osteocytes can
regulate osteoclast-mediated bone resorption *°. Moreover, mice in which RANKL expression was
selectively suppressed in osteocytes showed an osteopetrotic phenotype, resistant to bone loss induced
by mechanical unloading after tail suspension. Osteocytes also secrete other molecules with the ability
to modulate bone remodeling, including small mediators like prostanoids, nitric oxide, and nucleotides,
as well as a huge variety of cytokines and growth factors, such as insulin-like growth factor-1 (IGF-1),
vascular endothelial cell growth factor (VEGF) and Transforming Growth Factor-f (TGF-p).

( 1
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In addition, PTH increases RANKL osteocytes production, therefore osteocytes are mediators of the

PTH effect on bone resorption *°.

1.4.3 Osteoclasts

Osteoclasts are giant multinucleated cells belonging to the monocyte-macrophage lineage,
originating from the fusion of mononuclear precursors. Osteoclasts contain 4 to 50 well defined nuclei
each, and their main job is resorbing bone %%°. They are located in the so-called Howship’s lacunae,
depressions of the bone surface originating from matrix resorption by the osteoclasts themselves *°.
Osteoclasts are polarized cells showing different plasma membrane domains: the apical membrane,
characterized by the “sealing zone”, a bone-facing area with specialized adhesion structures called
podosomes; the “ruffled border”, a system of membrane expansions that increase the membrane surface
between osteoclasts and the bone matrix, facilitating the resorption process; the basolateral membrane,
rich in ion channels and presenting a secretory domain essential for releasing the digested matrix
components into the bloodstream '

The cytoplasm is rich in vacuoles, with numerous mitochondria, lysosomes, and multiple Golgi

apparati 6 (Figure 5).

Basolateral
membrane |
PR T B

10um

Figure 5: Osteoclasts morphology. Transmission electron microscopy (TEM) picture of an osteoclast from an Epon-
embedded tibia from a C57/B6 mouse. Scale 10 um. B: bone. OC: osteoclast. BM: bone marrow. (Source: Maurizi A, Rucci
N. 2018 1)
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As already described, osteoclast differentiation is regulated by specific cytokines, such as M-CSF
and RANKL,; the first stage involves the commitment of hematopoietic stem cells (HSCs) to the
macrophage lineage; this is followed by the acquisition of positivity for the tartrate-resistant acid
phosphatase (TRACP) enzyme and for calcitonin receptor, thus giving rise to an osteoclast precursor and,
finally, the fusion of the precursors into mature polynucleated osteoclasts ’. M-CSF binds to the c-Fms
receptor located on the preosteoclast surface, thus inducing trans-phosphorylation of tyrosine residues in
the receptor's cytoplasmic tail, which in turn activates a downstream pathway that promotes the
proliferation and survival of osteoclast precursors. Moreover, the RANKL-RANK interaction on the
surface of osteoclast precursors results in the recruitment of proteins of the TNF receptor-associated
factor (TRAF) family, followed by the nuclear translocation of the nuclear factor k-activated B-cell light-
chain-enhancer (NFkB) and nuclear factor of activated T-cell nuclear factor 1 (NFATcl). These
transcription factors promote the expression of osteoclast specific genes, such as TRAcP, Cathepsin K,
Osteoclast Associated Receptor (OSCAR), Dendritic Cell-Specific Transmembrane Protein (DC-
STAMP) and Matrix Metalloproteinase (MMP)-9 and -14, 1&1° (Figure 6).

Tumour Necrosis Factor-o. (TNF-a), Interleukin (IL-) 1p and 6 and other inflammatory molecules

can also support osteoclastogenesis through activation of the NFkB pathway %°.
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Figure 6: Osteoclast differentiation. Osteoclasts arise from myeloid-committed precursors that are able to differentiate
into monocytes/macrophages or dendritic cells. Monocytes/macrophages then differentiate into osteoclast progenitors (Pro
0OC), pre-osteoclasts (Pre OC), osteoclasts (OC) and then active OC (Act OC). (Source: created in BioRender.com).

1.5 Bone remodeling

Bone remodeling was first defined by Frost 2! as a cycle by which bone tissue integrity and
functionality is preserved, consisting of a series of well-programmed cellular events that lead to the
resorption of old and damaged bone tissue and the deposition of new bone, without however leading to
changes in the shape of the bone itself & 2% 22, This process takes place in the Bone Multicellular Units
(BMU), where osteoblasts and osteoclasts closely collaborate, and can be divided into five steps 23
(Figure 7):

I.  Activation: can be initiated by a variety of stimuli, including bone microfractures and soluble
factors released in the bone microenvironment, PTH, as well as the inflammatory cytokines
TNF-a, IL-1p and IL-6 under pathological conditions. This phase turns into the activation of
bone lining cells, the exposure of the bone surface and the secretion of chemokines involved
in the recruitment of osteoclast precursors from the bloodstream.

ii.  Resorption: in this phase, osteoclasts undergo polarization and initiate acidification of the

bone matrix, allowing degradation of the inorganic component, and the release of lysosomal
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enzymes such as cathepsin K and MMP-9, that can degrade the organic part. From bone
resorption, type | collagen degradation products are released, including terminal peptide
fragments [N-terminal (NTx) and C-terminal telopeptides (CTx)], but also calcium and
growth factors, such as BMP, FGF, IGF-2 and TGF-B, which trigger the subsequent
recruitment of osteoblast precursors.

iii.  Reversal: the activity of osteoclasts stops, and these cells undergo apoptosis. At the same
time, the bone surface becomes populated with reverse cells, macrophage-like cells
responsible for the removal of residual debris produced during matrix degradation and
involved in the stimulation of the anabolic activity of osteoblasts.

iv.  Formation: is the longest phase and consists in the differentiation of osteoblasts precursors,
which start to secret and deposit bone matrix, called osteoid, which is the pre-calcified bone
matrix. Once hydroxyapatite crystals precipitate on osteoid, the formation phase is completed.

v.  Termination: matrix mineralization is completed, and osteoblasts undergo to their fate dying

by apoptosis, becoming lining cells or remaining trapped in ECM as osteocytes.

Bone remodeling is finely regulated in order to prevent an imbalance between bone resorption and
deposition. Conversely, alterations of the compensation and timing of bone resorption and formation

could potentially lead to severe disorders, such as osteoporosis 224,

17
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Figure 7: The Bone remodeling process. Schematic diagram of the bone remodeling cycle illustrating the phases of

activation, resorption, reversal, formation and termination. Hematopoietic stem cells (HSCs) and mesenchymal stem cells
(MSCs). (Source: Kenkre JS, Bassett J. 2018 %)

2. Osteoporosis and disuse osteoporosis

2.1 Definition

Osteoporosis is the most common metabolic bone disease, it causes decrease of bone mineral density
(BMD), impaired bone microarchitecture and mineralization, and, consequently, an increase in bone
fragility and risk of fracture *° (Figure 8). Being almost always a clinically silent disease, diagnosed only
after a fracture, osteoporosis is often underrecognized and undertreated “°. Although its etiology includes
several factors, such as ageing, hormonal changes, or endocrine disorders, as well as the use of some
therapies like anticonvulsant or glucocorticoids 3° which reduce BMD as a side effect, osteoporosis is
due to an altered balance between bone deposition and resorption functions.

18
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Normal Osteoporotic

Figure 8: Normal vs osteoporotic trabecular architecture Tridimensional micro-computed tomography (LCT) images

of cadaveric vertebral biopsies from a 52-year-old woman with no osteoporosis (on the left) compared to one of an 84-year-
old woman with clinically manifested osteoporosis (on the right) (Source: Borah B, Gross GJ, Dufresne TE, et al. Three-
dimensional microimaging (MRul and uCT), finite element modeling, and rapid prototyping provide unique insights into

bone architecture in osteoporosis. Anat Rec. 2001;265(2):101-110. doi:10.1002/ar.1060).

Skeletal mechanical unloading or systemic immobilization result in osteoporosis, which in this case
is defined as “disuse osteoporosis” *! This is a state of bone loss that occurs in different clinical
conditions, including spinal cord injury, neuromuscular diseases, and immobilization, or after unloading
due to weightlessness, a condition usually experienced by astronauts during space flights “2. Bone loss
during disuse is linked to a deregulation of bone-muscle crosstalk and to the lack of muscle contraction,
as much as to the absence of mechanical loading, as confirmed by studies which compared the unloading
effects on bone microstructure between weight-bearing bones, for instance femur or tibia, and non-
weight-bearing bones, such as radius > %3, The adaptive response occurring in absence of mechanical
loading is characterized by the inhibition of osteoblastic bone format