
 

 

 

 

Università di Siena – Dipartimento di Biotecnologie Mediche 

Dottorato di Ricerca in Biotecnologie Mediche 

Ciclo XXXIII  

Coordinatore: Prof. Lorenzo Leoncini 

 

MicroRNAs expression profiling in  

Paget’s Disease of Bone, Osteoporosis and Hyperparathyroidism 

 

 

 

     Relatore                                                                   Dottorando                                                 

     Prof. Francesco Dotta                                          Simone Bianciardi  

     Co-relatore 

     Prof. Luigi Gennari 

 

 

Anno Accademico 2019/2020 



 

 

ABSTRACT 

Excluding monogenic bone disorders, it is now well established that in complex multifactorial 

diseases, with a recognized hereditary component, such as Paget’s disease of bone and 

osteoporosis, the associated genetic variants have a limited impact on gene expression and explain 

only a small fraction of the disease risk. Moreover, a larger proportion of variants associated to 

many human traits or diseases fall in loci which do not encode proteins, suggesting that additional 

mechanisms other than gene-gene and gene-environment interactions might be involved.  

In this setting, we focus our attention on Paget’s disease of bone, osteoporosis, and 

hyperparathyroidism to clarify epigenetic mechanisms involved in their pathogenesis. 

MicroRNAs (miRNAs) are small (∼22 nt), noncoding single-stranded RNAs that have emerged as 

important posttranscriptional regulators of gene expression, with an essential role in vertebrate 

development and several biological processes. They contribute to every step of osteogenesis and 

bone homeostasis, from embryonic skeletal development to maintenance of adult bone tissue, by 

regulating the growth, differentiation, and activity of different cell systems inside and outside the 

skeleton. However, despite the rising number of experimental reports about this issue, our 

understanding of the exact mechanisms through which miRNAs are involved in the pathogenesis of 

Paget’s disease of bone, osteoporosis, and hyperparathyroidism remain unclear. For these reasons, 

we performed a miRNAs expression profiling in peripheric mononuclear cells (PBMCs) and serum 

of wild type pagetic patients (PDB-WT) and with mutations on the SQSTM1 gene (PDB-MUT) and 

osteoporotic subjects (OP) compared to healthy controls, using TaqMan Low Density MicroRNA 

Array Cards. After that, we performed the same analysis in serum of patients with hypercalcemic 

primary hyperparathyroidism and osteoporosis (H-PHPT) and normocalcemic primary 

hyperparathyroidism without osteoporosis (N-PHPT), compared to healthy controls. Differentially 

expressed miRNAs identified in PBMCs of pagetic and osteoporotic patients were then validated in 

single assay, while the validation of miRNAs identified in the serum of all subjects is ongoing. A 

bioinformatic analysis (Gene Ontology analysis) was performed to find putative functional 

pathways and biological processes linked to some differentially expressed miRNAs. These analyses 

identified numerous genes and pathways involved in regulation of osteoclasts, osteoblasts 

differentiation and bone metabolism in all the three pathologies considered. These results could be 

used not only to better understand new molecular mechanisms involved in Paget’s disease, 

osteoporosis, and hyperparathyroidism pathogenesis, but also as a resource of new biomarkers that 

could be introduced in the clinical practice as diagnostic tools. 
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1. INTRODUCTION 

1.1 Bone structure and composition 

Bone is a hard, dense and mineralized connective tissue composed by extracellular matrix and 

four cellular types: osteoclasts, osteoblasts, osteocytes and bone lining cells [1].  

It exerts different function in the organism: it provides structural support for the body and 

protection for internal organs, it permits movement and locomotion, it regulates calcium and 

phosphate homeostasis and it hosts yellow and red marrow [2,3].  

Despite appearances, it is a highly dynamic tissue constantly remodeled through distinct but 

organized processes: bone resorption, mediated by osteoclasts and bone formation, mediated 

by osteoblasts. Both processes seem to be orchestrate by osteocytes, that act also as 

mechanosensor and bone lining cells whose function is not well clear [4–6]. In physiological 

conditions remodeling is a strictly controlled process characterized by continuous cycles of 

bone degradation and formation. It occurs due to coordinated actions of all types of cells, that 

temporary form the anatomical structure called basic multicellular unit (BMU) [7,8]. At first, 

osteoclasts are recruited on old and damaged bone surfaces and resorb the matrix through 

acidification and secretion of specific proteases. After a transition phase called “reversal 

phase”, osteoblasts come and deposit new mineralized matrix [9,10]. The maintenance of the 

homeostasis is very important for the preservation of mechanical strength and the other 

skeletal functions and it is therefore regulated by numerous factors, (e.g. hormones, cytokines, 

growth factors and chemokines) [11,12]. 

 

1.1.1 Bone structure  

Long bones are composed of wider and rounded structures at the extremities, the epiphyses 

and the diaphysis, tubular hollow shaft in the middle. The latter is composed primarily of 

dense hard compact bone and contains the yellow marrow in the cavity, while epiphyses are 

filled with spongy bone and host the red marrow. The metaphysis separates them from 

diaphysis and contain the growth plate, a layer of hyaline cartilage that is replaced by osseous 

tissue when the bone stops growing in early adulthood. The periosteum is a fibrous membrane 

covering the entire cortical surface of bone, except where the epiphysis meet other bones to 

form joints, which contains blood vessel, nerve fibers and lymphatic vessel, while the 

medullary cavity is covered by a membranous lining called endosteum [5,13]. 

The structural unit of compact bone is the osteon (or Harvesian system), composed by 

concentric rings of calcified matrix called lamellae, culminating in a central canal, or 
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Harvesian canal, that hosts blood vessels, nerves, and lymphatic vessels. These vessels and 

nerves also extend horizontally to the periosteum and the medullary cavity through lateral 

canals called Volkmann’s canals. Osteocytes are encased in lacunae, small spaces between 

lamellae and form a dense network of connections through cytoplasmic dendritic processes 

[5,13,14]. Compared with the compact bone, the cancellous or spongy bone have a less 

organized structure and in appears as a lattice like network of matrix filaments, the trabeculae, 

orientate along lines of stress to provide strength to the bone without increasing the weight. In 

addition trabeculae protect the red marrow, where the hematopoiesis occurs, contained within 

the spaces in some spongy bones [5,13,14] (Fig.1). 

 

 
 

Fifure1. Compact and spongy bone structure. Adapted from “Anatomy and Physiology [13] 

 

1.1.2  Bone cells  
 

Osteoblasts 

Osteoblasts (OBs) are polarized cells responsible for bone matrix production and bone 

formation. They are located along bone surface and represent the 5% of total resident bone 

cells [15] (Fig.2a). Their morphology is characterized by large nuclei, enlarged Golgi 

apparatus and extensive endoplasmic reticulum, need to sustain their primary protein function, 

the osteoid production [15,16]. OBs derived from mesenchymal stem cells (MSCs) and the 

commitment of MSC towards the osteoprogenitor lineage requires the activation of two major 

signaling pathways: Wingless (Wnt) and bone morphogenetic proteins (BMPs) pathways 

[17]. These lead to the expression of important transcription factors such as: Runt related 

transcription factors 2 (Runx2), Distal-less homeobox 5 (Dlx5) and Osterix (Osx), which in 

turn up-regulate several osteoblasts-related genes and activate the differentiation program 
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[18,19]. After that there is a proliferation phase and Pre-OBs start to produce high levels of 

alkaline phosphatase (ALP). The transition from Pre-OBs to mature OBs is characterized by 

the increase in the expression of Osx and the production of bone matrix proteins [20–22]. 

Also fibroblast growth factor (FGF), connexin 43 and microRNA play important roles in OBs 

differentiation; microRNA function will be treated in more detail in chapters 1.5 [23–26]. The 

synthesis of bone matrix by mature OBs take place in two distinct phases:  

1. Deposition of organic matrix composed by osteocalcin, osteonectin, bone sialoprotein, 

osteopontin, collagen proteins, (mainly collagen type I), and proteoglycans [20–22] 

2. Mineralization of organic matrix deposed. This process can be divided in vesicular and 

fibrillar phase. 

Initially, vesicles rich in matrix and calcium are released from the apical membrane of OBs 

and bind to the proteoglycans present in the organic matrix, where calcium begin to be fixed. 

After that proteoglycans and phosphate-containing compounds are degraded by OBs and 

calcium and phosphate ions released are internalized in the vesicles; here they nucleate, 

forming the hydroxyapatite crystals [27–29]. The fibrillar phase occurs when growing crystal 

break the  vesicles membrane and spread to the surrounding matrix [30,31]. Finally mature 

OBs can undergo apoptosis or become osteocytes or bone lining cells [32,33].  

 

Bone Lining Cells  

Bone lining cells are quiescent OBs with flat and thin morphology, that cover the bone 

surface, where neither bone resorption nor formation occurs. They have a spread cytoplasm 

and display few organelles, indicative of low-matrix biosynthetic activity. Moreover, gap 

junctions are observed between adjacent bone lining cells and between these cells and 

osteocytes [34]. Their function remains unclear, but they may represent a source of osteogenic 

precursors and may play an important role in bone resorption preventing the direct interaction 

between osteoclasts and bone matrix, when bone resorption should not occur.  They also can 

modulate osteoclast differentiation through the production of osteoprotegerin (OPG) and the 

receptor activator of nuclear factor kappa-B ligand (RANKL) [14,35].  

 

Osteocytes 

Osteocytes are long lived, terminally differentiate osteoblasts, individually encased in lacunae 

and regularly distributed through the mineralized bone matrix [36]. They are the most 

abundant bone cells, comprising 90-95% of the total cells within the tissue [37]. During 

osteoblast/osteocyte transition these cells loose the round shape, the number and size of 
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organelles deputed to protein production decreased and the nucleus to cytoplasm ratio 

increases, changes that indicate a reduction in protein synthesis and secretion [38]. Despite 

their relative inactivity, osteocytes play a relevant role in the determination and maintenance 

of bone structure [39,40]. In addition to this, osteocytes develop cytoplasmic dendritic  

processes through a mechanism not yet well understood, that probably involves the protein 

E11/gp38 [15,41] (Fig.2b). Once the cell body is totally entrapped within the lacunae, several 

osteoblast markers are downregulated, and osteocyte markers, such as sclerostin, the product 

of the SOST gene and dentine matrix protein 1 (DMP1) are acquired [42–44]. The 

cytoplasmic process (up to 50 per cell) run along narrow canaliculi within de bone matrix and 

are connected with other neighboring osteocytes, osteoblasts and bone lining cells by gap 

junctions [45]. This impressive net of connection, called lacunocanalicular system, facilitates 

signal molecules exchange and create a mechanosensor system capable to detect mechanical 

pressures and loads throughout the bone by which osteocytes regulate bone remodeling [46–

48]. Finally, also osteocyte apoptosis has been recognized as a chemotactic signal to 

osteclastic bone resorption [49,50].  

 

Osteoclasts 

Osteoclasts (OCs), the only cells capable of resorbing bone, are terminally differentiated 

multinucleated cells that originate from mononuclear cells of hematopoietic origin, under the 

influence of several factors. Among these factors, the macrophage colony-stimulating factor 

(M-CSF) and RANKL are of vital importance [12,51]. The first is secreted by marrow stromal 

cells and OBs, binds to its receptor cFMS present on OCs precursors and promotes their 

proliferation and survival. RANKL is expressed at high levels by OBs, osteocytes and stromal 

cells, binds its receptor RANK and is a crucial master regulator of differentiation [52–54]. 

Osteoprotegerin (OPG), produced by OBs and stromal cells, binds to RANKL preventing the 

RANK/RANKL interaction. The balance between these master regulators in a system called 

RANKL/RAMK/OPG is of crucial importance for osteoclastogenesis [55–57]. 

Binding of RANKL to its receptor leads to the activation of several signal transduction 

pathways that transactivate genes essential to differentiation, like NFATc1, DC-STAMP, 

ACP5 and CTSK. NFATc1 interacts with the transcription factors PU.1, cFos, and MITS and 

regulates the expression of osteoclast-specific genes crucial for OCs activity like cathepsin K 

and TRAP and for the fusion of OC precursors like DC-STAMP [58–60]. A key step for the 

maturation of OCs is cytoskeletal and membrane reorganization, that results in cellular 
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polarization. This process takes place after osteoclast-bone matrix interaction and leads to the 

formation of the sealing zone and ruffled border in contact with the matrix and the basolateral 

and functional secretory domain, faced the vascular stream [61]. The sealing zone plays an 

important role in the adhesion of OCs to bone and appears as a ring of F-actin, consisting of 

highly dense and dynamic podosomes that form a peripheral belt. This structure delineates the 

bone resorbing space beneath the OCs and mediates the anchorage of the cell to the 

mineralized matrix through αvβ3-integrin and CD44. αvβ3-integrin connects podosomes to the 

non-collagenous proteins containing RGD sequence such as sialoprotein and osteopontin [62–

65]. In addition to actin, many others signaling  and regulator proteins are found in the sealing 

zone, such as cytoskeleton regulator paxilin, vinculin, talin and gelsolin [66]. The ruffled 

border is a highly convoluted membrane domain characterized by an intense trafficking of 

lysosomal and endosomal components, essential for the resorption process. Here, the proton 

pump H+/ATPase acidifies the sealed matrix within the resorptive lacunae  (called Howship 

lacuna) by the secretion of protons (H+), this acidification enables the dissolution of 

hydroxyapatite crystals, the consequent exposure of the organic matrix and the function of 

some lysosomal proteases [67,68]. In Howship lacunae are also transported enzymes like 

tartrate-resistant acid phosphatase, cathepsin K and matrix metalloproteinases (MMP-9 and 

MMP-14) to digest the organic matrix [69–71]. The products of this degradation are then 

transcytosed and released into the vascular stream through the functional secretory domain 

[61] (Fig.2c-d and Fig.3). Bone remodeling is a tiny regulate process and an increase in 

osteoclasts formation or activity can lead to severe pathologies like osteoporosis where bone 

resorption exceeds bone formation causing decreased bone density and fragility fracture [72]. 

On the other hands, in osteopetrosis we observe a dramatic reduction  of bone resorption with 

disproportionate accumulation of bone mass due to genetic mutations that inactivate 

osteoclasts function [73]. 
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Figure 2. Bone cells. (A) Alveolar bone sections of rats: portion of a bony trabecula (B), osteoblasts (Ob) 
osteocytes (Ot). (B) Osteocytes rich in cellular processes (arrows) which connect them together. (C-D) Electron 
microscopy of Osteoclasts (OC) showing ruffled border (RB) and resorption lacuna (arrows), vacuoles (V) and 
clear zone (CZ). Adapted from Florencio-Silva et al 2015 [1]. 
 
 
 

 

Figure 3. Schematic representation of cytoskeleton reorganization in osteoclasts, acting ring formation/structure 
and resorption processes [21]. 
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1.1.3 Bone remodeling: local and systemic factors  

Bone remodeling is a highly dynamic and complex process composed of three sequential 

phases that involves all bone cell types, whose action must be finely regulated by local and 

systemic factors [11]. Local factors comprise molecules with autocrine and paracrine action 

such as cytokines, prostaglandins and growth factors along with bone matrix protein released 

during bone resorption [74]. Hormones, such as androgens, estrogens, parathyroid hormone 

(PTH), calcitonin, 1.25-dihydroxyvitaminD3 (calcitriol) and glucorticoids are systemic factors 

with fundamental roles in the regulation of bone remodeling [75–78]. For example, estrogen 

is one of the most important hormones involved in bone homeostasis, it has long been studied 

for its role in postmenopausal osteoporosis and bone loss. It inhibits OBs and osteocytes 

apoptosis and prevents excessive bone resorption decreasing RANKL synthesis by OBs and 

osteocytes and increasing OPG production [79,80]. 

Bone remodeling is the process whereby old or damaged bone is renewed in order to preserve 

bone strength and to maintain mineral homeostasis. It involves all four types of bone cells, 

that together form temporary anatomical structures called basic multicellular units (BMUs). 

These units act in four sequential phases. The first is activation, where hematopoietic 

precursors are recruited in the site and completely differentiate in OCs, followed by the 

resorption of old bone matrix. Once OCs have finished their activity, OBs are recruited 

(reversal phase) and start to form new bone. This complex sequence of events if finely 

regulated by osteocytes and bone lining cells [10,81–83]. Cells within the BMU constantly 

exchange direct or indirect signals in a process called coupled mechanism [84]. These 

molecules, such as transforming growth factor β (TGF-β), FGF, platelet-derived growth factor 

(PDGF) and BMPs, are both secreted by the cells or released by the bone matrix after 

osteoclastic degradation [85,86]. Recent studies suggest that also Semaphorins, a family of 

glycoprotein found in a wide range of tissues, are involved in bone cells communication 

during remodeling [74]. During the initial phase osteoclasts express Semaphorin4D 

(Sema4D), which binds its receptor on osteoblasts and inhibits their differentiation, thus 

inhibiting bone formation during bone resorption. When bone formation starts, OBs express 

Sema3A, which inhibits OCs differentiation [87–90]. Other molecules involved in OC-OB 

communication during remodeling are EphrinB2 and B4 expressed respectively in the plasma 

membrane of mature OCs and OBs. The ephrinB2/ephrinB4 pathway inhibits osteoclasts 

differentiation, while promoting OBs formation [91]. Furthermore, OCs secrete factors that 

directly stimulate OBs differentiation like: Wnt, BMPs and sphingolipids [92]. Osteocytes act 
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as orchestrator of bone remodeling process influencing both OBs and OCs activities [46]. 

They are one of the main source of RANKL and their apoptosis is capable of act as 

chemotactic signal for local osteoclast recruitment [93–96]. As mechanosensor cells, in 

response to loading, osteocytes produces factors that exert  an anabolic function on bone, 

while unloading stimulates the production of proteins that inhibit OB-genesis, (e.g. DKK1 

and sclerostin) and pro-osteoclastogenic molecules [97–104] 

 

1.2 Paget’s Disease of Bone 

Paget’s disease of bone (PDB) is a chronic and focal disorder of skeletal metabolism, 

characterized by localized areas of increased bone resorption accompanied by exuberant, but 

aberrant new bone formation, which typically results in tissue deformity and fragility 

[105,106]. It affects both males and females and usually manifests in middle-aged or older 

adults. The prevalence in Italy is around 1%, nonetheless it remarkably increase with aging 

affecting up to 5-8% of elder people in some countries [107–110]. PDB was first described in 

1876 by Sir James Paget, an English physician that defined the pathology as “Osteitis 

Deformans” [111]. Antiresorptive agents such as calcitonin and nitrogen-containing 

bisphosphonates actually represent the treatment of choice for patients with Paget and they are 

often capable of suppressing the disease for long time [112]. Despite the progress occurred 

over last years, the pathogenesis of PDB remain largely unknown and probably includes 

genetic and environmental factors [106,113]. 

 

1.2.1 Epidemiology 

PDB is an age related-bone disorder and represents the second most common bone disease 

after osteoporosis; it affects about 1% of subjects aged above 50 years but the prevalence 

dramatically increases in the eight decade of life, reaching up to 8% in some countries 

[106,107]. The disease is most common in whites of European descent, but it has also been 

described in black people (Africans), whereas it has been rarely reported in people of Asian 

descent [108–110]. Epidemiological studies conducted in the 80s demonstrated that the 

highest prevalence rates was observed in Britain (reaching 8.3% in Lancashire), followed by 

countries with high rates of immigration from the UK in the 19th and 20th, such as Australia, 

New Zealand and Northeastern USA [108,110,114] (Fig.4). Of interest, over the past 50 years 

there have been substantial reductions in prevalence (50%) and severity of PDB in most 

countries, probably due to the improvement of lifestyle and the decline in some environmental 

triggers. Another explanation includes the increase of immigrants from India or Asia 
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(countries with low incidence) [114–116]. The decline of prevalence was well demonstrated 

in UK, where it decreases from 8,3% in 1970-1977 to 3,7% in 1993-1995, to a further 0,8% 

nowadays in a study performed in 2017 [114,117,118]. 

 

 
 

Figure 4. (a) Epidemiology of PDB in early 80s in Europe. (b) decreasing disease severity, data generated in our 
lab from PDB Italian Registry 

 
1.2.2 Clinical features  

Localized bone pain is the most common symptom that bring a patient with PDB to a 

physician; it is present in 50% of cases and varies greatly from subject to subject, depending 

on the location and extent of the disease [118–120]. The pathology can manifest in a variety 

of forms and typically results in enlarged and deformed bones in one (monostotic) or more 

(polyostotic) regions of the skeleton. It preferentially targets the axial skeleton with an 

asymmetrical distribution, most commonly affecting in order of frequency: pelvis, femur, 

lumbar spine, thoracic spine, sacrum, skull, tibia, humerus, scapula and cervical spine [121]. 

Due to the progressive decline in disease severity, many patients who have PDB are 

asymptomatic, especially those with early-stage or mild forms of the pathology. Thus, in a lot 

of cases the diagnosis was made incidentally when the disorder is more active and the bone 

deformities (i.e. enlargement of the skull or bowing of the tibia) are already present [118,121] 

(Fig.5). In other cases, physician is alarmed by the possibility of PDB when a blood test 

reveals high levels of bone turnover markers, after a fracture or only after developed 

complications. These mainly include hearing loss, neurological syndromes, largely occurring 

at the skull or the spine ( as result of pressure on the brain, spinal cord or nerves by enlarged 

pagetic bones), nephrolithiasis, osteoarthritis and high-output cardiac failure (observed in 



 

13 

 

 

polyostotic cases due to increased vascularization of pagetic bones) [118,120,122,123].  

Neoplastic degeneration of pagetic bones is the most serious complication; approximately less 

than 1% of patients with PDB develop osteosarcoma (fibrosarcomas and condrosarcomas are 

rarer but may be also seen). It has been estimates that 20% of the patients with osteosarcoma 

over the age of 60 have PDB, with an increase in the risk that is several thousand-fold higher 

than in general population [122]. Pagetic osteosarcomas are characterized by osteolysis in 

contrast to the sclerotic appearance of non-pagetic osteosarcomas and most frequently arise in 

the femur, tibia, humerus, skull, mandibula and pelvis. Moreover, they show a worse 

prognosis and the majority of subjects die in a couple of years due to pulmonary metastasis 

[83,123,124]. Giant-cell tumor (GCT) may also occur in pagetic bone. Despite it is considered 

a benign tumor, high mortality rates have been reported in GCT cases occurring in PDB, with 

up to 50% death at 5 years from diagnosis [124]. A considerable clustering of GCT 

degeneration has been described in PDB cases originary from Southern Italy, suggesting a 

founder effect [124]. From the clinical point of view, PDB is diagnosed primarily by 

radiological examination of painful bones that show the characteristic mixed appearance of 

lytic and sclerotic areas. In the early stages of the disease, the changes may be predominantly 

lytic with flame-shaped resorption fronts in the long bones or osteoporosis circumscripta in 

the skull [125,126]. 

 
 

 
Figure 5. Clinical characteristics of PDB, deformities and cortical thickening can be seen in x-rays and active 
remodeling in scintigraphy. Adapted from: (A) Dharmshaktu, 2016, (B) Bhargava et al, 2010, (C) Kadir S, 1977, 
(D) Kalawat et al, 2012 [127–130]  
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1.2.3 Pathophysiology 

PDB is a high localized disorder, indeed skeletal tissue of pagetic patients and unaffected 

areas of the bones don’t display any alterations prior to the onset of the disease and new 

lesions rarely develop during the course of the disease. However, at the active sites the lesion 

created by the disease alters the entire microarchitecture of the tissue. Here we observed a 

considerable thinning of the trabecular structures that gives the impression of a hollow bone, 

while the cortical tissue is enlarged due to an excessive deposition [131]. Generally the 

evolution of the pathology follows three major phases [126] (Fig.6). In the first one, termed 

“osteolytic phase”, we observed an enhanced bone resorption with a concomitant increased 

vascularity of involved bones. In this phase the typical radiological picture is represented by 

an advancing lytic wedge or “blade of grass” lesion (e.g., femur or tibia), or by osteoporosis 

circumscripta (e.g., skull) [132]. This excessive resorption is followed by enhanced but 

aberrant new bone formation that occurs at sevenfold greater rates than normal. In this second 

phase the newly deposed collagen fibers are laid down in a disorganized rather than a linear 

fashion, creating the so called “woven bone”. With time the hypercellularity and the bone 

turnover diminish leading to the so-called “sclerotic phase” [121,133]. As previously written, 

normal bone remodeling is a tight regulated process where OBs and OCs regulate each other 

by coupling mechanisms, conversely in PDB we observe focal anomalies in all phases of 

bone remodeling. It is generally believed that the primary cellular abnormality is in the OCs, 

whereas OBs appears intrinsically normal [134,135]. However, the enhanced bone formation 

and the presence of neoplastic degenerations towards either osteosarcoma and GCT clearly 

indicates the active involvement of osteoblasts as well [134,136–139]. Pagetic OCs are 

markedly increased in number and size, contain up to 100 nuclei per cell, produce increased 

amount of interleukin-6 (IL-6) and their precursors are hyper-responsive to 1,25-dihydroxy-

vitamin D and RANKL, the key osteoclastogenic factor [134]. 
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Figure 6. Schematic representation of PDB phases (left), adapted from “Basic Pathology”, Elsevier 7thE. Bone 
biopsy of a pagetic site, (top right), with multiple large osteoclasts (arrows), osteoblasts (OB), lining trabecular 
bone (TB) are also visible. Osteoclasts from a pagetic patients and healthy control (right, bottom) [113,135].  

 
1.2.4 Etiopathogenesis  

Despite the considerable progress of the last two decades, the pathogenic mechanisms leading 

to these alterations in bone cells phenotype and the rise of PDB remain largely unknown and 

most probably include both genetic and environmental causes. The first clinical report of 

familial cases of PDB was registered in 1949 and suggested the possibility that hereditary 

might play an important role in the pathogenesis [140,141]. Furthermore, the genetic 

hypothesis is supported also by some epidemiological observations, such as ethnic differences 

in prevalence rates which persists after migration to other countries and the most recent 

evidence that patients showed positive family history in 10 to 40% of cases [115,142–145]. 

Nonetheless, a real estimate of familial and sporadic cases is almost impossible to make 

because of the late onset of symptoms and the asymptomatic bony involvement. It is also 

estimated that at least one third of patients have an autosomal dominant form of the disease. 

In this forma, the risk of PDB for each first-degree relative was near to 50% (penetrance being 

estimated at 80%) [146]. As a counterpart to the genetic hypothesis, the focal nature of 

skeletal lesions, the decline in prevalence rates observed over time and the incomplete 

penetrance of the disease suggest the involvement of environmental triggers in the 

pathophysiology of PDB [147]. 
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Genetic factors 

Although the etiology of PDB appears to be complicated and largely unknown, it is now clear 

that, in many cases, it is a genetic disorder. Classical linkage-analysis performed in pagetic 

families detected at least six major loci, thus demonstrating the presence of a genetic 

heterogeneity. The most relevant associations were reported with chromosomes 18q21-22 

(PDB2), 5q35-qter (PDB3) and 10p13 (PDB6) [148]. Over recent years there have been 

substantial advances in understanding the genetic determinations of PDB, with the 

identification of more than one causal gene. 

 

SQSTM1 in Paget’s disease of bone 

Two positional cloning studies within the 5q35 locus identified mutations in the SQSTM1 

gene as the cause of PDB in familial and sporadic cases of different ethnic descent [149,150]. 

This gene consists of 2870 nucleotides grouped in eight exons and encodes for the 

sequestosome 1 protein, also known as p62, one of the main autophagic mediators. p62 is a 

highly conserved protein ubiquitously expressed in many tissues, including bone. It is 

composed by 440 amino acids arranged in different functional domains that function as 

scaffold in a range of signaling and ubiquitin binding pathways connected with multiple 

processes like: autophagy, cell stress, survival, inflammation and transcriptional activation 

[151,152] (Fig.7). Almost all the PDB-causing mutations identified to date affected the C-

terminus of the p62 and clustered within or near the ubiquitin binding activity domain (UBA). 

The most common is a unique proline-leucine amino acid change at nucleotide 1215 codon 

392 (P392L). P392L was first identified in 2002 in 16 and 46%  of sporadic and familial PDB 

subjects respectively [149]. Over time, investigators identified 28 different SQSTM1 

mutations as a cause of PDB in up to 50% of familial and 20% of sporadic cases in several 

populations [151,153,154]. Pagetic patients with SQSTM1 mutations generally have an 

increased disease severity than wild type patients [155–157]. In PDB most mutations 

associated to the UBA-domain inhibits the capacity to bind poliubiquitinated proteins, this 

might led, indirectly, to over-stimulation of the NF-κB pathway and enhanced bone resorption 

[151,158]. The exact mechanism by which these mutations enhance OCs activity, impair 

ubiquitin-mediated autophagy and cause PDB are not well understood. Moreover, a lot of 

experiments show many controversial and opposing data regarding the role of p62 in OCs 

[159–162]. Nevertheless, experimental evidence suggested that the presence of mutated p62 

proteins impairs the recruitment of CYLD, (an inhibitory factor of RANK signaling), to the 
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intracellular domain of RANK and increases TRAF6 activity which results in an enhanced 

OCs activation [154,163]. Consistently, OCs derived from monocytes of patients with 

mutated forms of p62 showed increased bone resorption in vitro when compared with those 

derived from healthy subjects, due to increased NF-κB signaling pathway [164]. However, the 

same effects were noted for mutations located outside the UBA domain that have no effects 

on ubiquitin binding, CYLD or NF-κB. Probably, more complex mechanisms related to the 

multiple functions of p62 are involved in the pathogenesis of PDB in SQSTM1 carriers [151]. 

 

 
Figure 7. SQSTM1 protein domains and distribution of mutations associated with PDB [106]. 

 
Other PDB-associated genes 

Despite the fundamental role played by SQSTM1 mutations, their prevalence is very low in 

patients with sporadic disease and covers about the 45% of familial cases. This suggests the 

presence of additional predisposition genes. Thus, ten years ago a genome-wide based study 

involved a large population of pagetic subjects and identified seven novel candidate regions, 

explaining about 13% of the familial risk of PDB in SQSTM1 negative patients. These involve 

genetic variants in the genes: OPTN, CSF1, TNFRSF11A, PML, RIN3, NUP205 and TM7SF4. 

Some of them encodes for proteins involved in OC formation and activity like MCSF, RANK 

and DC-STAMP, this make plausible their role in the pathogenesis of PDB [165,166]. More 

recent studies revealed the linkage between genetic variants within the OPTN (encoding for 

optineurin) and RIN3 genes to bone metabolism and the pathogenesis of PDB [167,168]. In 

OCs, optineurin is a negative regulator of RANKL-induced NF-κB activation and mice with 

loss of function mutation on this gene have an augmented bone turnover [167]. Rare missense 

variants within RIN3 gene showed an high prevalence in PDB cases than in controls and is 

predicted to be very pathogenic, even though its role in bone biology remains largely 
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unknown [168]. An important breakthrough in the genetics of PDB was made in 2015 when a 

whole exons analysis in a large SQSTM1 negative family identified a P937R missense 

mutation in the zinc finger protein 687 gene (ZNF687) as a novel causal gene in severe and 

early onset PDB [169]. Of interest, mutations on this gene were found, not only in several 

pedigrees, but also in sporadic cases with GCT associated with PDB, suggesting its major role 

in neoplastic degeneration of Paget. Corroborating this hypothesis, to date, all PDB- 

associated GCT are positive for ZNF687 mutations. ZNF687 is a part of the transcriptional 

regulator complex Z3 and the mutation P937R probably acts as a gain of function enhancing 

its availability in the nucleus [169]. Although the role of this protein in bone tissue remains 

unknown it is highly expressed during osteoclasto and osteoblastogenesis and is dramatically 

upregulated in GCT tissues. OCs derived from peripheral mononuclear cells from P937R 

mutation carriers show typical feature of pagetic OCs, they are larger and have a greater 

number of nuclei [169]. Finally studies by Divisato G et al highlighted  that  these mutations 

are particularly frequent in patient from a specific region of south Italia, Avellino, suggesting 

a founder effect [170].  

 

Environmental factors  

It has long been considered that PDB might be caused by viral exposure of osteoclasts and/or 

their precursors. This hypothesis was first based on the observation of viral-like inclusions in 

the nuclei and cytoplasm of OCs from affected patients [171,172]. The virus particles 

resembled members of paramyxovirus family including respiratory syncytial (RSV), measles 

(MV), or canine distemper (CDV) virus. Over years, many studies have been made to confirm 

the viral theory, but the results have been conflicting. Reddy and colleagues found viral 

mRNA in erythroid cells from PDB patients, while others suggested that the inclusion bodies 

observed maybe represent protein aggregates resulting from a defect in autophagy caused by 

the impaired function of p62 [173,174]. Epidemiological observations support the viral 

hypothesis, indeed the prevalence of PDB is increased in rural areas and particularly in 

subjects living in close contact with animals, since zoonotic infections also include 

paramyxoviruses [115,175,176]. This hypothesis could also explains the decreasing 

prevalence observed after the introduction of the measles vaccination [113]. Finally, 

experiments with animal models demonstrated the link between the measles virus 

nucleocapsid and SQSTM1 mutations in the pathogenesis of PDB [160].   
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1.3 Osteoporosis  

Osteoporosis (OP) is the most common metabolic bone disorder and is characterized by 

decreased bone mass and compromised bone strength, predisposing to an increasing risk of 

fracture [177]. Worldwide, approximately more than 200 million of people have osteoporosis, 

and an equally high number of fractures are registered every year [178]. Considering that 

elderly people represent the fastest growing age-group, these numbers are predicted to 

increase steadily over the next years. Such a high prevalence impacts morbidity, quality of life 

and health care resource utilization, making osteoporosis a social and economic burden [179–

181]. Aging, as well as other predisposing conditions, may cause either an unbalance in bone 

remodeling with an excessive bone resorption not equally compensated by bone formation, or 

an increased rate of remodeling, leading to low bone mass, reduced strength and deterioration 

of the skeletal microarchitecture (Fig.8) [182]. These pathological aspects lead to bone 

fragility fractures, defined as those caused by a fall from a standing height or less, most 

commonly involving the forearm, vertebral bodies, hip, wrist and femoral neck [183].  

 

 
Figure 8. Relationship among ash-density, architecture and mechanical strength (vertical and horizontal) for 
vertebral trabecular bone obtained from three different age groups: 20years, 50years and 80years [184]. 
 

Osteoporosis is a silent disorder, often diagnosed after fracture has occurred, thus it’s very 

important to predict the individual fracture risk in order to prevent this traumatic event [185]. 

Since many years, the most used diagnostic method for the prediction of the fracture risk 

consists in the measurements of bone mineral density (BMD) by dual energy X-ray 

absorptiometry (DEXA). In fact, the risk of fragility fracture increases progressively as BMD 

declines  [186]. In 2000, the World Health Organization (WHO) defines osteoporosis as BMD 

that is 2.5 standard deviations (SAs) or more below the young adult reference mean [187]. 

However, recent research has shown that bone strength depends not only on BMD but also on 

bone quality, defined by the remodeling rate, bone macro and microarchitecture, properties of 
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the bone matrix and microdamage accumulation. All these aspects are not necessarily 

captured by DEXA [179,185,188]. 

 

1.3.1 Epidemiology 

Hip and vertebral fractures have historically been considered the prototypical osteoporotic 

fractures. However, the pathology has a systemic nature and the associated increase in 

fracture risk affects virtually all skeletal sites. Indeed, the prevalence of all other fractures is 

numerically much greater [189–191]. Based on epidemiological data, osteoporosis causes 

about 9 million  fractures worldwide each year and this number is predicted to rise over the 

next years due to the aging of the population [192]. It is estimated that 50% of women and 20 

% of men, over age 50, will experience a fragility fractures in their remaining life [193,194]. 

51% of these occurred in America and Europe, while Western Pacific region and Southeast 

Asia accounted for most of the remainder fractures [195].  

 

Hip Fractures 

In the early 2000, the introduction of readily available treatments decreases the rate of annual 

hip fractures, however this rate started to rise again by 2015, probably because of the 

emergence of atypical femoral fractures in patients treated with bisphosphonates. Potentially 

all hip fracture can be attributed to primary or secondary osteoporosis and in most cases falls 

are the primary event leading to the fracture [196]. Hip fracture is the most devastating result 

of bone fragility, it almost always required surgical fixation and is associated with greater 

reduction in quality of life and high risk for short-term mortality. Its incidence increases 

exponentially with age, most occurring in person older than 75 years. By 2010 this incidence 

was estimated to have risen to 2.7 million subjects per year [197]. Nearly 75% of all hip 

fractures occur in women, while men account for the remaining 25% and more than half of 

these patients have evidence of prior vertebral fracture [198–200]. The highest prevalence was 

observed in North Europe (particularly Scandinavia) and North America, while the rate is 

seven-fold lower in Southern European population. Fracture risk is also low in eastern Asia 

and Latin America [201]. Curiously, changing in life style, urbanization and other factors are 

changing the incidence of hip fracture, it has been decreasing in North America but is 

increasing in Asian countries [202–204].  
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Vertebral fractures 

According to data from the European Vertebral Osteoporosis Study (EVOS), the prevalence 

of vertebral fracture, defined by radiological criteria, increases with age in both sexes and is 

estimated to be 12.2% for men and 12.0% for women aged 50-79 years [205]. This feature 

could be explained by occupational-associated trauma in men [183]. Although the 

geographical variation of prevalence is less pronounced than that of hip fracture, the highest 

rate has been observed in North America and Asia [206]. Importantly, the vertebral fractures 

are the most common fracture associated with skeletal fragility, despite this, they are strongly 

undiagnosed. It is estimated that only one third of these come to clinical attention and fewer 

than 10% result in hospitalization [207,208]. The underestimation of the problem is probably 

due to the high variability of vertebral fractures presentations, ranging from those causing 

severe back pain and kyphosis to those that produce few or no symptoms [209,210]. 

However, in cases that are identified medically, there is a marked reduction in quality of life. 

Finally, falls contribute only minimally to vertebral fractures, most of which derived from 

normal activities such as bending or lifting light objects [183]. 

      
Distal forearm fractures 

The incidence of wrist fractures increases in white women between the age of 45 and 60 

years, then the trend reaches a plateau or slightly increases. Colle’s fracture occur mainly in 

women, 50% of whom are older than 65 years. The incidence in men is low (15%) and does 

not increase much with age [183,211,212]. 

 

1.3.2 Pathophysiology and risk factors 

Bone is a metabolically active tissue in which the process of bone remodeling is continuous 

throughout the entire life. Under normal condition, the coupling of OBs and OCs action 

ensures that bone tissue is continuously renewed and normal skeleton structure is maintained 

[182,213]. In the young adult skeleton, the amount of bone resorption and formation is 

quantitatively similar [214]. Failure to acquire optimal peak bone mass between the age of 10-

16 years and an unbalance between bone resorption and bone formation during life may 

contribute to the development of low BMD and increased risk of fractures. The process of 

aging in women is associated with a dramatically increase of the bone turnover rate, that 

remain elevated for up to 40 years after menopause [215]. At the same time, we observe an 

increase in bone resorption that is not compensated by an adequate increase in new bone 

formation. This condition results in bone loss and disruption of bone microarchitecture, 
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leading to trabecular thinning, loss of trabeculae continuity, reduced cortical thickness and 

increased cortical porosity [216,217]. Due to the lager surface available, trabecular bone loss 

exceeds cortical in the first 15 years after menopause, however the process is subsequently 

reversed with the “trabecularization” of the cortical portion [218]. 

 

Role of sex steroids 

The causal role of the reduction of estrogen levels in the development of postmenopausal OP 

was recognized more than 70 years ago by Fuller Albright [219]. The onset of menopause and 

the consequent decline in estrogen levels results in increased bone turnover rate, extension of 

the resorption period, and shortening of the formation period [220,221]. These hormones play 

a central role both in OBs and OCs biology. They promote the differentiation of bone marrow 

stromal cells through the osteogenic lineage, thus reducing adipogenesis. Indeed, the increase 

in bone marrow adiposity is one of the features of age-related OP and an excess of bone 

marrow fat represent an important factor risk for fragility fractures [222–224]. They also 

reduce both OBs and osteocytes apoptosis, increase osteoblastic production of procollagen 

and growth factors like IGF-1 and TGF-β [225,226]. Although the role in bone formation is 

still unclear, we know that estrogen are able to suppress serum and plasma levels of sclerostin, 

a potent inhibitor of Wnt signaling [227,228]. In vivo and in vitro experiments demonstrated 

that they also inhibit osteoclastic differentiation suppressing the production of RANKL by 

OBs, OB precursors, T- and B-cells and promoting the production of OPG by osteoblastic 

lineage cells [229,230]. In some animal models estrogen deprivation is also associated with a 

marked increase in pro-osteclastogenic cytokines such as: IL-6, interleukin-1 (IL-1), tumor 

necrosis factor-α (TNF-α) and M-CSF [231–234]. Finally, they promote OCs apoptosis 

directly, through the inhibition of c-Jun activity and indirectly, inducing osteoblastic 

production of TGF-β [220,235]. In aging men, the reduction of sex steroid levels is partially 

associated to an age-related increase in sex hormone binding globulin (SHBG) levels. It binds 

sex steroids, reducing their capacity to reach target tissue [236]. To date, the role of androgens 

in the loss of BMD in men is not well understood. It seems that, in experimental animals, 

orchiectomy leads to increased IL-6 production and bone loss [237]. Moreover, although 

testosterone is the is the prominent sex steroid in men, estradiol levels are a more important 

risk factor for fractures and better correlate with male BMD [196]. 
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Genetics of osteoporosis  

Osteoporosis is considered a multifactorial disease which pathogenesis involves a lot of genes 

and a high number of gene-gene and gene-environment interactions. It is further clear that 

genetic factors represent a heritable risk factor for both levels of BMD and fragility fractures. 

Familial studies suggested that women whose mother had had a hip fracture, had a twofold 

increase in the risk of the same fracture, compared to controls. At the same time, the risk of 

other fractures in children with a paternal history of wrist fracture was threefold higher [238]. 

The discovery that not only fracture risk, but also various aspects of the disease are largely 

determined by genetic factors has encouraged the search for specific genes through two main 

approaches, candidate gene and genome-wide studies (GWS) [239]. The first one allowed to 

identify several gene polymorphisms including: vitamin D receptor, collagen Iα1, osteocalcin, 

estrogen receptor α and many others [240]. Moreover, the attempts to relate this 

polymorphisms to fracture risk or the onset of OP have generally led to conflicting results and 

lack of independent replication [241,242]. GW-studies showed that variants in a lot of genes 

involved in bone biology were associated with BMD and fracture risk [243–247]. Among 

them were genes involved in the pathways of RANK-RANKL-OPG, Wnt-β-catenin signaling 

and estrogen [248–251]. One example of a gene that have been shown to have strong 

hereditability and predictive value for osteoporosis is LRP5, coding for LDL Receptor Related 

Protein 5 [252]. Lrp5 is located on the osteoblastic membrane between two other receptors 

Frizzled and Kremen. Wnt binds to Lrp5 and Frizzled and activated the bone formation. 

Inhibitors, like Dickkopf (DKK), bind with Lrp5 and Kremen causing the internalization of 

the receptor and the inhibition of the bone formation pathway. Loss-of-function mutation on 

LRP5 gene was found in children with osteoporosis-pseudoglioma syndrome [253]. Although 

the role of OPG in the pathogenesis of OP has not yet been clarified, polymorphisms in the 

TNFRSF11B gene have been associated with osteoporotic fractures and differences in BMD 

[254]. Finally, single nucleotide polymorphisms (SNPs) in the ESR1 gene, coding for ER-α, 

can affect BMD and rate of bone loss, as well as fracture risk in both men and women 

[251,255]. 

  
Glucocorticoid-induced osteoporosis  

Secondary osteoporosis is associated with a number of disorders, including diabetes mellitus, 

hypogonadal states, gastrointestinal disease, hematological disorders and exposure to high 

levels of glucocorticoids (GCs) [256]. To date, many studies indicate that treatment with GCs 



 

24 

 

 

leads to significant loss of bone mass and quality, resulting in bone fragility and fractures. 

This condition remains under-recognized and under-treated [257]. The initial phase of GCs 

exposure is characterized by a transient increase in bone resorption due to enhanced 

osteoclastogenesis. Simultaneously, we observe a long lasting repression of bone formation, 

resulting in bone loss and a rapid increase in fracture risk [258]. 

GCs reduce osteoblastic differentiation inducing the adipogenic differentiation of 

mesenchymal stem cells and directly impair their action through the inhibition of the 

canonical Wnt/β-catenin pathway, probably linked to an overproduction of Wnt antagonists 

such as SOST and DKK1 [259–261]. GCs also induce the apoptosis of OBs and inhibit the 

production of their important stimulators like growth hormone and insulin growth factor 

[262–264]. Moreover, they exert their negative influence on bone quality and architecture, 

through the reduction of osteocytes function and number [265,266]. Finally, the GCs induced 

a reduction of bone mass and high fracture risk may be due to indirect mechanisms such as 

induction of hypogonadism, reduction of muscle mass and strength, (leading to increased risk 

of falls) and reduction in levels of hormones important for skeletal health [267–269]. 

1.4 Primary Hyperparathyroidism 

Primary hyperparathyroidism (PHPT) is a common endocrine disorder characterized by an 

excessive secretion of parathyroid hormone (PTH) from one or more of the four parathyroid 

glands, that was first described in 1930’s [270]. Actually, there are three different 

manifestations of PHPT, symptomatic and asymptomatic PHPT, characterized by 

hypercalcemia and PTH levels that are elevated or inappropriately normal and normocalcemic 

PHPT. In this variant, albumin-corrected and ionized serum calcium concentrations were 

persistently normal, but the PTH level was persistently elevated. The diagnosis of 

normocalcemic PHTP is made only after the exclusion of all known secondary causes of high 

PTH levels [271,272]. 

 

1.4.1 PTH regulation 

PTH is initially synthetized by the chief cells of parathyroid glands as a 115-aminoacids 

peptide called prepro-PTH. This single-chain peptide moves through the Golgi complex, 

where it is cleaved and converted to pro-PTH. Finally, the principal biologically active PTH 

molecule [PTH(1-84)] is achieved by removing another 6 aminoacids from pro-PTH. These 

mature form along with chromogranin-A (CgA) reside within dense core secretory granules 

until they are released into the circulation [273]. The full-length PTH(1-84) is not the only 
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form of parathormone present in general circulation, the parathyroid glands also generate a 

number of shorter fragments, whose mechanism of regulation and clinical significance  

remain to be clarified. It is now clear that the relative proportion of intact PTH and amino-

truncated peptide fragments is determined by serum calcium levels. Moreover, some works 

show that they are principally cleared by the kidneys and their concentration increases 

significantly during renal failure [274,275].  

PTH secretion is tightly regulated by changes of extracellular calcium, with an inverse 

sigmoidal relationship between calcium concentration and PTH release, that is mediated by 

the calcium-sensing receptor (CaSR) on the surface parathyroid cells [276]. A second 

mechanism regulating PTH secretion involves the active form of vitamin D, 1,25(OH)2D, 

which suppresses PTH transcription and parathyroid cells proliferation [277]. Moreover, 

serum phosphate can indirectly stimulates the PTH production and secretion and parathyroid 

cells proliferation, by binding to calcium, thereby lowering its serum concentration [278]. 

Finally, studies in cell cultures and animal models, have shown that parathyroid glands 

express FGF receptors FGFR1 and FGFR3 and Klotho and that FGF23 decreases PTH 

secretion and PTH mRNA [279].  

 

1.4.2 Etiology and risk factors  

In 90% of cases, PHPT is sporadic and caused by a solitary benign adenoma (85-90%), less 

frequently by multiglandular involvement consisting of either multiple adenomas or 

hyperplasia of all four glands (5-10%). Multiglandular disease can also be manifest as two 

and, very rarely three adenomas. Parathyroid carcinoma accounts for less than 1% of all cases 

and is linked to higher serum calcium and PTH levels, evidence for target organ involvement 

and early onset disease [271,280]. Despite in the majority of patients PHPT is a sporadic 

disease, with no family history and no other endocrine gland involvement, in the 10% of 

PHPT population it may be a part of hereditary endocrine syndromes. These includes; 

multiple endocrine neoplasia typ1 (MEN1), MEN2 and MEN4, linked to mutation on MEN1, 

RET and CDKN1B genes, respectively, hereditary hyperparathyroidism-jaw tumor syndrome 

(HPT-JT), linked to mutation on CDC73 gene, familial isolated hyperparathyroidism (FIHP), 

linked to mutations on MEN1, CDC73, CASR, GCM2, and CDKN1B genes, neonatal severe 

primary hyperparathyroidism (NSHPT), linked to mutations on CASR gene and Familial 

hypocalciuric hypercalcemia (FHH), linked to mutation on CASR, GNA11 and AP2S1 genes 

[281–283]. 
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In addition to genetic factors, also environmental and modifiable risk factors may contribute 

to the development of PHPT, such as: low calcium intake and physical activity, high waist 

circumference and body weight, external neck irradiation in childhood and long-term lithium 

therapy [284–288]. 

 

1.4.3 Clinical presentations 

The principal target organs of PTH are skeleton and kidney. PTH acts on osteoblasts, 

osteocytes and osteoclasts, thus playing a central role in bone homeostasis, which can be 

either anabolic or catabolic, depending on the dose and periodicity of signaling [289]. In 

PHPT the chronically elevated PTH levels lead to bone loss mediated by RANKL induced 

osteoclastogenesis, osteoporosis (particularly at sites that are richer in cortical bone such as 

the distal 1/3 radius) and fragility fractures. When the disease is advanced and prolonged, the 

classical radiological representations are known as osteitis fibrosa cystica [290]. In the 

kidney, PTH promotes tubular calcium reabsorption and phosphate excretion and stimulates 

the activity of 1α-25-hydroxyvitamin D hydroxylase. Patients with PHPT can show any 

combination of hypercalciuria, nephrolithiasis, nephrocalcinosis and reduced renal function 

[291]. Of note, the incidence of renal and skeletal involvement has declined over the years, as 

the incidence of asymptomatic disease has risen. 

 

1.4.4 Epidemiology  

PHPT predominates among women, usually in their postmenopausal years, coinciding with 

the loss of estrogen [292]. The ratio between female and male is of 3 to 4:1. The prevalence 

varies by country and race, in U.S.A. for example is near 0.86%, with a racial predilection for 

Africans Americans [293]. An important factor which can influence the evaluation of PHPT 

epidemiology is the extent to which routine biochemical screening is used in a country. 

Indeed, in countries such as North America and Europe, where serum calcium becomes part 

of a biochemical screening panel, the incidence of PHPT is high, on the contrary, in countries 

such as India, where the screening is not routine, PTH is less frequent [294]. Moreover, in 

countries where biochemical screening is routine, the incidence of asymptomatic PHPT is 

greater compared to the symptomatic form. 

 

1.4.5 Normocalcemic primary hyperparathyroidism (N-PHPT)  

This type of PHPT recognized for the first time 20 years ago, is characterized by elevated 

levels of PTH with persistently normal concentrations of albumin-adjusted total and ionized 
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calcium [295]. Very important, all secondary causes of increased PTH, for example: 

deficiency of Vitamin D, chronic kidney disease, medications, hypercalciuria and calcium 

deficiency or malabsorption must be excluded before diagnosing the pathology [296]. 

Regarding the pathophysiology of N-PHPT, several hypotheses have been made. One of these 

is that this phenotype represents an early or mild form of traditional primary 

hyperparathyroidism without marked hypercalcemia. On the other hand, Maruani and 

collegues have advanced the concept of partial skeletal and renal resistance to PTH [297]. Its 

prevalence is characterized from a wide variability and it is estimated to be between 0.4 and 

11%. Moreover, it depends on the population studied and the criteria used for the exclusion of 

secondary hyperparathyroidism [296]. 

 

1.5 microRNA  

It’s now well accepted that in multifactorial and complex disorders like osteoporosis and 

PDB, the observed genetic variants explain only in part the pathogenesis and the onset of the 

disease [298]. Moreover, recent GWS revealed that a great portion of the variants associated 

to many human diseases, fall in loci which do not encode proteins. These observations 

suggest the presence of supplementary mechanisms other than gene-gene and gene-

environment. In this regard, recent innovations in genetic research made it possible to identify 

several heritable “epigenetic” changes in gene expression, that do not imply modification in 

nucleotide sequence [299]. These epigenetic mechanisms include methylation and histone 

modifications that regulate gene transcription and non-coding RNA (ncRNA) that act at post 

transcriptional level. The latter assume a great importance if we consider that, while 70-90% 

of the human genome is transcribed into RNA, only 1-2% of these RNAs encode for proteins 

[300,301]. Some example of ncRNAs are: long non-coding RNAs (lncRNAs), transfer RNAs 

(tRNAs), ribosomal RNAs (rRNAs), microRNAs (miRNAs), small nucleolar RNAs 

(snoRNAs), PIWI-interactin RNAs (piRNAs), small-interfering RNAs (siRNAs) and circular 

RNAs (circRNAs). Among these, miRNAs are one of the most studied regulators of gene 

expression in both physiological and pathological processes [302].  

 

1.5.1 Biogenesis and function of miRNAs  

MiRNAs are single-stranded RNA of about 19-24 nucleotides that modulate gene expression 

at post transcriptional level, (up to 60% of protein-coding genes are regulated by miRNAs) 

and constitute around 1-5% of the human genome [303,304]. They can act in two different 

ways, depending on the degree of complementarity with the target sequence within the 3’ 
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untranslated regions (3’-UTR) of mRNAs. A perfect complementarity results in the 

degradation of mRNA, while imperfect base paring lead to translation blockage [305,306]. 

Very important, a single miRNA can regulates hundreds of mRNAs; at the same time a single 

mRNA can be targeted by a high number of miRNAs, suggesting a complex regulatory 

network not yet fully understood [307]. Their biogenesis starts with the transcription of 

intragenic or intergenic DNA sequences by RNA polymerases II, generating long primary 

transcripts (pri-miRNAs). These precursors include long hairpin structures and are usually 

poly-adenylated and capped. The first cleavage occurs in the nucleus where the pri-miRNA is 

processed by the ribonuclease III Drosha, giving rise to pre-miRNA (about 70 nucleotide 

long). After this, the pre-miRNA is transported into the cytoplasm by exportin 5 and 

processed by the ribonuclease III endonuclease Dicer to form double stranded miRNAs. 

Finally, the duplex miRNA is converted into mature single-stranded form and incorporated 

into the RNA-induced silencing complex (RISC) (Fig.9) [308]. 

Alteration of the miRNAs biogenesis processes can result in early embryonic lethality and the 

conditional deletion of key enzymes like Dicer or Drosha can affects cellular function and the 

development of many tissues, including bone [309–314]. 
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Figure 9. Schematic representation of microRNA biogenesis molecular processes [315]. 
 

1.5.2 MiRNAs and bone cells 

To date, it is well known that miRNAs are involved in every step of bone homeostasis, from 

the embryonic development to maintenance of adult skeleton. They can regulate the growth, 

differentiation, and activity of all cellular types inside and outside the bone tissue and to 

modulate both bone resorption and formation. However, despite the great number of 

experimental evidences on this topic, the mechanisms by which miRNAs regulate bone 

metabolism both in physiologic and  in diseases, remain largely unclear [299]. 

   
MiRNAs and osteoclasts  

MiRNAs play a fundamental role in the osteoclasts differentiation and activity, indeed their 

complete ablation in pre-OCs results in a block of maturation. Moreover mice with deletion of 

enzymes involved in miRNAs biogenesis, both in mononuclear pre-OCs and mature OCs, 

have a skeletal phenotype characterized by increased bone mass [311,313,314]. Below there 

are some examples of miRNAs with an important role in osteoclastic cells, while a more 

detailed list is reported in Table 1. MiR-21 has been one of the most extensively investigate, 

its expression is triggered by c-Fos and PU.1 (two important modulator of OCs formation) 

and is high in OCs precursor and during osteoclastogenesis. MiR-21 downregulates 
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programmed cell death4 (PDCD4), an inhibitor of c-Fos, creating a positive feedback loop 

that involves c-Fos/miR-21/PDCD4 and promotes RNAKL-induced osteoclastogenesis [314]. 

It also mediates the reduction of bone resorption induced by estrogen. Indeed, estrogen 

suppresses its biogenesis and thus increases the protein level of Fas ligand (FasL), an inducer 

of OCs apoptosis [316]. Other positive regulator of osteoclastogenesis include miR-29 family 

(miR-29a-3p, miR-29b-3p, miR-29c-3p), miR-31 and miR-148a. Members of miR-29 family 

induce OCs formation through the posttranscriptional suppression of their target protein 

nuclear factor I-A (NFIA), a negative regulator of M-CSF. They also target protein within the 

macrophage-OC lineage include calcitonin receptor [317,318]. Moreover, miR-29a treatments 

in rats reduced glucocorticoid-induced bone loss and the suppression of miR-29b increased 

bone resorption in vitro. These conflicting results indicate a  more complex role of some miR-

29 family members and are likely due to positive effects on osteoblastogenesis [318,319]. 

miR-148a is a negative regulator of MAFB and is highly up-regulated during RANKL-

induced osteoclastogenesis from human peripheral blood mononuclear cells (PBMCs). 

Interestingly, the injection of a miR-148a antagomiRs in ovariectomized (OVX) mice, 

reduced bone resorption and increased bone mass [320]. Among relevant miRNAs with a 

negative effect on osteoclastogenesis, miR-34a is highly conserved across species. MiR-34a 

knockout mice model showed increased bone resorption and reduced bone density, while 

opposite phenotype was observed in transgenic mice over expressing this miRNA in OCs. 

Moreover, the administration of miR-34a nanoparticles to OVX mice attenuate the 

osteoporotic bone resorption and the reduction of bone mass evidencing that it could be used 

as a treatment for osteoporosis. Its action is mediated by the suppression of transforming 

growth factor-β- induced factor 2 (Tgif2), a promoter of osteoclastogenesis. MiR-503 showed 

similar effects in OVX mice model, since its silencing increased RANK protein expression, 

promoted bone resorption and decreased bone mass, whereas its overexpression had opposite 

effects. Of interest, OVX-induced decline of estrogen reduces miR-503 levels while estrogen 

replacement increases its expression [321]. 
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miRNAs Validated targets Experimental models Effects 

miR-7b DC-STAMP RAW264.7, BMMs 
Downregulated during MCS-F and RANKL induced OC formation; its expression inhibits cell-cell fusion 
and OC formation  

miR-21 FASL, PDCD4 BMMs 
Upregulated during RANKL-induced OC formation; essential for OC differentiation and OC bone-resorbing 
activity; preserves OCs from apoptosis  

miR-26a CTGF/CCN2 BMMs Expressed at the late stage of CO differentiation; inhibits acting ring formation and OC resorption ability  

miR-29 family 
NFIA, CALCR, CDC42, 
SRGAP2, CD93, GPR85 

BMMs, RAW264.7 
May promote migration of pre-OC abd OC differentiation; its inhibition does not affect OC apoptosis or 
acting ring formation 

miR-29b C-FOS, MMP2 Human PBMCs CD14+ Negatively regulates terminal differentiation and OC activity 

miR-31 RhoA BMMs, Human PBMCs 
Highly upregulated during RANKL-induced OC formation, its inhibition did not affect OC fusion but 
reduces terminal OC differentiation  

miR-34a TGIF2 
BMMs, Human PBMCs, transgenic and 

KO mice, OVX mice 

Downregulated during OC differentiation; transgenic mice exhibit lower bone resorption and higher bone 
mass while KO mice have elevated bone resorption and reduced bone mass; OVX-induced bone loss is 
attenuated by miRNA-34a nanoparticle treatment 

miR-124 NFATc1, RHOA, RAC1 BMMs 
Its expression is rapidly decreased by RANKL stimulation of BMMs; when expressed impairs the 
proliferation and motility of osteoclast precursors and decreases OC differentiation 

miR-125a TRAF6 Human PBMCs CD14+ 
Highly expressed in PBMCs but dramatically downregulated during MCS-F and RANKL induced OC 

differentiation, its overexpression inhibits osteoclastogenesis 

miR-146a TRAF6, STAT1 
PBMCs, mice model of collagen-induced 

arthritis 
Its expression is elevated by LPS stimulation and inhibits OC formation and differentiation; miRNA-146a 
injection prevented bone erosion in the arthritis mice model 

miR-148a MAFB 
Human PBMCs CD14+, BMMs, OVX 

mice 
Upregulated during OCgenesis, promoted OC differentiation and increased the bone resorption area on 
dentin slices, silencing of miRNA-148a by antagomirs prevented bone loss in OVX mice 

miR-155 MITF, SOCS1 BMMs, RAW264.7 
Upregulated in activated macrophages, is repressed during OC differentiation; mediates the suppressive 
effects of IFN-β and other inflammatory signals on osteoclastogenesis 

miR-183 HO-1 BMMs, RAW264.7 Upregulated during RANKL-induced OC formation, its suppression decreases OC differentiation 

miR-214 PTEN BMMs, RAW264.7, transgenic mice 
Positively regulates RANKL-induced OC differentiation through P13K/Akt signaling pathway. Transgenic 
mice have increased osteoclast activity and reduced BMD 

miR-218 NFATc1 BMMs, RAW264.7, PBMCs 
Downregulated during RANKL-induced OC formation; its expression inhibits the formation of multinuclear 
OCs, the migration of OC precursors, actin ring formation and bone resorption 

miR-223 
C/EBPβ, IKKα, 
NFIA, FGFR2 

BMMs, RAW264.7, PBMCs 
Increased in expression during osteoclastogenesis, but if overexpressed or downregulated may decrease 
osteoclast differentiation 

miR-503 RANK 
Human CD14+, PBMCs from 

postmenopausal donors. OVX mice 
Lower in PBMCs from postmenopausal osteoporotic pts, its overexpression reduces osteoclastogenesis in 
vitro and prevents bone loss in OVX mice 

miR-9718 PIAS3 BMMs, RAW264.7 Upregulated following MCS-F and RNKL induction, promotes OC differentiation 
 

Table 1. principal miRNAs related with osteoclasts formation and bone resorption. PBMCs: peripheral mononuclear cells, BMMs: Bone marrow mesenchymal stem cells, OVX: 
ovariectomized, KO: knockout [299].  
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MiRNAs and OBs  

To date, a lot of studies demonstrate the fundamental role played by miRNAs on osteoblasts 

differentiation and activity; the alteration of their biogenesis may have a negative effect on 

bone metabolism and structure. For example, mice with the conditional deletion of Dicer in 

mesenchymal osteoprogenitors showed marked skeletal deformities and high prenatal 

mortality [322]. With the same ablation in mature OBs, mice were viable but exhibited a 

reduction in OBs number and delayed bone development and mineralization [312]. Similar 

results were obtained in case of conditional deletion of Dicer in committed pre-OBs [323]. 

Some miRNAs can regulate the differentiation of mesenchymal progenitor cells and bone 

marrow stromal cells (BMSCs) towards adipogenesis, thus decreasing bone formation. Most 

of them exert this action modulating the expression of components of the canonical Wnt 

pathway [324,325]. Some others, act primarily as inhibitors of OBs differentiation at both 

early stage or later by repressing Runx2 or additional important osteogenic factors such as 

components of the BMP signaling pathway [299]. On the other side, miRNAs also play an 

important role as positive regulators of osteogenesis and OBs differentiation through the 

activation of Runx2 or BMPs signaling pathway or suppressing inhibitors of the Wnt pathway 

like DKK1, Kremen 2 and frizzled related protein 2 [326]. In conclusion, an accurate 

regulation of components of the Wnt signaling pathway or the downstream effectors such as 

Runx2 by miRNAs, is critical for osteoblastogenesis and bone formation. Some of the major 

miRNAs associated with both promotion or inhibition of osteoblastogenesis are shown in 

Table 2 and 3, respectively. 
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miRNAs Validated targets Experimental model Effects 

miR-20a 
PPARG, BAMB1, 

CRIM1 
mMSCs 

Promotes the differentiation of MSCs into osteoblasts 
activating BMP/Runx2 signaling 

miR-21 SPRY1, SMAD7 MC3T3-E1, mMSCs Promotes OB differentiation and mineralization 

miR-27a APC, MF2C 
hFOB1.19 cells, hMSCs, 
mMSCs, BALB/c mice 

Its expression is increased during OB differentiation, its 
overexpression promotes OB differentiation and activity; 
mice treated with antagomir-27a have decreased bone 
mass and reduced OB activity. 

miR-29a 
DKK1, Kremen2, 
sFRP2, HDAC4, 

SPARC 

hFOB1.19 cells, human 
primary OBs, MC3T3-E1 

cells, calvarial cells 

Its expression gradually increases with time of OB 

differentiation, highly expressed in human OB, 

potentiates Wnt signaling, downregulated following 

glucocorticoid excess. 

miR-17 – 19 
cluster 

BIM, POSTN 

mESCs, MC3T3-E1, 
murine primary OBs, KO 
mice, OB-conditional KO 

mice 

Essential for vertebrate development, highly 

expressed in OBs. Conditional KO mice hows reduced 

longitudinal growth, decreased bone size, reduced 

periosteal bone formation and impaired bone 

anabolic response to exercise. 

miR-2861 HDAC5 
ST2 cells, mouse calvarial 

OBs C57BL/6 mice 

Its overexpression enhances BMP2-induced 
osteoblastogenesis, its silencing by antagomir in mice 
inhibits bone formation and decreases bone mass 

 

Table 2. Major miRNAs associated with upregulation of osteoblasts differentiation and/or activity. , hMSCs: 
human mesenchymal stem cells, mMSCs: murine mesenchymal stem cells, mESCs: murine embryonic stem cells  [299]. 
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miRNAs Validated targets Experimental model Effects 

miR-31 
OSX, RUNX2, 

STAB2 

mBMMSCs, hMSC, 
hBMMSCs, hUVEC, 

SaOS2 cells, MG-63 cells, 
U2OS cells, MC3T3 cells, 
mice bone marrow cells 

Downregulated during osteogenesis; its overexpression 
represses OB differentiation of hMSCs. This miR is also 
highly expressed by the senescent endothelial cells or the 
hMSC- derived adipocytes and can be released by these 
cells through extracellular vesicles leading to the 
suppression of Osteogenesis 

miR-34a 
JAG1, cyclin D1, 

CDK4, CDK6, E2F3, 
CDC25A 

hMSC 

Highly expressed during in vitro OB differentiation as well 
as in vivo in mature OBs, its overexpression exerts an 
inhibitory effect on early commitment and late osteoblast 
differentiation of hMSC in vitro and in a preclinical in vivo 
model of heterotopic bone formation 

miR-103a RUNX2 
hFOB1.19 cells, hBMSCs, 
hind limb unloading mice 

Downregulated during cyclic mechanical stretch-induced 
OB differentiation; its overexpression negatively affects 
OB differentiation and activity; pretreatment with 
antagomir-103a partly rescues bone loss caused by 
mechanical unloading in mice 

miR-133 RUNX2 CXC12, MC3T3-E1 cells 
Downregulated during BMP-induced osteoblastogenesis, 
its expression decreases OB differentiation while promotes 
MEF-2-dependent myogenesis 

miR-135 SMAD5 CXC12, MC3T3-E1 cells 
Downregulated during BMP- induced osteoblastogenesis, 
its expression decreases OB differentiation 

miR-138 FAK, ERK 
hMSC, MC3T3-E1, 

calvarial cells 

Downregulated during osteoblast differentiation, its 
overexpression reduces ectopic bone formation. 
conversely, in vivo bone formation is enhanced when miR-
138 is antagonized. 

miR-188 HDAC9, RICTOR 
mBMMSCs, hBMMSCs, 

transgenic mice, aging mice 

Key regulator of the age-related switch between 
osteogenesis and adipogenesis of BMSCs (in favor of 
adipogenesis); its levels increase with age in mice and 
humans; BMMSCs treatment with antagomiR-188 
increased bone formation in aging mice. 

miR-204 
RUNX2, TNSALP, 

SOST 

Mice embryo calvaria bone 
fragments, C2C12 cells, 

MC3T3-E1 cells 

Downregulated during BMP-induced OB differentiation 

and upregulated during adipogenesis 

miR-206 CX43 
C2C12 cells, transgenic 

mice 

Its expression decreases over the course of BMP-induced 
OB differentiation, its overexpression arrests OB 
differentiation; transgenic mice develop a low bone mass 
phenotype due to impaired OB differentiation 

miR-210 TCF712 3T3-L1 cells Promote adipogenesis by repressing WNT signaling 

miR-214 ATF4 
MC3T3-E1 cells, 

transgenic, OVX, or hind 
limb-unloaded mice 

In vitro OB activity and matrix mineralization were 
promoted by antagomir-214 and suppressed by agomir-
214; promotes bone formation in both OVX and hindlimb-
unloaded mice; transgenic mice have reduced OB activity 
and low bone mass 

miR-637 OSX HMSCs nude mice 

Its expression is increased during adipocyte differentiation 
and decreased during OB differentiation; transfection of 
miR-637 hMSCs in nude mice significantly enhanced de 
novo adipogenesis 

 

Table 3. Major miRNAs associated with inhibition of osteoblastogenesis and/or activity. hBMMSCs: human 
bone marrow stromal cells, hMSC: human mesenchymal stem cells, hBMMSCs: human bone marrow 
mesenchymal stem cells, mBMMSCs: mice bone marrow mesenchymal stem cells, hUVEC: hyman umbilical 
vein endothelial cells [299]. 
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1.5.3 MiRNAs and osteoporosis  

Although it is now clear that an aberrant expression of miRNAs is implicated in a wide 

variety of pathologies including cancer, diabetes, cardiovascular disease etc., the data in 

osteoporosis are limited and, in most part, inconclusive. However, despite some limitations, 

studies published to date suggest that alteration in both circulating or skeletal miRNA levels 

are present in osteoporotic patients and might be linked to altered bone metabolism and 

fracture risk. In this context, the possibility of detecting miRNAs not only as diagnostic 

biomarkers, but also as predictors of complications and indicators of drug efficacy is certainly 

appealing for the clinical practice. Over the years, the increasing number of researches, the 

implementation of miRNA quantification platforms and the introduction of high-throughput 

technologies made possible to find circulating miRNAs linked to osteoporosis (summarized in 

Figure 10) [299,302]. In addition, some studies also suggested a clear correlation between 

miRNAs and the onset of fractures, the most relevant consequence of osteoporosis. For 

example, Panach L. and colleagues demonstrated that miR-122-5p, miR-125b-5p and miR-

21-5p were positively correlated with fracture prevalence [327]. A more recent analysis 

uncovered eight miRNAs (miR-140-5p, miR-152-3p, miR-30e-5p, miR-324-3p, miR-335-3p, 

miR-19a-3p, miR-19b-3p and miR-550a-3p) altered in fractured osteoporotic patients, that 

allowed to discriminate them from healthy subjects [328]. Although it is well established that 

in next future miRNAs could be a valid biomarker for several disease, in bone pathologies 

and more specifically in osteoporosis, we are only at the beginning in this field. Moreover, 

unfortunately to date, no data are present regarding the role of these ncRNAs in the 

pathogenesis of Paget’s Disease of bone. 

 

 

Figure 10. Circulating miRNAs differentially expressed in osteoporotic patients, either upregulated (roman) or 
downregulated (italic), and their functions studied in bone cells. 
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2. Aim of the study 

 

This study has three main aims:  

 

1. Characterize the role of microRNA not only in the pathogenesis of Osteoporosis and 

Paget’s disease of bone, but also in the cellular alterations that lead to their onset. In 

order to investigate these aspects, we performed a TaqMan array profiling of 756 

different miRNAs in the peripheral mononuclear cells (PBMCs) of osteoporotic and 

pagetic patients compared to healthy control subjects. 

 

2. Assess whether circulating microRNAs can be used as potentially biomarkers for 

diagnosis and therapy response on the serum of osteoporotic and pagetic patients 

compared with healthy subjects. 

 

3. Compare the circulating microRNAs expression profile of patients having 

hypercalcemic hyperparathyroidism and osteoporosis, normocalcemic 

hyperparathyroidism without osteoporosis, towards healthy control subjects. These 

results could be helpful to find some biomarkers that can be used by clinicians to 

better recognize the asymptomatic normocalcemic form of hyperparathyroidism and to 

choose the most appropriate therapy.  
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3. Material and methods   

3.1 Patients 
 

The present studies were performed on four groups of subjects: pagetic patients without 

mutations in the SQSTM1 gene (PDB-WT), pagetic patients with mutations in the SQSTM1 

gene (PDB-MUT), osteoporotic patients (OP) and healthy controls (CTR). The pagetic group 

was recruited among patients with metabolically active disease (serum levels of total alkaline 

phosphatase [ALP] above the normal range) and/or the presence of bone pain at affected sites 

who visited outpatient clinics for bone and mineral disorders of the Department of Medicine, 

Surgery and Neurosciences of Siena University in Siena, from January 2015 to December 

2020 [120]. In all patients the diagnosis of PDB was confirmed by bone scintigraphy and X-

ray examination of areas of increased isotope uptake [329]. The exclusion criteria were a) 

treatment with bisphosphonates, calcitonin, estrogens, or other drugs acting on the bone 

metabolism at the time of enrollment; b) neoplastic bone degeneration and presence of other 

neoplasms; c) presence of inflammatory bone disorders and other skeletal pathologies. For all 

subjects, a detailed medical history was obtained, including family history, place of birth, 

occupation, age at diagnosis, skeletal extent, complications and age at onset of PDB 

symptoms. The number of skeletal sites involved in PDB in each patient was evaluated based 

in the criteria proposed by Davie et al. [330]. Osteoporotic patients were selected from the 

cohort of the ongoing Siena Osteoporosis Prospective Study, an age-stratified, random 

sampling of elderly men and postmenopausal women in primary care registers invited to 

undergo skeletal health assessment by questionnaire, bone densitometry, and blood tests for 

biochemical and hormone measurements. The osteoporotic group consisted of 

postmenopausal women and elderly men with BMD levels within the osteoporotic range at 

the hip and/or spine. The presence of fragility fractures was recorded, and all reported 

fractures were physician-adjudicated from radiology reports. For all pagetic, osteoporotic and 

healthy subject enrolled, venous blood was collected in the fasting state for serum analysis. 

Serum ALP, total Calcium (Ca), phosphate (P), and creatinine levels were determined by 

standard methods. Bone ALP, serum C-terminal telopeptides of Type I collagen (S-CTX), 25-

OH Vitamin D and intact parathyroid hormone (PTH) were also evaluated. The study was 

approved by the ethics institutional board at the Policlinico Le Scotte Hospital of Siena and 

written informed consent was obtained from all participants. 

Regarding the analysis performed on patients with hyperparathyroidism, all serum samples 

were provided by our colleagues at the Unit of Endocrinology and Diabetes, Campus Bio-
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Medico University of Rome. The three group were composed by: patients with hypercalcemic 

primary-hyperparathyroidism and osteoporosis (PHPT), normocalcemic primary-

hyperparathyroidism without osteoporosis (N-PHPT) and healthy subjects. 

  
3.2 Animal models 

All animal experiment were conducted according to institutional ethical norms and national 

laws, following approval of experimentation from the Ministry of Health and San Raffaele 

Institutional Animal Care and Use Committee.  

SQSTM1/P62 constitutive knock out mouse model was kindly given by Dr. Tony Eissa 

(Baylor College of Medicine, Huston). Mice were generated and genotyped as previously 

described by Masaaki Komatsu [331]. SQSTM1/p62 knock-in P394L mice were kindly given 

by Dr. Jolene J Windle (Virginia Commonwealth University, Richmond) and were previously 

characterized [159]. All mice were born and kept under pathogen-free conditions and all were 

on a C57BL/6 background. For these study only homozygous p62-/- and p62P394L/P394L mice 

were used. 

 

3.3 Murine bone marrow derived monocytes isolation and RNA extraction 

The bone marrow of WT, p62-KO and p62-P394L mice was flushed from the femurs and 

tibias by centrifugation at full speed for 1 minute at 4°C. It was resuspended with complete 

αMEM (Gibco) supplemented with 10% (heat inactivated) FBS, Penicillin/Streptomycin 

(100µg/ml each), Glutamine (2mM), filtered through a cell strainer (microns) and centrifuged 

to pellet cells at 10000g for 5 minutes at room temperature. Cells were then resuspended in 

medium and plated in petri dished with 100mg/ml of mouse M-CSF (Peprotech). After 48 

hours the supernatant was removed and bone marrow derived monocytes (BMMs) were 

expanded for 4 days, after which they were detached and centrifuged at 10000g for 5 minutes. 

The dry pellet was finally stored at -80°C up to RNA extraction. 

Total RNA was extracted from dry cellular pellet thawed on ice using miRNeasy Mini Kit 

(Qiagen, Hilden, Germany), by adding 700 µl of Trizol (Qiagen) as lysis buffer and finally 

eluted in 30 µL of nuclease-free water. 
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3.4 Blood samples processing and PBMCs isolation 
 

SERUM 

Blood samples were processed according to a standardized operating procedure to collect 

serum for miRNAs analysis. The blood was draw in BD Vacutainer SST Advance serum gel 

tubes and processed within 2h from collection. The whole blood was separated into serum and 

cellular fractions by centrifugation at 1,000g for 10 min at 4°C; serum was collected in 

RNAse-free tubes and further centrifuged at 1,200g for 20 min at 10°C to completely remove 

contaminant cells. Finally, serum samples were aliquoted to avoid freeze–thaw cycles and 

finally stored at −80°C up to the RNA extraction. 

PBMCs 

PBMCs were isolated from human blood collected in BD Vacutainer Lithium-Heparin tubes. 

Blood was diluted in an equal volume of RPMI 1640 medium (Sigma Aldrich, St. Louis, MO, 

USA) and further separated on Ficoll-PaqueTM PLUS (G&E Healthcare) gradient by 

centrifugation at 350g for 30 min at room temperature. Cells were collected from 

plasma/Ficoll interface, resuspended in RPMI-1640 and centrifuged at 350g for 10 min at 

4°C. This washing step was repeated twice. After that, the cells were resuspended in 1.5ml of 

phosphate buffer saline (PBS), transferred in a 1.5ml heppendorf and centrifuged ad 10,000g 

for 5 min at 4°C. This washing step was repeated twice. The dry pellet was finally stored at    

-80°C up to RNA extraction. 

3.5 RNA Extraction 

SERUM 

Serum samples were thawed on ice and then further centrifuged at 1,200g for 10 min at 4°C in 

order to completely remove contaminant cells and cell debris. RNA was extracted from 50µl 

of serum using miRNeasy Mini Kit (Qiagen, Hilden, Germany), by adding 5 volumes (250µl) 

of Trizol LS (Life Technologies, Carlsbad, CA, USA) as lysis buffer and finally eluted in 30 

µL of nuclease-free water. 

PBMCs 

RNA was extracted from dry cellular pellet thawed on ice using miRNeasy Mini Kit (Qiagen, 

Hilden, Germany), by adding 700 µl of Trizol (Qiagen) as lysis buffer and finally eluted in 30 

µL of nuclease-free water. 
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3.6 microRNA expression profiles using Taqman Array Cards – Human Samples 

MicroRNA expression profiling was performed using Taqman™ MicroRNA Array Human 

Panel A + Panel B v3.0 (Life Technologies, Carlsbad, CA, USA) to evaluate the expression of 

768 microRNAs in total RNA extracted from serum samples. RNA was reverse-transcribed 

using Megaplex RT primers Pool A and B (Life Technologies, Carlsbad, CA, USA).  

SERUM 

3µl of extracted RNA were added to 0.8µl of 10x Megaplex RT Primers, 0.2µl of 100mM 

dNTPs, 1.5µl of 50 U/µl Multiscribe RT, 0.8µl of 10x RT Buffer, 0.9 µl of 25mM MgCl2, 

0.1µl of 20U/µl RNAse inhibitor and 0.2µl of nuclease-free water. The retrotranscription 

reaction was performed following these steps: 40 cycles at 16°C for 2min, 42°C for 1 min and 

50°C for 1sec, and then at 85°C for 5min. Then, the cDNA was pre-amplified using Megaplex 

Preamp primers Pool-A and B. 2.5 µl of cDNA were added to 12.5 µl of 2x TaqMan Preamp 

Master Mix, 2.5µl of 10x Preamp primers A V2.1 and primers B V3.0and 7.5 µl of H2O. The 

preamplification reaction was performed following these steps: 95°C for 10min, 55°C for 

2min and 72°C for 2min, then 12 cycles at 95°C for 15sec and 60°C for 4min and lastly 99°C 

for 10 min. To conclude, the preamplified cDNA was diluted 1:4 in 0.1x Tris-EDTA pH 8.0 

to obtain a final volume of 100µl. The reaction mix for each microfluidic cards was composed 

by: 450µl of TaqMan Universal PCR Master Mix 2x, 352µl of H2O and 98µl of diluted and 

pre-amplified cDNA. The Real-Time PCR reaction was performed with a ViiA7 instrument 

(Life Technologies, Carlsbad, CA, USA) following these steps: 95°C for 10min, 40 cycles of 

95°C for 15sec and 60°C for 1min. 

PBMCs     

A total of 350ng of RNA for each pool was added to the retrotranscription mix, composed by: 

2.4µl of 10x Megaplex RT Primers, 0.60µl of 100mM dNTPs, 4.50µl of 50U/µl Multiscribe 

RT, 2.40µl of 10x RT Buffer, 2.70µl of 25mM MgCl2, 0.30µl of 20U/µl RNAse inhibitor and 

0.60 µl of H2O. The retrotranscription reaction was performed following these steps: 40 

cycles at 16°C for 2min, 42°C for 1 min and 50°C for 1sec, and then at 85°C for 5min. Then, 

18µl of the obtained cDNA were added to the mix composed by: 450µl of TaqMan Universal 

PCR Master Mix 2x and 432µl of H2O for the Real-Time PCR reaction. This has been done 

with the same ViiA7 instrument used for the serum, also the reaction steps were the same. 
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3.7 microRNA expression profile using microRNA TaqMan Array Cards – Murine 

samples 
 

MicroRNA expression profiling was performed using Taqman™ MicroRNA Array Rodent 

Panel A + Panel B v3.0 (Life Technologies, Carlsbad, CA, USA) to evaluate the expression of 

768 microRNAs in total RNA extracted from BMMs. RNA was reverse-transcribed using 

Megaplex RT primers Rodent Pool A and B (Life Technologies, Carlsbad, CA, USA). 350ng 

of RNA for each pool was added to the retrotranscription mix, composed by: 1.87µl of 10x 

Megaplex RT Primers, 0.47µl of 100mM dNTPs, 3.50µl of 50U/µl Multiscribe RT, 1.87µl of 

10x RT Buffer, 2.1µl of 25mM MgCl2, 0.23µl of 20U/µl RNAse inhibitor and 0.47 µl of H2O. 

The retrotranscription reaction was performed following these steps: 40 cycles at 16°C for 

2min, 42°C for 1 min and 50°C for 1sec, and then at 85°C for 5min. Then, 18µl of the 

obtained cDNA were added to the mix composed by: 450µl of TaqMan Universal PCR 

Master Mix 2x and 432µl of H2O for the Real-Time PCR reaction. This has been done with 

the same ViiA7 instrument used for the serum, also the reaction steps were the same. 

 

3.8 Data and statistical analysis 

All data from TaqMan Human MicroRNA Array Cards were exported using ViiA7 RUO 

software and the analyzed using Expression Suite software v1.0.3 Life Technologies, 

Carlsbad, CA, USA). Analysis was performed by using 2-ΔΔCt following the normalizations 

listed in Table 4. 

Samples Normalization Factors  

PBMCs – PDB and OP 
Panel A: RNU44 – RNU48 – miR-25-3p 

Panel B: RNU44 – RNU48 – miR-664a-5p 

Serum – PDB and OP 
Panel A: miR-320a-3p – miR-374a-5p 

Panel B: miR-320B – miR-30d-5p 

Serum – Hyperparathyroidism  
Panel A: miR-30b-5p – miR-142-3p – miR-92a-3p 

Panel B: miR-320B – miR-206 – miR-601 

Mice - BMMs 
Panel A: snoRNA-135 – snoRNA-202 – mmu-miR652-3p 

Panel B: snoRNA-135 – snoRNA-202 – mmu-miR-664-3p 
 

Table 4. PDB: Paget Disease of Bone; OP: osteoporosis; BMMs: marrow derived monocytes. Normalization 
factors used to analyze the various profiling performed. All miRNAs except the two small-nucleolar RNAs 
RNU44, RNU48, snoRNA-202 and snoRNA-135 were selected using the algorithm NormFinder, which allowed 
us to find the most stable miRNAs among all those detected. 
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For each profiling carried out, a Hierarchical clustering analysis was performed to obtain a 

global view of miRNAs expression levels among the samples analyzed and to identify 

clustered group of miRNAs. 

The volcano plot analysis was used to identify differentially expressed miRNAs, by applying 

a cutoff fold change of 2.0 and a statistical cutoff p value ≤ 0.05 using Student’s t test on 

normalized ΔCt values. Hierarchical Clustering analysis was performed using Heatmapper, a 

free available web server (University of Alberta, Edmonton, Canada), while Volcano Plots 

were elaborated using GraphPad 8.4.2 [332]. 

 

3.9 miRNA single assay RT-qPCR  

Analysis of single miRNAs was performed using TaqMan MicroRNA expression Assays 

(Life Technologies, Carlsbad, CA, USA) following manufacturer’s guidelines. Briefly, 10ng 

of total RNA was added to the reaction mix composed by: 0.15µl of 100mM dNTPs, 0.15µl 

of 10x RT Buffer, 1µl of 50U/µl Multiscribe RT, 0.19µl of 20U/µl RNAse inhibitor, 4.16µl of 

H2O and 3µl of specific stem-loop primers for each microRNA. This reaction mix was 

incubated at 16°C for 30min, 42°C for 30min and 85°C for 5min. Then, Real-Time PCR for 

miRNA expression levels validation was performed employimg a ViiA7 in 96-well plates, in 

duplicate. For each sample, the reaction mix was composed by: 10µl of TaqMan Universal 

PCR Master Mix 2x, 1µl of 20x TaqMan microRNA Assay TM, 2µl of cDNA and 7µl of H2O 

and was incubated at 95°C for 10min, followed by 40 cycles as 95°C for 15sec and 60°C for 

1min. The following TaqMan microRNA expression assays were used: hsa-miR-10b-3p (ID: 

002315), hsa-miR-21-3p (ID: 002438), hsa-miR-182-5p (ID: 002334), hsa-miR-107 (ID: 

000443), hsa-miR-550a-5p (ID: 002410), hsa-miR-144-5p (ID: 002148), hsa-miR-1254 (ID: 

002818), hsa-miR-382-5p (ID: 000572) and mmu-miR-124a-3p (ID: 001182). Expression 

Suite 2.1 software was used to evaluate the amplification plot efficiencies anto to analyze 

expression data. Analysis was performed using 2-ΔCt method upon normalization of raw Ct 

using expression level of RNU44 (ID: 001094), RNU48 (ID: 001006), miR-25-3p (ID: 

000403) and miR-664a-5p (ID: 002897). 
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4.     RESULTS 

 

PART 1  

 

 

Evaluation of miRNAs expression profile in Paget’s 

disease of bone  
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4.1 PBMCs microRNAs expression profile in Pagetic patients 

Although it is now clear that microRNAs play a key role in skeletal metabolism, to date their 

implication in Paget's disease of bone has never been investigated. For this reason, miRNA 

expression profiling was performed in PBMCs using TaqMan miRNA arrays Panel A and 

Panel B, which allowed the evaluation of 768 miRNA expression levels in sixteen pagetic 

patients (9 with mutations in the UBA domain of p62 protein and 7 wilde type for p62) 

compared to seven healthy controls. The clinical and demographic characteristics of the 

patient groups studied are summarized in Table 5. No differences were present between 

groups with regard age and comorbidities at sampling. We decided to analyze PBMCs 

because they include CD14+ monocytes, the main precursors of osteoclasts, the bone cells 

that are first involved in the pathogenesis of Paget’s disease of bone.  

Each miRNA analyzed was considered detected when the cycle threshold (Ct) was ≤ 35.0 in 

at least 8 out of 9 pagetics with p62 mutations (PDB-MUT), 6 out 7 pagetics WT for p62 

(PDB-WT) and 6 out 7 healthy controls (CTR). Overall, based on these criteria, a total of 351 

miRNAs were reliably detected in PBMCs samples (Fig.11a). Among these, 307 were 

commonly identified in all three groups, while 6 resulted commonly detected between CTR 

and PDB-MUT and 23 between CTR and PDB-WT, respectively. Furthermore, 3 miRNAs 

resulted exclusively expressed in PDB-WT, 5 were identified only in PDB-MUT group and 4 

were exclusively detected in control subjects (Fig.11b). Considering each group separately, 

336/351 miRNAs were detected in the PDB-WT group, 321/351 in the PDB-MUT group and 

343/351 miRNAs in the CTR group, highlighting a similar output between the examined 

groups, in terms of miRNAs number. 
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Characteristics  CTR PDB-WT PDB-MUT 

Demographic 

Number 7  7  9 

Mean Age   67 ± 8.1  69 ± 13.2  66 ± 6.9 

Sex (f/m)  4/3  3/4  2/7 

       

Bone markers  
      

Calcium (mg/dl)  9.7 ± 0.26  9.5 ± 0.24  9.7 ± 0.25 

Phosphate (mg/dl)  3.1 ± 0.19  3.2 ± 0.22  3 ± 0.24 

Creatinine (mg/dl)  1.01 ± 0.21  0.83 ± 0.18  1.02 ± 0.12 

Alkaline Phosphatase (Ul/l)  79.5 ± 31.53  112.6 ± 31.13  82.4 ± 19.81 

PTH (pg/ml)  36.7 ± 14.21  31.7 ± 13.67  38.6 ± 16.96 

Vitamin D3 (ng/ml)  22.2 ± 3.31  34.9 ± 14.82  28.8 ± 10.45 

S-CTX (ng/ml)  0.39 ± 0.17  0.55 ± 0.2  0.48 ± 0.23 

Bone-ALP (Ul/l)  12.15 ± 5.26  19.32 ± 8.37  13.38 ± 6.95 

       

Mutations       

P392L  -  -  3 

M404V   -  -  3 

Y383X  -  -  3 

       

Skeletal sites involved         

Monostotic   -  3  3 

Polyostotic (n° of sites)  -  3 (5-2-2)  6 (2-5-4-6-2-3) 
 

Table 5. Clinical characteristics of patients. CTR: patients without diabetes; PDB-WT: patients with Paget and 
without mutations on SQSTM1 gene; PDB-MUT: patients with Paget and mutations on SQSTM1 gene. 
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Figure 11. (a) Hierarchical Clustering Heatmap analysis of miRNAs detected (n = 351). (b) Venn diagram 
showing miRNAs distribution among the three groups. miRNAs expression levels are reported as scale colors 
based on ΔCt expression (Blue, high expression; Red, low expression)  
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To compare miRNAs expression levels among the analyzed groups, we performed a 

normalization step using three different housekeeping, two small RNAs, RNU44 and RNU48, 

and miR-25-3p for Panel A and miR-664a-5p for Panel B. The last two were chosen using the 

algorithm NormFinder, which allows to identify the most stable miRNAs among all those 

detected across the twenty-three samples analyzed.  

We started with the evaluation of miRNAs differentially expressed in all pagetic patients, 

compared to healthy controls. According to the normalization applied, we identified 11 

miRNAs upregulated in PDB and no downregulated miRNAs. In addition, compared with 

controls we observed a general shift of all analyzed miRNAs toward upregulation, as shown 

in Figure 12.  

 

 

Figure 12. Volcano plot showing differentially expressed miRNAs in PDB Vs CTR, according to the 
normalization used. Single dots represent each detected miRNA, positioned based on the relative fold change 
and p-values. Green dots represent differentially expressed miRNAs. Fold Change cutoff (red line) was set at 
2.0-fold while p-values cutoff (blue line) was set at 0.05 based on Student’s t test on normally distributed ΔCT.   
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4.1.1 MiRNAs differentially expressed in PDB-WT and PDB-MUT compared to CTR 

To investigate whether the presence of mutations in the ubiquitous protein p62 may influence 

the miRNA expression profile of pagetic patients, we compared PDB-WT and PDB-MUT 

groups with CTR. Within the PDB-MUT group, three types of p62 mutations were equally 

represented: P392L, the most common in pagetic patients; M404V, which was previously 

reported to be associated with poor expression levels of p62, destabilization of the UBA 

domain and a more aggressive disease state and Y383X. The latter is a rare truncating 

mutation positioned outside the UBA domain, which causes the loss of the entire domain; 

patients with this mutation show a more severe phenotype, even in younger age, with a higher 

number of affected skeletal sites. 

As shown in Figure 13a, in PDB-WT subjects we identified a number of differentially 

expressed miRNAs comparable with that observed in all PDB patients (6 miRNAs 

upregulated and 1 downregulated). Moreover, in this group the tendency to upregulation 

observed in PDB was lost. Surprisingly, the PDB-MUT group showed an elevated increase in 

the number of dysregulated miRNAs, with a pronounced tendency to upregulation (Fig.13b). 

In these samples, 42 miRNAs were upregulated and of these 13/42 (31%) had a Fold Change 

≥ 3. Finally, we wanted to understand if the differentially expressed miRNAs identified were 

linked to the p62 mutations. So, we compared the miRNAs expression profile of PDB-MUT 

vs PDB-WT and PDB-MUT vs CTR, and we observed 19 miRNAs commonly differentially 

expressed among this comparison (Fig.14a-b).  

As mentioned above, different p62 mutations lead to different phenotypes and degrees of 

disease severity. Therefore, to conclude this first part of analysis, we compared the miRNAs 

expression profile of patients having the P392L mutation and those with the M404V mutation. 

Surprisingly, in the latter we observed not only an increased number of dysregulated 

miRNAs, but also a marked upregulation (Fig.15a-b). In the M404V group, 111 miRNAs 

were upregulated (56/111 with a Fold Chang ≥ 3, corresponding to 50.4%) and 1 was 

downregulated. Among the 56 upregulated miRNAs, miR186-5p and miR-425-3p resulted 

upregulated also in patients with the P392L mutation. 

The differentially expressed miRNAs obtained by the comparison: PDB vs CTR, PDB-WT vs 

CTR, PDB-MUT vs CTR and PDB-MUT vs PDB-WT are listed in Table 6.  
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Figure 13. Volcano plot of differentially expressed miRNAs in PDB-WT vs CTR (a) and PDB-MUT vs CTR 
(b). Single dots represent each detected miRNA, positioned based on the relative fold change and p-values. 
Green dots represent differentially expressed miRNAs. Fold Change cutoff (red line) was set at 2.0-fold while p-
values cutoff (blue line) was set at 0.05 based on Student’s t test on normally distributed ΔCT.   
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Figure 14. (a) Venn diagram showing the differentially expressed miRNAs among the comparisons of PDB-
MUT vs PDB-WT (red circle) and PDB-MUT vs CTR (blue circle). Nineteen miRNAs resulted commonly 
differentially expressed among these comparisons. They are all upregulated. (b) Volcano plot of differentially 
expressed miRNAs in PDB-MUT vs PDB-WT. Blue dots represent miRNAs upregulated both in the comparison 
PDB-MUT vs PDB-WT and PDB-MUT Vs CTR. Fold Change cutoff (red line) was set at 2.0-fold while p-
values cutoff (blue line) was set at 0.05 based on Student’s t test on normally distributed ΔCT.  
 
  
 

 
 

Figure 15. PDB-P392L: Pagetic patients with SQSTM1 P392L mutation; PDB-M404V: Pagetic patients with 
SQSTM1 M404V mutation.  (a) Volcano plot of differentially expressed miRNAs in PDB-P392L vs CTR. (b) 
Volcano plot of differentially expressed miRNAs in PDB-M404V vs CTR. Blue dots represent miRNAs 
upregulated both in patients with P392L and M404V mutations. Fold Change cutoff (red line) was set at 2.0-fold 
while p-values cutoff (blue line) was set at 0.05 based on Student’s t test on normally distributed ΔCT. 
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PDB vs. CTR PDB-WT vs. CTR PDB-MUT vs. CTR PDB-MUT vs. PDB-WT 

hsa-miR-10b-3p hsa-miR-589-5p hsa-miR-10b-3p hsa-miR-125b-5p 

hsa-miR-19b-1-5p hsa-miR-21-3p hsa-miR-16-5p hsa-miR-16-5p 

hsa-miR-21-3p hsa-miR-29b-2-5p hsa-miR-19a-3p hsa-miR-19a-3p 

hsa-miR-26b-3p hsa-miR-30d-3p hsa-miR-19b-1-5p hsa-miR-32-5p 

hsa-miR-29b-2-5p hsa-miR-144-5p hsa-miR-21-3p hsa-miR-125b-5p 

hsa-miR-30d-3p hsa-miR-1243 hsa-miR-26a-1-3p hsa-miR-126-3p 

has-miR-181a-3p hsa-miR-1303 hsa-miR-26b-3p hsa-miR-148b-3p 

hsa-miR-182-5p  hsa-miR-32-5p hsa-miR-145a-5p 

hsa-miR-616-3p  hsa-miR-93-3p miR-181a-3p 

hsa-miR-623  hsa-miR-107 hsa-miR-186-5p 

hsa-miR-1303  mmu-miR-124a-3p hsa-miR-191-5p 

  hsa-miR-126-5p hsa-miR-223-3p 

  hsa-miR-132-3p hsa-miR-323-3p 

  hsa-miR-145a-5p hsa-miR-337-5p 

  hsa-miR-181a-3p hsa-miR-345-5p 

  hsa-miR-186-5p hsa-miR-361-5p 

  hsa-miR-191-3p hsa-miR-362-3p 

  hsa-miR-221-3p hsa-miR-410-3p 

  hsa-miR-223-3p hsa-miR-422a 

  hsa-miR-335-3p hsa-miR-425-3p 

  hsa-miR-345-5p hsa-miR-432-5p 

  hsa-miR-410-3p hsa-miR-449a 

  hsa-miR-425-3p hsa-miR-454-3p 

  hsa-miR-454-3p hsa-miR-483-5p 

  hsa-miR-483-5p hsa-miR-484 

  hsa-miR-484 hsa-miR-485-3p 

  hsa-miR-505-5p hsa-miR-518b 

  hsa-miR-516-3p hsa-miR-574-3p 

  hsa-miR-518b hsa-miR-604 

  hsa-miR-550a-5p hsa-miR-618 

  hsa-miR-604 hsa-miR-628-5p 

  hsa-miR-616-3p hsa-miR-671-3p 

  hsa-miR-618 hsa-miR-1183 

  hsa-miR-623  

  hsa-miR-629-3p  

  hsa-miR-630  

  hsa-miR-671-3p  

  hsa-miR-744-3p  

  hsa-miR-766-3p  

  hsa-miR-1183  

  hsa-miR-1253  

  hsa-miR-1303  
 

Table 6. miRNAs differentially expressed in all correlations performed. Red line separates downregulated from 
upregulated miRNAs 
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4.1.2 Single-assay validation of differentially expressed miRNAs 

In order to confirm and validate the differential expression of some of the miRNAs identified 

through high throughput profiling, we analyzed their expression by single-assay RT Real-

Time PCR, in a larger group of subjects (n = 15 CTR, n = 13 PDB-WT and n = 7 PDB-MUT). 

We started with a preliminary validation of selected miRNAs according to the quality of their 

amplification curves, Fold Change, and p values. Some of the miRNAs included in the 

validation were differentially expressed both in PBMCs of osteoporotic and pagetic patients, 

increasing the likelihood that they had a real effect on bone metabolism. The selected 

miRNAs were: miR-10b-3p, miR-21-3p, miR-182-5p, miR-144-5p, miR-107, miR-124a-3p 

and miR-550a-5p, all upregulated in pagetic patients compared to CTR (Tab.7).  

 

miRNA 
PDB vs CTR PDB-WT vs CTR PDB-MUT vs CTR 

Fold Change pvalue Fold Change pvalue Fold Change pvalue 

miR-10b-3p 2.512 0.025   2.860 0.044 

miR-21-3p 2.761 0.01 2.107 0.022 3.619 0.01 

miR-182-5p 5.453 0.033     

miR-144-5p   2.124 0.038   

miR-107     2.533 0.006 

miR-124a-3p     2.293 0.034 

miR-550a-5p     4.343 0.035 
 

Table 7. miRNAs selected for Sigle-Assay validation. In green miRNAs upregulated also in osteoporotic 
patients compared to CTR 
 
All miRNAs analyze resulted upregulated in the PDB group compared to CTR group, but the 

p values were not significant (Fig. 16). Following we evaluated the expression level of these 

miRNAs in PDB-WT and PDB-MUT groups compared to healthy controls. As shown in 

Figure 17, miR-10b-3p, miR-21-3p, miR-107, miR-182-5p and miR-550a-5p were confirmed 

to be differentially expressed in PDB-MUT group vs CTR, (all upregulated). Moreover, miR-

107, miR-182-5p and miR-21-3p were also upregulated compared to the PDB-WT group. 

MiR-124a-3 resulted upregulated both in PDB-MUT and PDB-WT compared to CTR group, 

but only in WT it reached a statistical significance. Finally, miR-144-5p did not pass the 

validation in single assay in any comparison (Fig.17) 
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Figure 16. Single assay validation of 7 miRNAs that resulted deregulated in pagetic patients from the profiling. 
Each graph shows the relative expression (2-ΔCt) and the p-values of the corresponding miRNA obtained from the 
comparison PDB vs CTR. Profiling cohort is indicated with red dots, while the additional validation cohort is 
shown in black dots. p-values were considered significant with p ≤ 0.05 using Mann-Whitney U Test. miRNA 
expression level are reported as 2-ΔCt normalized for the expression of RNU-44, RNU-48, miR-25-3p (Panel A) 
and miR-664a-5p (Panel B).   
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Figure 17. Single assay validation of 7 miRNAs that resulted deregulated in pagetic patients from the profiling. 
Each graph shows the relative expression (2-ΔCt) and the p-values of the corresponding miRNA obtained from the 
comparisons PDB-MUT vs CTR, PDB-WT vs CTR and PDB-MUT vs PDB-WT. Profiling cohort is indicated 
with red dots, while the additional validation cohort is shown in black dots. p-values were considered significant 
with p ≤ 0.05 using Mann-Whitney U Test. miRNA expression level are reported as 2-ΔCt normalized for the 
expression of RNU-44, RNU-48, miR-25-3p (Panel A) and miR-664a-5p (Panel B).  



 

55 

 

 

4.2 microRNAs expression profile analysis in mice model  

To better understand whether mutations in the SQSTM1 gene may be related to alterations in 

the miRNAs expression, we repeated the same analysis performed in pagetic patients and 

healthy controls, in our mice models: WT for p62 (p62-WT), knock-out for p62 (p62-KO) and 

carrying the p62 P394L mutation (p62-KI). This mutation is homologous to the human P394L 

described in the previous paragraph. The RNA for the miRNA expression profiling was 

obtained from MCSF-dependent macrophages (the precursors of osteoclastic cells), isolated 

from the bone marrow of these mice (four for each genotype). Also in this case, each miRNA 

analyzed was considered detected for Ct ≤ 35 in at least 3 out of 4 subjects in at least one 

group. 

Based on these criteria, we detected a total of 325 miRNAs; among these 291 were commonly 

identified in all three groups, while 7, 10 and 9 resulted commonly detected in WT and KI, 

WT and KO and KI and KO, respectively. Furthermore, 4 miRNAs resulted exclusively 

expressed in KI, 2 in KO and 2 in WT (Fig.18a-b). 

To compare their expression levels among the analyzed groups and reduce RT-qPCR data 

variation, we selected two small nucleolar-RNA, snoRNA-135 and snoRNA-202, as 

normalization factors. A third normalizator was chosen using the algorithm NormFinder, that 

permit to identify the most stable miRNAs among the 325 detected: mmu-miR-652-3p for 

Panel A and mmu-miR-664-3p for Panel B. Surprisingly, in p62-KI mice we did not observe 

such pronounced disregulation of miRNAs expression as in pagetic patients with mutations on 

the SQSTM1 gene. However, the number of altered miRNAs in mice with the p62-P394L 

mutation was greater compared to that founded in p62-KO mice. The analysis also revealed 

that, as in pagetic patients with the homologous mutation, the general tendency to 

upregulation was lost in p62-KI mice and the number of downregulated miRNAs was the 

same of that of upregulated one (Fig.19). 
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Figure 11. (a) Hierarchical Clustering Heatmap analysis of miRNAs detected (n = 325). (b) Venn diagram 
showing miRNAs distribution among the three groups. miRNAs expression levels are reported as scale colors 
based on ΔCt expression (Blue, high expression; Red, low expression). 
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Figure 19. Volcano plots showing differentially expressed miRNAs according to the normalization used. 
Volcano plot of differentially expressed miRNAs in mice p62-KI vs. WT ones (a), p62-KO vs. WT (b) and    
p62-KO vs p62-KI. Differentially expressed miRNAs are indicated as green dots. Fold change cutoff (red line) 
was set at 2.0-fold while p-value (blue line) was set at 0.05 based on Student’s t test on normally distributed 
ΔCT. 
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4.3  Circulating microRNA expression profiling in serum of pagetic patients 

In this section we analyzed the expression levels of circulating miRNAs in serum of pagetic 

patients, comparing them with healthy controls. The aim was to identify new biomarkers 

related to Paget disease of bone to be used in future, both in the diagnostic phase and to 

evaluate the patient’s response to therapy. To do that, we extracted total RNA from serum 

isolated from 9 healthy controls (CTR), 6 pagetic patients WT for p62 (PDB-WT) and 4 with 

mutations on the SQSTM1 gene (PDB-MUT). The latter group included: 2 missense M404V, 

1 truncating Y383X and 1 P387L. The P387L is a missense mutation, like the M404V and the 

P932L, that results in a relatively mild phenotype. Clinical characteristics of patients are 

shown in Tab. 8. 
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     CTR PDB-WT PDB-MUT 

Demographics 

Number 9  6  4 

Mean Age   66 ± 6.4  70 ± 11.4  72 ± 6.8 

Sex (f/m)  5/4  4/2  0/4 

       

Bone markers  
      

Calcium (mg/dl)  9.7 ± 0.28  9.6 ± 0.50  9.2 ± 0.18 

Phosphate (mg/dl)  3.2 ± 0.17  3.6 ± 0.50  3.1 ± 0.70 

Creatinine (mg/dl)  0.91 ± 0.23  0.79 ± 0.35  1.06 ± 0.17 

Alkaline Phosphatase (Ul/l)  64.9 ± 16.85  201.8 ± 115.5  240.5 ± 107.14 

PTH (pg/ml)  34 ± 13.07  29.2 ± 7.83  56.3 ± 12.12 

Vitamin D3 (ng/ml)  22 ± 3.70  28.2 ± 14.56  17.8 ± 16.47 

S-CTX (ng/ml)  0.34 ± 0.12  0.81 ± 0.14  1.49 ± 0.51 

Bone-ALP (Ul/l)  9.40 ± 3.48   84.93 ± 82.29  82.27 ± 12.55  

       

Mutations       

Y383X  -  -  1 

M404V   -  -  2 

P387L  -  -  1 

       

Skeletal sites involved         

Monostotic   -  3  1 

Polyostotic (n° of sites)  -  3 (2-2-2)  3 (2-4-3) 
 

Table 8. Clinical characteristics of patients. CTR: healthy subjects; PDB-WT: pagetic patients without SQSTM1 
mutations; PDB-MUT: patients with mutation on SQSTM1 gene.  
 
After that, a miRNA expression profiling was performed using TaqMan miRNA array, which 

allow the evaluation of 768 miRNA expression levels. Each miRNA was considered detected 

for CT values ≤ 35 in at least 3 out of 4 pagetics with p62 mutations (PDB-MUT), 5 out 6 

pagetics WT for p62 (PDB-WT) and 8 out 9 healthy controls (CTR). Considering these 

criteria, a total of 296 miRNAs were detected in serum samples (Fig.20a). Among these, 255 

were commonly identified in all of three groups, while 4 and 3 were exclusively expressed in 
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PDB-MUT and PDB-WT respectively (Fig.20b). Considering each group separately, 294/768 

miRNAs were detected in the PDB-WT group, 292/768 in the PDB-MUT group and 260/768 

in the CTR group, highlighting a similar output between WT and MUT patients and a 

significant lower number of miRNAs detected in healthy controls serum respect to WT and 

MUT.  

 

 
Figure 20. (a) Hierarchical Clustering Heatmap analysis of miRNAs detected (n = 296). (b) Venn diagram 
showing miRNAs distribution among the three groups. miRNAs expression levels are reported as scale colors 
based on ΔCt expression (Blue, high expression; Red, low expression). 
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In order to compare miRNAs expression levels among the analyzed groups, we selected two 

normalization factors for Panel A and two for panel B using NormFinder, which allowed us to 

identify the most stable miRNAs among all those detected. The four most stable miRNAs 

chosen were: miR-320a-3p and miR-374a-5p for Panel A and miR-320B and miR-30d-5p for 

Panel B. According to these normalizations, 10 miRNAs were differentially expressed 

between all pagetic patients (PDB) and CTR, among these 1 was downregulated and 9 were 

upregulated (Fig.21). None of these 10 miRNAs was found to be dysregulated in the PBMCs 

of all pagetic patients compared to healthy control.   

 

 

Figure 21. Volcano plot showing differentially expressed miRNAs in PDB vs CTR (green dots). Fold change 
cutoff (redline) was set at 2.0-fold while p-value (blue line) was set at 0.05 based on Student’s t test on normally 
distributed ΔCT. 
 
 

4.3.1 Circulating miRNAs differentially expressed in WT and mutated patients 

 

As we did for PBMCs, also in these samples, we wanted to investigate whether the presence 

of the mutations at the SQSTM1 gene could influence the expression level of circulating 

miRNAs. To do that, we performed two distinct correlation PDB-WT vs CTR and PDB-MUT 
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vs CTR. From the first comparison we identified 3 miRNAs downregulated and 4 upregulated 

in WT patients while from the second one 4 miRNAs resulted downregulated and 4 

upregulated in patients with mutations (Fig.22a-b). Interestingly, in the latter comparison the 

number of differentially expressed miRNAs was significantly lower compared to that 

observed in PBMCs from mutated patients. Moreover, the general tendency observed in PDB-

MUT from PBMCs was completely lost in the serum from the same group of samples 

(Fig.22a). 

 

 
Figure 22. Volcano plots showing differentially expressed miRNAs according to the normalization used. 
Volcano plot of differentially expressed miRNAs in PDB-WT vs. CTR (a) and PDB-MUT vs. CTR (b). 
Differentially expressed miRNAs are indicated as green dots. Fold change cutoff (red line) was set at 2.0-fold 
while p-value (blue line) was set at 0.05 based on Student’s t test on normally distributed ΔCT. 
 

Among the miRNAs differentially expressed in PDB-MUT vs. CTR, two resulted 

downregulated also when we compared mutated subjects versus WT patients (miR-190b and 

miR-10b3p) (Fig.23a-b). As hypothesized in the previous analysis in PBMCs, probably these 

miRNAs are more closely linked to the presence of mutations on SQSTM1 gene rather than to 

the pathology itself. The complete list of all differentially expressed miRNAs is provided in 

Table 9. 
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Figure 23. (a) Venn diagram showing the differentially expressed miRNAs among the comparisons of PDB-
MUT vs PDB-WT (red circle) and PDB-MUT vs CTR (blue circle). Two miRNAs resulted commonly 
differentially expressed among these comparisons. (b) Volcano plot of differentially expressed miRNAs in PDB-
MUT vs PDB-WT. Blue dots represent miRNAs downregulated both in the comparison PDB-MUT vs PDB-WT 
and PDB-MUT Vs CTR. Fold Change cutoff (red line) was set at 2.0-fold while p-values cutoff (blue line) was 
set at 0.05 based on Student’s t test on normally distributed ΔCT.   
 
 

PDB vs. CTR PDB-WT vs. CTR PDB-MUT vs. CTR PDB-MUT vs. PDB-WT 

hsa-miR-539-5p hsa-miR-9-5p hsa-miR-10b-3p hsa-miR-10b-3p 

hsa-miR-143-3p hsa-miR-505-3p hsa-miR-190b hsa-miR-34a-3p 

hsa-miR-145-3p hsa-miR-518f-3p hsa-miR-539-5p hsa-miR-127-3p 

hsa-miR-181c-5p hsa-miR-127-3p hsa-miR-603 hsa-miR-133a-3p 

hsa-miR-210-3p hsa-miR-200c-3p hsa-miR-142-5p hsa-miR-190b 

hsa-miR-301b-3p hsa-miR-224 hsa-miR-181c-5p hsa-miR-218-5p 

hsa-miR-500-a-5p hsa-miR-335-3p hsa-miR-579-3p hsa-miR-520b-3p 

hsa-miR-579-3p hsa-miR-339-5p hsa-miR-590-3p  

hsa-miR-590-3p    

hsa-miR-592    
 

Table 9. miRNAs differentially expressed in all correlation performed. Red line separates downregulated from 
upregulated miRNAs. 
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PART 2  

 

 

Evaluation of miRNAs expression profile in 

osteoporosis  
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4.4 microRNAs expression profiling in osteoporosis 

As done for Paget’s disease of bone, a miRNAs expression profiling was performed in 

PBMCs and serum of osteoporotic patients (OP) and healthy controls (CTR) using TaqMan 

miRNA arrays, which allowed the evaluation of 768 different miRNA expression levels. 

These analyses are done with the aim of identifying new biological mechanisms involved in 

the pathogenesis of osteoporosis and to identify new potential biomarkers which can be used 

for an early and efficient diagnosis and to evaluate of the patient’s response to therapy.   

 

4.4.1 MiRNA expression profiling in PBMCs of osteoporotic patients  

The miRNAs expression profiling was performed on PBMCs isolated from blood of 10 

osteoporotic patients and 7 healthy controls (as described in materials and methods). The 

latter group is composed by the same subjects enrolled for the profiling performed on PBMCs 

of Pagetic patients. The clinical characteristics of the patients studied are summarized in 

Table 10. No differences between groups were present with regarding to age, sex or 

comorbidities at sampling. 

 

Characteristics  CTR OP 

Demographic 

Number 7  10 

Mean Age   67 ± 8.1  76 ± 4.8 

Sex (f/m)  4/3  7/3 

     

Bone markers      

Calcium (mg/dl)  9.7 ± 0.26  9.8 ± 0.53 

Phosphate (mg/dl)  3.1 ± 0.19  3.4 ± 0.47 

Creatinine (mg/dl)  1.01 ± 0.21  0.94 ± 0.12 

Alkaline Phosphatase (Ul/l)  79.5 ± 31.53  63.1 ± 17.77 

PTH (pg/ml)  36.7 ± 14.21  36.7 ± 17.82 

Vitamin D3 (ng/ml)  22.2 ± 3.31  43 ± 33.33 

S-CTX (ng/ml)  0.39 ± 0.17  0.43 ± 0.24 
 

Table 10. CTR: control group; OP: Osteoporotic patients. Clinical and demographic characteristics of patients 
enrolled in the study. 
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Each miRNA analyzed was considered detected for Ct values ≤ 35.0 in at least 9 out of 10 

osteoporotic subjects and 6 out of 7 CTR. Overall, based on these criteria, a total of 346 

miRNAs were reliably detected in serum samples (Fig.24a). Among the 346 detected 

miRNAs, 308 were commonly identified both in OP and CTR, while 32 and 2 were 

exclusively detected in CTR and OP respectively (Fig.24b). Considering each group 

separately, 313/346 miRNAs were detected in OP group and 343/346 in the CTR group, 

highlighting a significant lower number of miRNAs detected in OP serum samples.   
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Figure 12. (a) Hierarchical Clustering Heatmap analysis of miRNAs detected (n = 346). (b) Venn diagram 
showing miRNAs distribution among the two groups. miRNAs expression levels are reported as scale colors 
based on ΔCt expression (Blue, high expression; Red, low expression). 
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As normalization factors that can be used also for the following single assay validation stage, 

we selected two small nucleolar RNAs, RNU44 and RNU48. In addition, using the algorithm 

NormFinder, we also selected the two most stable miRNAs among the 346 detected, (miR-25-

3p for Panel A and miR664a-5p for Panel B). According to such criteria, 5 miRNAs resulted 

differentially expressed between CTR and OP groups, 1 miRNA downregulated and 4 

upregulated (Fig.25). 

 

 

Figure 25. Volcano plot showing differentially expressed miRNAs according to the normalization used (green 
dots). Fold change cutoff (red line) was set at 2.0-fold while p-values cutoff (blue line) was set at 0.05 based on 
Student’s test on normally distributed ΔCt.  
 

Considering that osteoporosis is a pathology closely related to the reduction of estrogen levels 

(principally after menopause), we investigated whether differences in miRNA expression 

levels were present between male (OP-M) and female (OP-F) osteoporotic patients. To do 

that, we performed two correlations, OP-F vs CTR-F and OP-M vs CTR-M. Results of these 

analyses are shown in Figure. 26 a and b.  
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Figure 26. (a) Volcano plot showing differentially expressed miRNAs, in OP-F vs CTR-F (green dots). (b) 
Volcano plot showing differentially expressed miRNAs in OP-M vs CTR-M (green dots). Fold change cutoff 
(red line) was set at 2.0-fold while p-values cutoff (blue line) was set at 0.05 based on Student’s test on normally 
distributed ΔCt. 
 
 
Interestingly, whereas in female osteoporotic patients all differentially expressed miRNAs 

were upregulated, in males we obtained an opposite result, with two miRNAs upregulated and 

five downregulated. 

A complete list of all differentially expressed miRNAs is provided in Table 11. 

 

 

OP vs. CTR OP-F vs. CTR-F OP-M vs. CTR-M 

hsa-miR-23b-3p hsa-miR-26b-3p mmu-miR-134-5p 

hsa-miR-1-3p hsa-miR-144-5p mmu-miR-379-5p 

hsa-miR-144-5p hsa-miR-335-5p hsa-miR-382-5p 

hsa-miR-487a-3p hsa-miR-432-5p hsa-miR-432-5p 

hsa-miR-550a-5p mmu-miR-451a hsa-miR-758-3p 

 hsa-miR-487a-3p hsa-miR-516-3p 

 hsa-miR-616-3p hsa-miR-589-3p 

 hsa-miR-630  

 hsa-miR-1183  

 hsa-miR-1254  
  

Table 11. miRNAs differentially expressed in all correlations performed. Red line separates downregulated 
miRNAs from upregulated ones.  
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4.4.2 Single-assay validation of differentially expressed miRNAs in PBMCs of 

osteoporotic patients  

In order to confirm the up or downregulation of several miRNAs differentially expressed in 

PBMCs of osteoporotic patients compared to CTR group, we validated their expression using 

single assay stem-loop RT-qPCR in a larger cohort of subjects composed of: n = 15 OP (9 

females and 6 males) and n = 15 CTR (9 females and 6 males). Using the same selection 

criteria applied in the paragraph 4.1.2, we chosen four miRNAs for the validation step:       

miR-144-5p, miR-550a-5p, miR-1254 and miR-382-5p (Tab.12).  

 

miRNAs  
OP vs. CTR OP-F vs. CTR-F OP-M vs. CTR-M 

Fold Change  p value Fold Change  p value Fold Change  p value 

hsa-miR-144-5p 2.840 0.029 5.259 0.017 0.962 0.935 

hsa-miR-550a-5p 3.024 0.015 3.119 0.077 2.962 0.198 

hsa-miR-1254 1.722 0.004 2.161 0.008 1.248 0.366 

hsa-miR-382-5p 0.558 0.339 1.174 0.831 0.126 0.043 
 

Table 7. miRNAs selected for Sigle-Assay validation. In green miRNAs upregulated also in pagetic patients 
compared to CTR 
 

As shown in Figure 27, miR-144-5p, miR-550a-5p and miR-1254 were confirmed 

upregulated in single assay in PBMCs of OP and OP-F compared to CTR, while miR-382-5p 

was not validated in single assay since it did not confirm the trend observed in the profiling 

analysis (Fig.27). Moreover, the validation step did not confirm the upregulation of miR-1254 

observed in the OP-F group compared to CTR, but this miRNA resulted upregulated in the 

OP group compared to CTR.  
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Figure 16. Single assay validation of n = 3 miRNAs that resulted up regulated in OP or OP-F vs CTR and n = 1 
miRNA that resulted downregulated in OP-M vs CTR. Each graph shows the expression and the p-value of the 
corresponding miRNA. Profiling cohort is indicated with red dots, while the additional validation cohort is 
shown in black dots. p-values were considered significant with p ≤ 0.05 using Mann-Whitney U Test. miRNA 
expression level are reported as 2-ΔCt normalized for the expression of RNU-44, RNU-48, miR-25-3p (Panel A) 
and miR-664a-5p (Panel B). 
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4.5 miRNA expression profiling in serum of osteoporotic patients  

For these analyses, miRNA expression profiling was performed on RNA extracted from 

serum of 9 osteoporotic patients, 5 females and 4 males and 9 age- and sex-matched healthy 

controls. The control group was the same used for the miRNA expression analysis of pagetic 

patients serum. The demographics and clinical characteristics of the patients studied are 

summarized in Table 13. 

 

 CTR OP 

Demographics 

Number 9  9 

Mean Age   66 ± 6.4  73 ± 6.8 

Sex (f/m)  5/4  5/4 

     

Bone markers      

Calcium (mg/dl)  9.7 ± 0.28  9.7 ± 0.59 

Phosphate (mg/dl)  3.2 ± 0.17  3.4 ± 0.33 

Creatinine (mg/dl)  0.91 ± 0.23  0.90 ± 0.16 

Alkaline Phosphatase (Ul/l)  64.9 ± 16.85  98.6 ± 77.29 

PTH (pg/ml)  34 ± 13.07  37 ± 17.35 

Vitamin D3 (ng/ml)  22 ± 3.70  26 ± 12.12 

S-CTX (ng/ml)  0.34 ± 0.12  0.72 ± 0.31 

Bone-ALP (Ul/l)  9.40 ± 3.48    

     
 

Table 13. CTR: control group; OP: Osteoporotic patients. Clinical and demographic characteristics of patients 
enrolled in the study. 

Among the 768 miRNAs analyzed, 278 were reliably detected, (criteria: Ct ≤ 35 in at least 8 

out 9 osteoporotic subjects and 8 out 9 CTR) (Fig28a). 240 miRNAs were commonly detected 

in both groups, while 18 resulted exclusively expressed in both CTR and OP groups 

(Fig.28b). In addition, both groups showed the same number of detected miRNAs (260), 

highlighting a similar output. The miRNAs selected with the algorithm NormFinder and used 

as normalization factors were the same as those used in the analysis performed on the serum 

of pagetic patients, miR-320a-3p and miR-374a-5p for Panel A and miR-320B and miR-30d-
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5p for Panel B. According to this normalization, 5 miRNAs were differentially expressed 

between OP and CTR, 1 downregulated and 4 upregulated (Fig.29).  

 

 
Figure 28. (a) Hierarchical Clustering Heatmap analysis of miRNAs detected (n = 278). (b) Venn diagram 
showing miRNAs distribution among the two groups. miRNAs expression levels are reported as scale colors 
based on ΔCt expression (Blue, high expression; Red, low expression). 
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Figure 29. Volcano plot of differentially expressed miRNA in OP Vs CTR (green dots). Fold change cutoff (red 
line) was set at 2.0-fold while p-values cutoff (blue line) was set at 0.05 based on Student’s test on normally 
distributed ΔCt. 

Again, we wanted to investigate whether there was any difference in the expression profile of 

circulating miRNAs between male (OP-M) and female (OP-F) osteoporotic patients. To do 

that, we repeated the correlation OP-F vs CTR-F and OP-M vs CTR-M. The Volcano plot in 

Figure 29 shows that, in contrast to what has been observed in PBMCs, here both 

subpopulations have a comparable number of differentially expressed miRNAs. In OP-F 

group, 6 miRNAs resulted downregulated and 3 upregulated, while in OP-M 4 were 

downregulated and 2 upregulated (Fig.30a-b). 

The complete list of differentially expressed miRNAs obtained from all correlations is 

provided in Table 14. 
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Figure 30. Volcano plot showing differentially expressed miRNAs (green dots), in OP-F vs CTR-F (a) and    
OP-M vs CTR-M (b). Fold change cutoff (red line) was set at 2.0-fold while p-values cutoff (blue line) was set 
at 0.05 based on Student’s test on normally distributed ΔCt. 
 
 
 
 

OP vs. CTR OP-F vs. CTR-F OP-M vs. CTR-M 

hsa-miR-539-5p hsa-miR-190b hsa-miR-101-3p 

hsa-miR-301b-3p hsa-miR-204-5p hsa-miR-191-3p 

hsa-miR-339-5p hsa-miR-212-3p hsa-miR-223-5p 

hsa-miR-367-3p hsa-miR-346 hsa-miR-720 

hsa-miR-500a-5p hsa-miR-381-3p hsa-miR-23a-3p 

 hsa-miR-590-5p hsa-miR-500a-5p 

 hsa-miR-202-3p  

 mmu-miR-495-3p  

 hsa-miR-500a-5p  
 

Table 14. miRNAs differentially expressed in all correlations performed. Red line separated downregulated 
miRNAs from upregulated ones. 
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PART 3  

 

 

Evaluation of miRNAs expression profiling in 

hyperparathyroidism   
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4.6 miRNA expression in the serum of patients with hyperparathyroidism 

The purpose of these analyses was to identify new potential biomarkers related to the disease 

that could be used as treatment in drug therapy and as a support for physician to formulate a 

diagnosis. In order to do that, we performed a miRNA expression profiling using TaqMan 

miRNA arrays, which allowed the evaluation of 768 different miRNA expression levels in 

serum of patients with hypercalcemic primary hyperparathyroidism and osteoporosis (H-

PHPT), normocalcemic primary hyperparathyroidism without osteoporosis (N-PHPT) and 

healthy controls (CTR), (n = 4 subjects per group). The baseline characteristics of patient 

studied are summarized in Table 15. No differences were present between groups with regard 

to age, Body Mass Index (BMI), or comorbidities at sampling. 

Each miRNA analyzed was considered detected when resulting Ct was ≤ 35.0 in at least 3 out 

of 4 subjects in at least one group. Overall, based on these criteria, a total of 217 miRNAs 

were reliably detected in serum samples (Fig.31a). Among the 217 detected miRNAs, 160 

were commonly identified in all three groups, while 2 resulted commonly detected between 

CTR and N-PHPT, 2 between N-PHPT and H-PHPT, and 22 between H-PHPT and CTR 

group. Furthermore, 25 miRNAs resulted exclusively detected in CTR group (Fig.31b). 

Considering each group separately, 215/217 miRNAs were detected in the CTR group, 

165/117 in the N-PHPT group and 184/217 in the H-PHPT group, highlighting a quite 

different output between the studied groups. In comparison with the analysis carried out in the 

previous paragraphs, we observed a general lower number of miRNAs detected, which is 

probably due to the intrinsic characteristics of the sample used.  
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Characteristics  CTR N-PHPT PHPT 

Demographic 

Number 4  4  4 

Mean Age   60 ± 1.9  60 ± 1.7  67 ± 5.4 

Sex (f/m)  4/0  4/0  4/0 

Bone markers  
      

Calcium (mg/dl)  9.6 ± 0.14  8.88 ± 0.15  10.8 ± 0.41 

Ionized calcium (mmol/L)  1.22 ± 0.02   1.14 ± 0.01  1.36 ± 0.05 

Calciuria (24h)  189.5 ± 20.6  294.2 ± 89.8  262.7 ± 35.3  

Phosphate (mg/dl)  3.58 ± 0.51  2.75 ± 0.17  3 ± 1.04   

Creatinine (mg/dl)  0.71 ± 0.14  0.78 ± 0.22  0.63 ± 0.11 

P1NP (ng/ml)  64.6 ± 28.67  81.65 ± 39.6  77.53 ± 17.62  

PTH (pg/ml)  52.5 ± 18.73   135.9 ± 36.84  177.23 ± 73.27  

Vitamin D3 (ng/ml)  24.75 ± 0.5    36.08 ± 6.1  30.5 ± 6.86  

S-CTX (ng/ml)  0.36 ± 0.1  0.34 ± 0.13  0.61 ± 0.1 

Bone mineral density 
      

L1L4  0.94 ± 0.16  1.03 ± 0.11  0.83 ± 0.2 

Femoral neck   0.64 ± 0.07  0.67 ± 0.1  0.58 ± 0.09 

Total Femoral  0.86 ± 0.12  0.89 ± 0.06  0.78 ± 0.13 

Radio  0.60 ± 0.05  0.66 ± 0.01  0.51 ± 0.03 

BMI  24.32 ± 2.52  32.41 ± 5.73  27.82 ± 6.76 
  

Table 15. Clinical and demographics characteristics of patients enrolled in the study. CTR: healthy controls; N-
PHPT: patients with normocalcemic primary hyperparathyroidism without osteoporosis; H-PHPT: patients with 
hypercalcemic primary hyperparathyroidism and osteoporosis. 
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Figure 31. (a) Hierarchical Clustering Heatmap analysis of miRNAs detected (n = 217) in at least 3/4 samples 
for each group. Expression levels are reported as scale of colors based on ΔCt expression (Blue, high expression; 
Red, low expression). (b) Venn diagram showing miRNAs distribution among the three groups.  
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In order to compare miRNAs expression levels among the analyzed groups and reduce RT-

qPCR data variation, we selected six different miRNAs as normalization factors, chosen from 

the most stable serum miRNAs among 217 detected across the 15 analyzed. Using the 

algorithm NormFinder, we identified miR-30b-5p, miR-142-3p, and miR-92a-3p for Panel A 

and miR-320B, miR-206 and miR-601 for Panel B as the most stably expressed. According to 

such criteria, 27 miRNAs were differentially expressed between PHPT and CTR groups (11 

upregulated and 16 downregulated), 36 between N-PHPT and CTR groups (13 upregulated 

and 23 downregulated), 17 between H-PHPT and CTR groups (7 upregulated and 10 

downregulated) and 7 between H-PHPT and N-PHPT (4 upregulated and 3 downregulated) 

(Fig.32a-b, Fig.33a-b). PHPT group was composed of N-PHPT and H-PHPT. Among these 

miRNAs, 12 resulted commonly differentially expressed in the comparison between N-PHPT 

vs CTR and PHPT vs CTR. Instead, 18 were differentially expressed exclusively in the N-

PHPT group when compared to CTR and 5 in the PHPT group compared to CTR. Finally, 6 

miRNAs were differentially expressed in N-PHPT both when compared with CTR and PHPT 

groups, (3 downregulated and 3 upregulated) (Fig.34). 
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Figure 32. Volcano plot showing differentially expressed miRNAs in PHPT vs CTR (a) and N-PHPT vs CTR 
(green dots). PHPT group were composed of H-PTH and N-PTH patients. Fold change cutoff (red lines) was set 
at 2.0-fold while p-values cutoff (blue line) was set at 0.05 based on Student’s test on normally distributed ΔCt. 
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Figure 33. Volcano plot showing differentially expressed miRNAs in H-PHPT vs CTR (a) and H-PHPT vs N-
PHPT (b) (green dots). Fold change cutoff (red lines) was set at 2.0-fold while p-values cutoff (blue line) was set 
at 0.05 based on Student’s test on normally distributed ΔCt. 
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Figure 34. Venn diagram showing the differentially expressed miRNAs among the comparisons of N-PHPT vs 
CTR (A), H-PHPT vs CTR (B) and H-PHPT vs N-PHPT (C). 11 miRNAs resulted commonly differentially 
expressed among the comparisons N-PHPT vs CTR (5 upregulated and 6 downregulated), 6 miRNAs resulted 
commonly differentially expressed among the comparisons N-PHPT vs CTR and H-PHPT vs N-PHPT (3 
upregulated and 3 downregulated). 
 
The complete list of differentially expressed miRNAs in all comparisons performed is shown 
in Table 16. 
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PHPT vs CTR N-PHPT vs. CTR H-PHPT vs. CTR H-PHPT vs. N-PHPT 

hsa-miR-15b-5p hsa-miR-15b-5p hsa-miR-27b-3p hsa-miR-16-5p 

hsa-miR-16-5p hsa-miR-16-5p hsa-miR-29a-3p hsa-miR-532-5p 

hsa-miR-20b-5p hsa-miR-20b-5p hsa-miR-93-3p hsa-miR-625-3p 

hsa-miR-29a-3p hsa-miR-29a-3p mmu-miR-93-5p hsa-miR-204-5p 

hsa-miR-30a-5p hsa-miR-29c-3p hsa-miR-126-5p hsa-miR-218-5p 

hsa-miR-93-3p hsa-miR-30a-5p hsa-miR-193a-5p hsa-miR-483-5p 

mmu-miR-93-5p hsa-miR-30d-5p hsa-miR-221-3p  

hsa-miR-126-5p hsa-miR-93-3p hsa-miR-340-3p  

hsa-miR-145 mmu-miR-93-5p hsa-miR-345-5p  

hsa-miR-186-5p hsa-miR-126-5p hsa-miR-766  

hsa-miR-199a-3p hsa-miR-151-5p hsa-miR-136-5p  

hsa-miR-221-3p hsa-miR-186-5p hsa-miR-194-5p  

hsa-miR-340-3p hsa-miR-199a-3p hsa-miR-302a-3p  

hsa-miR-409-3p hsa-miR-221-3p hsa-miR-302b-3p  

hsa-miR-532-5p hsa-miR-223-5p hsa-miR-518d-3p  

hsa-miR-625-3p hsa-miR-340-3p hsa-miR-548a-3p  

hsa-miR-136-5p hsa-miR-340-5p hsa-miR-597-5p  

hsa-miR-150-5p hsa-miR-409-3p   

hsa-miR-194-5p hsa-miR-425-3p   

hsa-miR-204-5p hsa-miR-532-5p   

hsa-miR-302-3p hsa-miR-625-3p   

hsa-miR-320a-3p hsa-miR-652-3p   

hsa-miR-483-5p hsa-miR-766   

hsa-miR-518d-3p hsa-miR-136-5p   

hsa-miR-520-3p hsa-miR-150-5p   

hsa-miR-548a-3p hsa-miR-194-5p   

hsa-miR-597-5p hsa-miR-204-5p   

 hsa-miR-212-3p   

 hsa-miR-218-5p   

 hsa-miR-320a-3p   

 hsa-miR-483-5p   

 hsa-miR-518d-3p   

 hsa-miR-520b-3p   

 hsa-miR-548a-3p   

 hsa-miR-597-5p   

 hsa-miR-720   
 

Table 16. List of differentially expressed miRNAs in all three correlations performed. Red line separates 
downregulated miRNAs from upregulated ones. 
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PART 4  

 

 

Bioinformatic functional analysis of differentially 

expressed miRNAs target genes  
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4.7 miRNA target genes, a bioinformatic functional analysis  

4.7.1 miRNAs differentially expressed in PBMCs of osteoporotic and pagetic patients 

target genes involved in bone metabolism and bone remodeling. 
 

To functionally correlate PBMCs miRNAs dysregulation to bone metabolism alterations, 

leading to the onset of osteoporosis and Paget’s disease of bone, we looked for experimentally 

validated targets genes of the 8 differentially expressed miRNAs using the DIANA miRPath 

3.0 algorithm. Among the 7437 validated targets identified for overall miR-10b-3p, miR-21-

3p, miR-182-5p, miR-107, miR-124a-5p, miR-550a-5p, miR-144, miR-1254, we detected 

several genes reported to be involved in bone metabolism and remodeling.  Some of these 

genes such as: IL6, NFATC1, PTEN, TNFRSF11A, c-JUN and MITF play a fundamental role 

in osteoclastogenesis and osteoclasts activity, while some others are essential for osteoblasts 

differentiation and bone formation (Tab.17 and 18). Moreover, we identified also targets 

directly involved in the regulation of bone homeostasis and in the maintenance of the balance 

between bone resorption and bone formation (Tab.19). Interestingly, some of the genes 

targeted by miRNAs differentially expressed in pagetic patients have been associated to 

Paget’s disease of bone and related syndromes (SQSTM1, ZNF687, FKBP5 and VCP) 

(Tab.20). ZNF687 was discovered as a novel causal gene in several and early onset PDB and 

was found mutated in several patients, all characterized by the neoplastic degeneration of the 

pagetic lesions towards GCT. VCP mutations were found in Amyotrophic Lateral Sclerosis 

(ALS), a PDB related disorders but not in PDB (Tab.20). Finally, two miRNAs upregulated in 

pagetic patients (miR-182-5p and miR-107) target the SQSTM1 gene encoding for the 

scaffold protein p62. After that, we performed a Gene Ontology (GO) analysis using DAVID 

6.8 algorithm on the validated target genes of 6 upregulated miRNAs in PBMCs of PDB 

patients (miR-10b-3p, miR-21.3p, miR-182-5p, miR-107, miR-124a-5p and miRN-550a-5p) 

and 3 upregulated miRNAs in PBMCs of osteoporotic patients (miR-144-5p, miR-1254 and 

miR-550a-5p).  

Paget’s disease of bone  

GO bioinformatic analysis highlighted that 27 validated targets genes are significantly 

involved in 5 pathways that could be potentially related to the alteration of bone metabolism 

observed in Paget pathology including the regulation of metallopeptidase activity and the 

regulation of fibroblast growth factor production (Tab.21). 
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Osteoporosis  

Here, the GO analysis allowed us to identify 6 pathways potentially related to bone 

metabolism, involving 35 targets gene. Interestingly, one of these pathways positively 

regulates the intracellular estrogen receptor signaling (n = 3 genes, Fold enrichment = 9.3, 

Fisher’s exact test correlated p value = 0.039) (Tab.21).  

 

Target gene Gene Name 
 

Function Targeting miRNA 

IL-6 Interleukin 6  

Positively regulates 
OCgenesis and RANKL 

production by OBs 
miR-124-3p 

NFATC1 
Nuclear Factor of Activated T 

Cells 1 
 

Master regulator of 
osteoclastogenesis 

miR-124-3p 

PTEN 
Phosphatase and Tensin 

Homolog 
 

Inhibits OC differentiation 
by the dephosphorilation of 

PI3K 
miR-107 

RUNX1 
Runt Related Transcription 

Factor 1 
 

Negatively regulates Pre-OC 
differentiation and OC 

activity 
miR-107 

TNFRSF11A 
TNF receptor superfamily 

member 11a 
 

Master regulator of 
osteoclastogenesis 

miR-107 

TNFRSF11B 
TNF Receptor Superfamily 

member 11B 
 

Inhibits OCgenesis reducing 
RANK-RANKL interaction 

miR-124-3p 
miR-550a-5p 

CXCL8 
C-X-C motif chemokine ligand 

8 
 

Promotes OC differentiation 
and bone resorption 

miR-124-3p 

COL6A2 Collagen type VI Alpha 2 chain  

Regulates bone homeostasis 
inhibiting OCgenesis 

miR-124-3p 

c-JUN 
Jun proto-oncogene, AP-1 
transcription factor subunit 

 

Involved in JNK1 
modulation of OCgenesis 

miR-107 
miR-21-3p 

MITF 
Melanocyte Inducing 
Transcription Factor 

 

Essential for OC 
differentiation and activation 

miR-182-5p 

MMP14 Matrix Metallopeptidase 14  

Indices RAKL production 
and OC differentiation. 

Promotes bone resorption 
miR-107 

MMP9 Matrix Metallopeptidase 9  

Promotes OC activity and 
bone resorption 

miR-107 
miR-124-3p 

 

Table 17. Validated target genes involved in osteoclastogenesis and bone resorption 
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Target gene Gene Name Function Targeting miRNA 

LRP5 
LDL receptor related protein 

5 

Interacts with Canonical Wnt 
pathways and promotes OB 

differentiation 
miR-107 

RUNX2 
Runt Related Transcription 

Factor 2 
Regulates OB differentiation  miR-124-3p 

ANKH 
ANKH inorganic 

pyrophosphate transport 
regulator 

Stimulates OB maturation 
Regulates bone mineralization 

miR-107 

BCL2 BCL2 apoptosis regulator 
Induces osteocytes apoptosis 

and reduces OB differentiation 
miR-182-5p 

COL12A1 
Collagen Type XII Alpha 1 

Chain 
Regulate OB polarity and OB-

OB communication  
miR-21-3p 

FAM20C 
FAM20C Golgi associated 
secretory pathway kinase 

Regulates OB maturation, 
migration and mineralization 

through BMP signaling pathwat 
miR-21-3p 

FGF2 Fibroblast Growth Factor 2 
Positively regulates OB 

differentiation and regulates 
bone homeostasis  

miR-107 
miR-182-5p 

IGF1R 
Insulin Like Growth Factor 

1 Receptor 

Regulates OBgenesis, bone 
remodeling and endochondral 

bone formation  

miR-107 
miR-124-3p 
miR-1254 

miR-182-5p 

PDGFA 
Platelet Derived Growth 

Factor Subunit A 

Stimulates OB and 
chondrocytes proliferation. 

Induces cartilage formation and 
intramembranous 

miR-107 

SMAD5 SMAD family member 5 
Together with SMAD1 mediate 

the role of BMP in 
endochondral bone formation 

miR-107 
miR-124-3p 
miR-1254 

SOX4 
SOX11 

SRY-box 4 
SRY-box 11 

Regulate osteoblastic bone 
formation 

miR-1254 

SP1 Sp1 transcription factor 
Increases OBgenesis promoting 

the expression of Frizzled-1 
miR-124-3p 
miR-182-5p 

TGIF2 
TGFB induced factor 

homeobox 2 

Blocks OB differentiation 
through the interaction with the 
pSmad3/HDAC4/H4ac/Runx2 

pathway 

miR-107 

 

Table 18. Validated target genes involved in osteoblastogenesis and bone formation 
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Target gene Gene Name Function Targeting miRNA 

CTNNB1 Catenin Beta 1 
Promotes OB differentiation and 

indirectly inhibits OCgenesis 

miR-107 
miR-124-3p 
miR-182-5p 
miR-21-3p 

DKK1 
Dickkopf WNT signaling 

pathway inhibitor 1 
Inhibits OB differentiation and 

promotes OCgenesis  
miR-107 

NFKB1 
Nuclear Factor Kappa B 

Subunit 1 
Master regulator of OCgenesis. 
Negatively regulates OBgenesis 

miR-107 
miR-124-3p 
miR-182-5p 

BCL6 B-cell CLL/lymphoma 6 
Inhibits OC differentiation  

Promotes OBgenesis 
miR-124-3p 

BMP6 
Bone Morphogenetic 

Protein 6 

Promotes bone formation through the 
inhibition of OCgenesis and the 

induction of OB genesis 
miR-124-3p 

CXCL2 
C-X-C motif chemokine 

ligand 2 
Pro-OCgenic activity  

Anti-OBgenesis  
miR-124-3p 

FOXO3 Forkhead box O3 
Modulate bone mineralization 

regulating both OB and OC  
miR-182-5p 
miR-213p 

LGR4 
Leucine rich repeat 

containing G protein-
coupled Receptor 4 

Regulate bone homeostasis through 
the induction of OBgenesis and the 

reduction of OC differentiation 
miR-182-5p 

MMP2 Matrix Metallopeptidase 2 
Regulates bone homeostasis and 
osteocytes canaliculi formation 

miR-124-3p 
miR-21-3p 

PPARG 
Peroxisome Proliferator 

Activated Receptor 
Gamma 

Induces bone resorption promoting 
OCgenesis and reducing OBgenesis 

miR-182-5p 

SMAD4 SMAD family member 4 
Mediates the TGFB1 inhibition of 
OCgenesis and mediates the BMPs 

induction of OB differentiation 

miR-182-5p 
miR-107 

SOCS3 
Suppressor of Cytokine 

Signaling 3 

Regulates both OC and OB 
differentiation and is involved in 

bone inflammatory diseases 
miR-124-3p 

SOD2 Superoxide dismutase 2 
Controls OCgenesis and OB 

differentiation regulating 
mithocondrial stress 

miR-107 
miR-124-3p 
miR-21-3p 

STAT3 
Signal Transducer and 

Activator of Transcription 
3 

Maintains the balance between bone 
formation and bone resorption  

miR-124-3p 
miR-182-3p 
miR-21-3p 

TFEB Transcription Factor EB Regulates OB and OC differentiation. miR-124-3p 

TGFB1 
TGFBR1 

Transforming Growth 
Factor Beta 1 

Transforming Growth 
Factor Beta Receptor 1 

Maintains the balance between bone 
resorption and bone formation 

regulating both OB and OC 
differentiation and activity 

miR-107 
miR-124-3p 

 

Table 19. Validated targets that regulate bone homeostasis by the regulation of both osteoclasts and osteoblasts 
differentiation and activity. 
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Target gene Gene Name Function Targeting miRNA 

FKBP5 FK506 binding protein 5 
V55L mutation is associated to PDB 

and enhances OCgenesis 
miR-182-5p 

SQSTM1 Sequestosome 1 The principal causal gene for Paget 
miR-107 

miR-182-5p 

VCP Valosin Containing Protein 
Its mutation is linked to 

Amyotrophic Lateral Sclerosis 
(ASL) 

miR-107 

ZNF687 Zinc Finger Protein 687 Novel causal gene for Paget miR-107 

 

Figure 20. Validated target genes that have been associated to Paget’s disease of bone or related syndromes.  
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Signaling Pathways Gene Count Genes % Genes ID p-Value Fold Enrichment Fisher Exact Test 

OSTEOPOROSIS       

Positive regulation of fibroblast 
growth factor production 

2 0.3 HEG1, PTGS2 0.094 20.7 0.0031 

Positive regulation of intracellular 
estrogen receptor signaling pathway 

3 0.5 DDX17, KMT2D, PARP1 0.039 9.3 0.0034 

SMAD protein import into nucleus 4 0.7 DAB2, PARP1, SPTBN1, ZFYVE9 0.036 5.4 0.0058 

Positive regulation of cellular 
response to transforming growth 

factor beta stimulus 
4 0.7 DAB2, HSP90AB1, HIPK2 TGFB1I1 0.041 5.2 0.0068 

Regulation of cellular response to 
transforming growth factor beta 

stimulus 
9 1.5 

DAB2, SMURF2, SOX11, FBN1, 
GLG1, HSP90AB1, HSPA5, HIPK2, 

TGFB1I1, 
0.015 2.8 0.005 

Transforming growth factor beta 
receptor signaling pathway 

13 2.1 

ADAM9, DAB2, SMAD5, SMURF2, 
COL1A2, FBN1, GLG1, HSP90AB1, 
HSPA5, HIPK2, PARP1, TGFB1I1, 

ZFYVE9 

0.0054 2.5 0.002 

PAGET’S DISEASE OF BONE       

Negative regulation of 
metallopeptidase activity 

6 0.1 
TIMP1, TIMP2, TIMP3, PICALM, 

RECK, SORL1 
0.0076 3.6 0.00046 

Negative regulation of 
metalloendopeptidase activity 

4 0.1 TIMP3, PICALM, RECK, SORL1 0.068 3.6 0.0059 

Regulation of metallopeptidase 
activity 

7 0.1 
TIMP1, TIMP2, TIMP3, PICALM, 

RECK, STAT3, SORL1 
0.0074 3.2 0.00076 

Regulation of fibroblast growth 
factor production 

5 0.1 
CCM2L, FGFR1, HEG1, PTGS2, 

RGCC 
0.054 3 0.0076 

Fibroblast growth factor production 5 0.1 
CCM2L, FGFR1, HEG1, PTGS2, 

RGCC 
0.054 3 0.0076 

 

Table 21. List and details of most important signaling pathways in which validated target genes of upregulated miRNAs are involved. The first column indicates the biological 
process in which a specific number (second column) of validated targets are involved. The following columns list the respective p value (third column), fold enrichment (fourth 
column) and Fisher’s Exact test corrected p value (fifth column).  
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Finally, we performed a core analyses of the validated targets gene of miR-550a-5p, 

upregulated both in pagetic and osteoporotic patients, with the QIAGEN Ingenuity Pathways 

Analysis (IPA) software. Among the pathways identified, we selected one implicated in 

connective tissue, skeletal development and function and with this we constructed a network 

in order to find probable interaction among genes. As shown in Figure 35, miR-550a-5p 

interact with several genes involved in osteoclasts differentiation and activity and a significant 

number of interactions are toward PI3K complex, which play a fundamental role in RANKL 

induced osteoclastogenesis. 

  

 
Figure 35. Gene network of miR-550a5p validated targets involved in connective tissue and skeletal 
development and function. 
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4.7.2 miRNAs differentially expressed in serum of osteoporotic and pagetic patients 

target genes involved in bone metabolism and bone remodeling  
 

In order to reveal putative functional pathways/biological processes regulated by differentially 

expressed miRNAs, identified through the profiling, in serum samples of pagetic and 

osteoporotic patients, we adopted a bioinformatic analysis using two different online 

algorithms: DIANA miRPath v.3 (prediction of miRNA experimentally validated targets) and 

DAVID 6.8 (functional classification of target genes). Among all differentially expressed 

miRNAs, we selected those that were more up or downregulated, with lower p values and 

with a better amplification quality. According to these criteria, the following miRNAs have 

been chosen: miR-539-5p (downregulated in pagetic and osteoporotic patients), miR-339-5p 

(upregulated in pagetic and osteoporotic patients), miR-145-3p, miR-181c-5p, miR-579-3p, 

miR-590-3p, miR-127-3p, (upregulated in pagetic patients), miR-204-5p, miR-346, miR191-

3p (downregulated in osteoporotic patients) and miR-500a-5p and miR-202-3, (upregulated in 

osteoporotic patients). No validated target was identified for miR-579-3p, while n = 2936 

validated target genes were identified for all the other miRNAs. Among these targets we 

detected genes implicated in osteoclasts and osteoblasts differentiation and important 

mediator of bone homeostasis such as VDR (Vitamin D receptor) and ESR1, the main estrogen 

receptor in skeletal tissue (Tab.21-22-23). Interestingly, we also observed that miR-590-3p, 

miR-204-3p and miR-346 target the ribonuclease III endonuclease Dicer, while miR-181c-5p 

targets the ribonuclease III Drosha, two important modulator of miRNAs biogenesis. 

The GO bioinformatic analysis, highlighted that 120 validated target genes of miRNAs 

differentially expressed in the serum of osteoporotic patients are involved in 15 pathways that 

could be potentially implied in alterations of bone metabolism (Tab.25). The same analysis 

performed on pagetic patients, pointed out 28 validated targets involved in 3 pathways 

relevant for skeletal homeostasis (Tab.26). Finally, we observed that 114 validated targets of 

miR-539-5p and miR-339-5p, respectively down and upregulated both in osteoporotic and 

pagetic patients are involved in 18 pathways closely related not only to the cellular response 

to estrogen and steroid hormones, but also to osteoclasts proliferation, osteoblasts 

differentiation and bone mineralization (Tab. 27).  
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Target gene Gene Name Function Targeting miRNA 

BCL2 BCL2 apoptosis regulator 
Induces osteocytes apoptosis and 

reduces OB differentiation 
miR-181c-5p 
miR-204-5p 

COL12A1 
Collagen Type XII Alpha 

1 Chain 
Regulate OB polarity and OB-OB 

communication 
miR-145-3p 
miR-181c-5p 

FN1 Fibronectin 1 
Promote OBs differentiation and 
activity. Essential for collagen 

matrix assembly 
miR-145-3p 

IGF1R 
Insulin like Growth Factor 

1 Receptor 

Bone remodeling. Promotes OB 
differentiation and endochondral 

ossification 

miR-339-5p 
miR-590-3p 

LRP6 
LDL receptor related 

protein 6 

Involved in the Wnt/B-catenin 
pathways. It is a key modulator of 

skeletal development and bone 
homeostasis 

miR-181c-5p 

SATB2 SATB homeobox 2 
Enhances OBgenesis and promotes 

bone regeneration 
miR-181c-5p 
miR-590-3p 

SMAD5 SMAD family member 5 
Together with SMAD1 mediate the 
role of BMP in endochondral bone 

formation 

miR-181c-5p 
miR-590-3p 

SOX4 
SOX11 

SRY-box 4 
SRY-box 11 

Regulate osteoblastic bone 
formation 

miR-339-5p 
miR-590-3p 
miR-339-5p 
miR-204-5p 

miR-346 

SP1 Sp1 transcription factor 
Increases OBgenesis promoting the 

expression of Frizzled-1 
miR-590-3p 

STAT5B 
Signal Transducer and 

Activator of Transcription 
5B 

With Jak2 promote OBgenesis miR-204-5p 

TGIF2 
TGFB induced factor 

homeobox 2 

Blocks OB differentiation through 
the interaction with the 

pSmad3/HDAC4/H4ac/Runx2 
pathway 

miR-181c-5p 
miR-590-3p 

  

Table 22. Validated target genes of miRNAs differentially expressed in serum of osteoporotic and pagetic 
patients, involved in OB differentiation and activity and bone formation 
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Target gene Gene Name Function Targeting miRNA 

IL1B Interleukin 1 β 

Involved in the pathogenesis of 
inflammation-induced bone loss. In 
physiological condition promotes 

OCgenesis 

miR-204-5p 

IL6 Interleukin 6 
Promote OC genesis and the 

production of RANKL by Obs 
miR-590-3p 

c-JUN 
Jun proto-oncogene, AP-1 
transcription factor subunit 

Involved in JNK1 modulation of 
OCgenesis  

miR-181c-5p 

MAFB 
MAF bZIP transcription 

factor B 
Negatively regulate RANKL-
mediated OC differentiation 

miR-339-5p 

PRDM1 PR/SET domain 1 
Promotes OCgenesis blocking the 

expression of BCL6 gene 
miR-500a-5p 

PTEN 
Phosphatase and Tensin 

homolog 
Inhibits OC differentiation by the 

dephosphorilation of PI3K 
miR-181c-5p 

 

Table 23. Validated target genes of miRNAs differentially expressed in serum of osteoporotic and pagetic 
patients, involved in OC differentiation and activity and bone resorption 
 
 

Target gene Gene Name Function Targeting miRNA 

IL11 Interleukin 11 
Regulates bone turnover and is 
implicated in normal bone mass 

maintenance 
miR-204-5p 

LGR4 
Leucine rich repeat 

containing G protein-
coupled Receptor 4 

Regulate bone homeostasis through 
the induction of OBgenesis and the 

reduction of OC differentiation 
miR-590-3p 

SOD2 Superoxide Dismutase 2 
Controls OCgenesis and OB 

differentiation regulating 
mithocondrial stress 

miR-204-5p 

STAT3 
Signal Transducer and 

Activator of Transcription 
3 

Maintains the balance between bone 
formation and bone resorption  

miR-181c-5p 
miR-590-3p 

TGFBR2 
Transforming Growth 
Factor Beta Receptor 2 

Couples bone formation and bone 
resorption  

miR-204-5p 

VDR 
Vitamin D (1,25- 

dihydroxyvitamin D3) 
Receptor 

Receptor of Vitamin D a 
fundamental modulator of bone and 

calcium homeostasis 
miR-204-5p 

WNT5A Wnt family member 5A 
Promotes OB differentiation and 

RANK-RANKL induced OCgenesis 
miR-590-3p 

ESR1 Estrogen Receptor 1 
Encode for ERα, the main estrogen 

receptor in bone tissue 
miR-500a-5p 

ESRRG 
Estrogen Related Receptor 

Gamma 

Attenuates BMP2 induced OB 
differentiation and RANKL induced 

OCgenesis 
miR-145-3p 

 

Table 24. Validated target genes of miRNAs differentially expressed in serum of osteoporotic and pagetic 
patients, involved in the regulation of bone metabolism. 
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Signaling Pathways Gene Count Genes % Genes ID p-Value Fold Enrichment Fisher Exact Test 

OSTEOPOROSIS       

Regulation of Adiponectin secretion 2 0.2 RAB11FIP1, RAB11FIP5, IL1B 0.07 6.6 0.0074 

Regulation of SMAD protein complex 
assembly 

3 0.2 LDLRAD4, PARP1, PPM1A 0.07 6.6 0.0074 

Regulation of intracellular estrogen 
receptor signaling pathway 

7 0.5 CNOT1, CNOT2, DDX17, SKP2, KMT2D, PARP1, STRN3 0.023 3.1 0.0062 

Positive regulation of intracellular 
estrogen receptor signaling pathway 

4 0.3 DDX17, SKP2, KMT2D, PARP1 0.035 5.3 0.0048 

Intracellular estrogen receptor signaling 
pathway 

10 0.7 
ARID1A, CNOT1, CNOT2, DDX17, RBFOX2, SKP2, 

ESR1, KMT2D, PARP1, STRN3 
0.0044 3.1 0.0012 

Cellular response to estrogen stimulus 4 0.3 MDM2, ESR1, SERPINB9, MYC 0.07 4 0.014 

Negative regulation of intracellular 
steroid hormone receptor signaling 

pathway 
7 0.5 CNOT1, CNOT2, DAB2, CRY2, FOXP1, HMGA2, STRN3 0.027 3 0.0075 

p38MAPK cascade 7 0.5 
ZFP36L1, EZR, GADD45A, MAPK14, MAP3K4, 

MAP3K5, VEGFA 
0.012 3.5 0.0026 

Regulation of p38MAPK cascade 6 0.4 DAB2IP, EZR, GADD45A, MAP3K4, MAP3K5, VEGFA 0.057 2.8 0.017 

Positive regulation of interferon-beta 
production 

7 0.5 
DDX3X, POLR3D, HMGB2, IFNAR1, IRF3, MAVS, 

ZBTB20 
0.027 3 0.0075 

Negative regulation of I-kappaB 
kinase/NF-kappaB signaling 

11 0.8 
ASH1L, DAB2IP, FBXW11, G3BP2, RORA, TNFAIP3, 

ESR1, PPM1A, TRIM59, USP10, ZMYND11) 
0.0059 2.7 0.0012 

Regulation of NF-kappaB import into 
nucleus 

9 0.6 
FBXW11, G3BP2, RBCK1, C8orf4, GREM1, IL1B, IL23A, 

PRDX1, PPM1A 
0.021 2.6 0.007 

Wnt signaling pathway, calcium 
modulating pathway 

8 0.6 
GNB1, MOV10, AGO2, FZD2, PPP3R1, TCF7L2, 

TNRC6A, TNRC6B 
0.026 2.7 0.008 

Regulation of osteoblast differentiation 22 1.6 

CEBPA, CEBPB, CD276, GNAS, LIMD1, NBR1, SKI, 
SMOC1, SOX11, SUCO, WNT4, ACVR2A, ACVR2B, 
CDK6, DDR2, ESRRA, FBN2, HDAC7, IL6ST, PTK2, 

TMEM64, TWIST2 

0.000071 2.6 0,000023 

Positive regulation of osteoblast 
differentiation 

12 0.8 
CEBPA, CEBPB, CD276, GNAS, SOX11, SUCO, WNT4, 

ACVR2A, ACVR2B, DDR2, FBN2, IL6ST 
0.005 2.6 0.0016 

 

Table 25. OSTEOPOROSIS. List and details of most important signaling pathways in which validated target genes of upregulated miRNAs are involved. The first column 
indicates the biological process in which a specific number (second column) of validated targets are involved. The following columns list the respective p value (third column), 
fold enrichment (fourth column) and Fisher’s Exact test corrected p value (fifth column). 
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Signaling Pathways Gene Count Genes % Genes ID p-Value Fold Enrichment Fisher Exact Test 

PAGET’S DISEASE OF BONE       

Collagen-activated signaling pathway 4 0.2 COL4A1, COL4A5, DDR2, ITGA2 0.064 4.1 0.01 

Positive regulation of NIK/NF-kappaB 
signaling 

11 0.5 
TRAF2, TRAF4, ZFP91, ACTN4, AGO3, CALR, 

EIF2AK2, MAP3K7, RPS3, RC3H1, RC3H2 
0.0037 2.8 0.001 

Wnt signaling pathway, calcium 
modulating pathway 

13 0.6 
GNB1, MOV10, WNT5A, AGO3, AGO4, CALM1, 

CALM2, MAP3K7, PPP3R1, TCF7L2, TNRC6A, TNRC6B, 
TNRC6C 

0.0018 2.7 0.0005 

 

Table 26. PDB. List and details of most important signaling pathways in which validated target genes of differentially expressed miRNAs are involved. The first column 
indicates the biological process in which a specific number (second column) of validated targets are involved. The following columns list the respective p value (third column), 
fold enrichment (fourth column) and Fisher’s Exact test corrected p value (fifth column).  
 

Signaling Pathways Gene Count Genes % Genes ID p-Value Fold Enrichment Fisher Exact Test 

Negative regulation of osteoclast 
proliferation 

2 0.5 TNFAIP3, GREM1 0.041 47.8 0.00044 

Positive regulation of NIK/NF-kappaB 
signaling 

4 1 TRAF2, TRAF4, ACTN4, RPS3 0.028 6 0.0043 

NIK/NF-kappaB signaling 6 1.5 TRAF2, TRAF4, ACTN4, MAP3K14, PSMA6, RPS3 0.073 2.7 0.025 

Regulation of I-kappaB kinase/NF-
kappaB signaling 

13 3.3 
RORA, TNFAIP3, TRAF2, BST2, CANT1, EEF1D, 

GREM1, MAVS, MAP3K14, PRDX1, RHOC, TGM2, 
TRIM59 

0.0043 2.6 0.0016 

Positive regulation of osteoblast 
differentiation 

5 1.3 CEBPB, CD276, SOX11, WNT4, DDR2 0.036 4 0.0083 

Regulation of osteoblast differentiation 8 2 
CEBPB, CD276, SOX11, WNT4, DDR2, ESRRA, PTK2, 

TWIST2 
0.0082 3.5 0.0022 

Osteoblast differentiation 11 2.8 
CEBPB, CD276, DDX21, DHX9, SOX11, WNT4, 

COL1A1, DDR2, SYNCRIP, TPM4, TWIST2 
0.0079 2.7 0.0027 

Positive regulation of ossification 6 1.5 CEBPB, CD276, SOX11, WNT4, DDR2, PKDCC 0.032 3.4 0.0088 
Regulation of bone mineralization 5 1.3 CD276, WNT4, DDR2, GREM1, PKDCC 0.061 3.45 0.016 

Regulation of ossification 11 2.8 
CEBPB, CD276, SOX11, WNT4, DDR2, ESRRA, GREM1, 

MAPK14, PKDCC, PTK2, TWIST2 
0.0049 2.9 0.0016 

 

Table 27. miR-539-5p and miR-339-5p. List and details of most important signaling pathways in which validated target genes of differentially expressed miRNAs are involved. 
Focus on pathways involved in OCs proliferation, OBs differentiation and ossification. The first column indicates the biological process in which a specific number (second 
column) of validated targets are involved. The following columns list the respective p value (third column), fold enrichment (fourth column) and Fisher’s Exact test corrected p 

value (fifth column).
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4.7.3 miRNAs differentially expressed in serum of patients with hyperparathyroidism 

target genes involved in bone metabolism and bone remodeling  
 

Finally, we used DIANA miRPath v.3 and DAVID 6.8 also to identify putative functional 

pathways or biological processes regulated by differentially expressed miRNAs identified in 

serum samples of patients with hyperparathiroidism. In order to obtain the most reliable 

results, we adopted the same criteria of inclusion used in the previous paragraph (best quality 

of amplification curves, best up or downregulation and lower pvalues). According to these 

criteria we selected the following miRNAs: miR-15b-5p, miR-30a-5p, miR-30d-5p, miR-186-

5p, miR-218-5p, miR-320a-3p, miR-483-5p, differentially expressed in N-PHPT vs CTR, 

miR-27b-3p, miR-193a-5p, miR345-5p, differentially expressed in H-PHPT vs CTR and 

miR-29a-3p, miR-340-3p, miR-136-5p, miR-194-5p, miR-518d-3p and miR-548a-3p, 

differentially expressed both in N-PHPT vs CTR and H-PHPT vs CTR. Complessively, we 

identified 13,089 validated target genes; among these 31 were direcly involved in regulation 

of osteoclastogenesis/ bone resorption, osteoblasts differentiation/ bone formation and bone 

remodeling (Tab.28, 29 and 30). Interestingly, we detected also target genes involved in the 

neoplastic degeneration of parathiroids, such as ZFX, CCND1, CTNNB1, (tumorigenic driver 

in parathyroid adenoma) and AKAP9, linked to parathyroid carcinoma. Surprisingly, although 

all patients included in the study were affected by a sporadic form of hyperparathyroidism, 

among the genes targeted by our differentially expressed miRNAs there were some of that 

linked to familial inherited parathyroid disorders (syndromic hyperparathyroidism) (Tab.31). 

To conclude, the GO bioinformatic analysis, performed using DAVID 6.8 algorithm, 

highlighted that 247 validated target genes of miRNAs, differentially expressed in the serum 

of patients with primary hyperparathyroidism, are involved in 29 pathways that could be 

potentially implied in alterations of bone metabolism. Moreover, some of these pathways, 

found in the H-PHPT group, are also involved ion calcium homeostasis (Tab.32 and Tab.33). 
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Target gene Gene Name Function Targeting miRNA 

BCL2 
BCL2 apoptosis 

regulator 
Induces osteocytes apoptosis and reduces 

OB differentiation 
miR-345-5p 

BMP1 
Bone Morphogenic 

Protein 1  

Enhances the formation of mineralized 
bone nodules and is involved in bone 

repair 
miR-218-5p 

FGF2 
Fibroblast Growth 

Factor 2 
Positively regulates OB differentiation and 

regulates bone homeostasis  
miR-15b-5p 
miR-218-5p 

IGF1R 
Insulin like Growth 
Factor 1 Receptor 

Bone remodeling. Promotes OB 
differentiation and endochondral 

ossification 

miR-15b-5p 
miR-30a-5p 
miR-30d-5p 
miR-186-5p 
miR-218-5p 
miR-320a-3p 
miR-345-5p 
miR-194-5p 

PDGFA Platelet Derived Growth 
Factor Subunit A 

Stimulates OB and chondrocytes 
proliferation. Induces cartilage formation 

and intramembranous 

miR-15b-5p 
miR-186-5p 
miR-29a-3p 

RUNX2 Runt Related 
Transcription Factor 2 

Regulates OB differentiation  

miR-30a-5p 
miR-30d-5p 
miR-218-5p 
miR-320a-3p 

SMAD7 SMAD family member 7 
Inhibits OB differentiation and bone 

mineralization 

miR-15b-5p 
miR-320a-3p 
miR-27b-3p  

SOX4 
SOX11 

SRY-box 4 
SRY-box 11 

Regulate osteoblastic bone formation 

miR-27b-3p  
miR-29a-3p 
miR-30a-5p 
miR-30d-5p 
miR-186-5p 
miR-320a-3p  

SMAD5 SMAD family member 5 
Together with SMAD1 mediate the role of 

BMP in endochondral bone formation 

miR-186-5p 
miR-218-5p 
miR-320a-3p 

SP1 Sp1 transcription factor 
Increases OBgenesis promoting the 

expression of Frizzled-1 

miR-27b-3p  
miR-29a-3p 
miR-15b-5p 

TGIF2 TGFB induced factor 
homeobox 2 

Blocks OB differentiation through the 
interaction with the 

pSmad3/HDAC4/H4ac/Runx2 pathway 

miR-15b-5p 
miR-30a-5p 
miR-30d-5p 

 

Table 28. Validated target genes of miRNAs differentially expressed in serum of patients with 
hyperparathyroidism, involved in OB differentiation and activity and bone resorption. 
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Target gene Gene Name Function Targeting miRNA 

BCL6 B-cell CLL/lymphoma 6 
Regulates bone homeostasis inhibiting 
OCgenesis and promoting OBgenesis 

miR-30a-5p  
miR-30d-5p 

BMP6 Bone Morphogenetic Protein 6 
Promotes bone formation through the 

inhibition of OCgenesis and the induction 
of OB genesis 

miR-345-5p 

CXCL2 
C-X-C motif chemokine ligand 

2 
Pro-OCgenic activity  

Anti-OBgenesis  
miR-27b-3p 

DKK1 
Dickkopf WNT signaling 

pathway inhibitor 1 
Inhibits OB differentiation and promotes 

OCgenesis  

miR-320a-3p 
miR-27b-3p 
miR-136-3p 

FOXO3 Forkhead box O3 
Modulate bone mineralization regulating 

both OB and OC  

miR-218-5p 
miR-27b-3p 
miR-29a-3p 

IGF2 Insulin like Growth Factor 2 
Its levels positively correlate with bone 

mass 
miR-218-5p 
miR-193a-5p 

IL10 Interleukin 10 
Contributes to the maintenance of bone 
mass inhibiting OC differentiation and 

promoting OBgenesis 

miR-27b-3p 
miR-194-5p 

LGR4 
Leucine rich repeat containing 
G protein-coupled Receptor 4 

Regulate bone homeostasis through the 
induction of OBgenesis and the reduction 

of OC differentiation 

miR-30a-5p 
miR-30d-5p 
miR-218-5p 

MMP2 Matrix Metallopeptidase 2 
Regulates bone homeostasis and 
osteocytes canaliculi formation 

miR-29a-3p 

SOCS3 
Suppressor Of Cytokine 

Signaling 3 

Regulates both OC and OB differentiation 
and is involved in bone inflammatory 

diseases 

miR-30a-5p 
miR-30d-5p 

SOST Sclerostin 
Inhibits OB differentiation antagonizing 

Wnt/β catenin pathway. Promote 
OCgenesis reducing OPG levels 

miR-218-5p 
miR-194-5p 

STAT3 
Signal Transducer and 

Activator of Transcription 3 
Maintains the balance between bone 

formation and bone resorption  
miR-15b-5p 
miR-218-5p 

TGFBR1 
Transforming Growth Factor 

Beta Receptor 1 

Maintains the balance between bone 
resorption and bone formation regulating 

both OB and OC differentiation and 
activity 

miR-27b-3p  
miR-194-5p 

 

Table 29. Validated target genes of miRNAs differentially expressed in serum of patients with 
hyperparathyroidism, involved in bone metabolism. 
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Target gene Gene Name Function Targeting miRNA 

COL6A2 
Collagen type VI Alpha 2 

chain 
Regulates bone homeostasis 

inhibiting OCgenesis 
miR-29a-3p 

c-JUN 
Jun proto-oncogene, AP-1 
transcription factor subunit 

Involved in JNK1 modulation of 
OCgenesis 

miR-30d-5p 
miR-320a-3p 
miR-29a-3p 
miR-194-5p 

MAFB 
MAF bZIP transcription 

factor B 
Negatively regulate RANKL-
mediated OC differentiation 

miR-29a-3p 

MITF 
Melanocyte Inducing 
Transcription Factor 

Essential for OC differentiation 
and activation 

miR-27b-3p 

MMP9 Matrix Metallopeptidase 9 
Promotes OC activity and bone 

resorption 
miR-218-5p  
miR-29a-3p 

MMP14 
Matrix Metallopeptidase 

14 

Indices RAKL production and OC 
differentiation. Promotes bone 

resorption 
miR-218-5p  

PTEN 
Phosphatase and Tensin 

Homolog  
Inhibits OC differentiation by the 

dephosphorilation of PI3K 
miR-320a  

miR-29a-3p 
Table 30. Validated target genes of miRNAs differentially expressed in serum of patients with 
hyperparathyroidism, involved in OC differentiation and activity and bone resorption. 
 
 

Target gene Gene Name Syndrome or tumor Targeting miRNA 

AKAP9 A-kinase anchoring protein 9 Parathyroid Carcinoma 
miR-15b-5p  
miR-186-5p 

CCND1 Cyclin D1 
Pro-oncogene, primary tumorigenic driver in 

parathyroid adenomas 

miR-30d-5p 
miR-27b-3p 
miR-194-5p 

CTNNB1 Catenin beta 1 Parathyroid adenoma 

miR-15b-5p 
miR-30a-5p 

miR-320a-3p 
miR-27b-3p 
miR-29a-3p 
miR-340-3p 

ZFX Zinc finger protein, X-linked Oncogene linked to parathyroid adenoma 
miR-30a-5p 
miR-30d-5p 
miR-218-5p 

CDKN2B Cyclin Dependent Kinase 
Inhibitor 2B 

Multiple endocrine neoplasia type-1 (MEN-1) miR-186-5p 

CDC73 Cell Division Cycle 73 

Causative gene for the familial 
hyperparathyroidism-jaw tumor syndrome 
(HPT-JT) and the benign and malignant 

parathyroid tumors associated with it 

miR-15b-5p  
miR-186-5p 

CDKN1A Cyclin dependent kinase 
inhibitor 1A 

Multiple endocrine neoplasia type-1 (MEN-1) 

miR-15b-5p 
miR-186-5p 
miR-218-5p 
miR-27b-3p 
miR-345-5p 

CDKN1B 
Cyclin dependent kinase 

inhibitor 1B 
MEN-1 and parathyroid adenoma  

miR-218-5p 
miR-194-5p 
miR-548a-3p 

AP2S1 
Adaptor related Protein 

complex 2 Sigma 1 subunit 
Familial Hypocalciuric Hypercalcemia 

syndrome Type 2 (FHH-Type3) 
miR-30a-5p 

GNA11 G protein subunit alpha 11 
Familial Hypocalciuric Hypercalcemia 

syndrome Type 2 (FHH-Type3) 
miR-340-3p 

 

Table 31. Validated target genes of miRNAs differentially expressed in serum of patients with 
hyperparathyroidism, linked to neoplastic degeneration of parathyroids and sybdromicic hyperparathyroidism.
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Signaling Pathways Gene Count Genes % Genes ID p-Value 
Fold 

Enrichment 

Fisher Exact 

Test 

N-PHPT       

Insulin receptor signaling pathway 
via phosphatidylinositol 3-kinase 

4 0.1 C2CD5, FER, IGF2, PIK3CA 0.058 3.8 0.0048 

Negative regulation of 
metallopeptidase activity 

5 0.1 TIMP1, TIMP2, TIMP3, PICALM, RECK 0.045 3.2 0.0058 

Chondrocyte differentiation involved 
in endochondral bone morphogenesis 

7 0.1 
SOX9, AXIN2, NPPC, RARG, SERPINH1, TRIP11, 

TGFBR2 
0.013 3 0.0018 

H-PHPT       

Receptor internalization involved in 
canonical Wnt signaling pathway 

3 0.2 RAB5A, SCYL2, CAV1 0.031 9.5 0.0012 

Negative regulation of calcium ion-
dependent exocytosis 

5 0.3 BRAF, REST, FMR1, NOTCH1, SYT4 0.022 4.3 0.0034 

Regulation of calcineurin-NFAT 
signaling cascade 

6 0.3 AKAP6, NRG1, NFAT5, PRNP, RCAN1, RCAN2 0.027 3.4 0.0059 

Wnt signaling pathway, calcium 
modulating pathway 

13 0.7 
GNB1, AGO1, AGO2, AGO3, CALM3, CTNNB1, 
FZD3, FZD4, MAP3K7, NLK, PPP3R1, TNRC6A, 

TNRC6B 
0.00047 3.2 0.00011 

Positive regulation of transforming 
growth factor beta receptor signaling 

pathway 
7 0.4 

GIPC1, HSP90AB1, HIPK2, RNF111, SDCBP, 
THBS1, TGFBR3 

0.034 2.8 0.0096 

Regulation of release of sequestered 
calcium ion into cytosol by 

sarcoplasmic reticulum 
7 0.4 

AKAP6, ASPH, CAMK2D, CALM3, CHD7, GSTO1, 
RYR2 

0.048 2.6 0.015 

 

Table 32. N-PHPT and H-PHPT. List and details of most important signaling pathways in which validated target genes of differentially expressed miRNAs are involved. The 
first column indicates the biological process in which a specific number (second column) of validated targets are involved. The following columns list the respective p value 
(third column), fold enrichment (fourth column) and Fisher’s Exact test corrected p value (fifth column).
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Signaling Pathways Gene Count Genes % Genes ID p-Value 
Fold 

Enrichment 

Fisher Exact 

Test 

PHPT       

Bone trabecula formation 4 0.2 COL1A1, FBN2, MMP2, SFRP1 0.081 3.8 0.016 

Wnt signaling pathway, calcium 
modulating pathway 

13 0.7 
GNB1, AGO1, AGO3, CALM2, CALM3, CTNNB1, 
FZD4, FZD5, NLK, PPP3R1, TNRC6A, TNRC6B, 

TNRC6C 
0.00049 3.1 0.00012 

Negative regulation of osteoblast 
differentiation 

12 0.7 
LIMD1, RORB, SKI, SUFU, AXIN2, CDK6, 

HDAC4, HDAC7, ID3, IGFBP5, SFRP1, TMEM64 
0.00049 3.1 0.00012 

positive regulation of NIK/NF-
kappaB signaling 

9 0.5 
SASH1, TRAF2, TNFRSF10B, ZFP91, AGO1, 

AGO3, CALR, RC3H1, RC3H2 
0.016 2.7 0.12 

Insulin-like growth factor receptor 
signaling pathway 

9 0.5 
GIGYF1, GIGYF2, IGF1R, IGF2R, IGFBP3, IGFBP4, 

IGFBP5, PIK3R1, TSC2 
0.016 2.7 0.12 

Endochondral ossification 7 0.4 
CSGALNACT1, COL1A1, INPPL1, MMP14, 

MMP16, MEF2C, MEF2D 
0.051 2.5 0.016 

positive regulation of calcium ion 
transport into cytosol 

13 0.7 
AKAP6, ABL1, BAK1, BAX, CD4, CALM2, 

CALM3, CAV1, CEMIP, F2R, HTT, SNCA, TRDN 
0.0043 2.5 0.0014 

 

Table 33. PHPT. List and details of most important signaling pathways in which validated target genes of differentially expressed miRNAs are involved. PHPT = N-PHPT 
patiens + H-PHPT patients. The first column indicates the biological process in which a specific number (second column) of validated targets are involved. The following 
columns list the respective p value (third column), fold enrichment (fourth column) and Fisher’s Exact test corrected p value (fifth column).
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5. DISCUSSION AND CONCLUSIONS  

The pathogenesis of many bone disorders is, at least in part, genetically determined. Indeed, 

complex regulatory mechanisms and transcriptional activities are necessary to support the 

expression of genes that regulate the activity of all bone cells in response to different stimuli 

(e.g., hormones, growth factors and cytokines). Excluding monogenic bone disorders, it is 

now well established that in complex multifactorial disorders, with a recognized hereditary 

component, such as Paget’s disease of bone and osteoporosis, the associated genetic variants 

have a limited impact on gene expression and explain only a small fraction of the disease risk. 

Moreover, a larger proportion of variants associated to many human traits or diseases fall in 

loci which do not encode proteins, suggesting that additional mechanisms other than gene-

gene and gene-environment interactions might be involved.  

In this setting, we focus our attention on Paget’s disease of bone and osteoporosis in order to 

clarified epigenetic mechanism involved in their pathogenesis. 

Paget’s disease of bone is a chronic and focal skeletal disorder, which typically results in 

enlarged and deformed bones in one or more regions of the skeleton. Concerning its 

pathogenesis, it is generally believed that the primary cellular abnormality is in the 

osteoclasts, since the osteoblasts appears intrinsically normal, even though this is not proven 

conclusively and enhanced OB activity is also a major contributor of skeletal lesions [106].  

Osteoporosis is the most common metabolic bone disorder and is characterized by decreased 

bone mass and compromised bone strength, predisposing to an increased risk of fracture 

[181]. It is a multifactorial disorder with a recognized hereditary component, although genetic 

variants associated with the disease have limited impact on gene expression and explain only 

a small fraction of the disease etiology [298].  

In these field, the study of miRNas could represent an important way to clarified the 

fundamental role played by epigenetic factors in gene regulation, either in physiological or 

pathological conditions, like PBD and osteoporosis. MiRNAs contribute to every step of 

osteogenesis and bone homeostasis, from the embryonic skeletal development to the 

maintenance of adult bone tissue. They regulate growth, differentiation, and activity of 

different cell systems inside and outside the skeleton and influence bone formation and bone 

resorption. However, despite the rising number of experimental reports about this issue, our 

understanding of the exact mechanisms through which miRNAs are involved in the 

pathogenesis of PDB and osteoporosis remain unclear.  
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miRNA expression profiling in PBMCs of pagetic and osteoporotic patients 

In this setting, we decided to perform for the first time, a comprehensive microRNAs 

expression profiling in PBMCs of pagetic and osteoporotic patients, compared to healthy 

controls, in order to find new molecular mechanisms involved in cellular alterations which 

characterized pagetic osteoclasts and the pathogenesis of osteoporosis. The pagetic cohort 

(PDB) was composed of patients WT for the SQSTM1 gene (PDB-WT) and patients with 

P392L, M404V and Y383X mutations on the same gene (PDB-MUT), while the control 

group included age and sex matched healthy subjects (CTR). We decided to analyze PBMCs 

because they include the CD14+ monocytes precursors of OC cells. We started comparing the 

PDB group versus CTR and we identified 13 miRNAs differentially expressed in PBMCs of 

pagetic patients, all upregulated (Tab.6). Among these, there were also miR-23b-3p and miR-

182-5p, both with an experimentally demonstrated pro-osteoclastogenic activity. The first, 

targets PTEN and activates the PI3/Akt/NFATC-1 cascade promoting bone differentiation and 

activity, while miR-182-5p promotes inflammatory osteoclastogenesis driven by TNF-α 

[333,334]. Moreover, we observed a general shift toward upregulation of all miRNAs 

analyzed. After that, to investigate whether the presence of mutations in the ubiquitous protein 

p62 may influence the miRNA expression profile of pagetic patients, we compared PDB-WT 

and PDB-MUT groups with CTR. PDB-WT subjects showed a number of differentially 

expressed miRNAs comparable with that observed in all PDB patients. Moreover, in this 

group the tendency to upregulation observed in PDB was lost. Surprisingly, the PDB-MUT 

group showed a marked increase in the number of disregulated miRNAs, with a pronounced 

tendency to upregulation. In these samples, 42 miRNAs were upregulated and among these, 

19 were differentially expressed also in PDB-MUT vs PDB-WT. Taken together, these results 

suggest a possible link between the presence of mutation in the p62 protein and alterations in 

the process of microRNA biogenesis in pagetic patients. Furthermore, it seems that some of 

the miRNAs differentially expressed in the pathologic condition are directly linked to p62 

mutations rather than to the pathology itself. In addition, we observed a marked difference in 

miRNA expression profile between patients with the P392L mutation and those with the 

M404V mutation. The latter not only showed a more severe form of Paget, but also an 

increased number of dysregulated miRNAs and a more evident tendency toward up 

regulation, compared to patients with the P392L mutation. Although this evidence strengthens 

the likelihood of a link between alterations in p62 protein activity and regulation of miRNA 

biogenesis, to date this link has not yet been demonstrated. To better understand the possible 
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involvement of p62 in the miRNAs biogenesis, we repeated the profiling in the bone marrow 

monocytes of our mice model, p62-P394L, p62-KO and p62-WT. From these analyses we 

observed that mutated mice showed an increased number of differentially expressed miRNAs 

compared to knock out mice. Thus, we can speculate that miRNA dysregulation is not related 

to the loss of protein function, but to an alteration of the protein structure and functionality. 

 

Regarding osteoporosis, we detected 5 differentially expressed miRNAs, 4 upregulated and 1 

downregulated. Among these, miR-144-5p and miR-550a-5p were found to be upregulated 

also in pagetic patients. This aspect suggests their probable involvement in the promotion of 

osteoclastogenesis and bone resorption, typically observed in the first phase of pagetic lesions 

and osteoporosis. Furthermore, this analysis allowed us to identify a clear difference in 

miRNA expression profile between male and female osteoporotic patients. In female, all 

differentially expressed miRNAs were up regulated, whereas in male we obtained an opposite 

result, with 5 downregulated miRNAs and 2 upregulated. These differences were probably 

related to the obvious differences in hormonal status that were present between the two 

categories of subjects. In the future it could be interesting to investigate the presence of a 

possible relationship between these miRNAs, circulating levels of estrogen and the amount of 

bone mass in pre- and post-menopausal women, in order to find their implication in the onset 

of osteoporosis. 

 

Among all differentially expressed miRNAs detected in pagetic and osteoporotic patients, we 

selected 11 of them analyzed their expression by single-assay RT Real Time-PCR. In pagetic 

patients, miR-10b-3p, miR-21-3p, miR-107, miR-182-5p and miR-550a-5p were confirmed to 

be differentially expressed in PDB-MUT vs CTR. Moreover, miR-107, miR-21-3p and miR-

182-5p were also upregulated in PDB-MUT vs PDB-WT. miR-124a-5p resulted up-regulated 

both in PDB-MUT and PDB-WT vs CTR, while miR-144-5p did not pass the validation step. 

In osteoporotic patients miR-144-5p, and miR-550a-5p were confirmed upregulated both in 

OP vs CTR and OP-F vs CTR-F while miR-1254 resulted upregulated only in the OP group. 

 

To functionally correlate the observed PBMCs miRNAs dysregulation to bone metabolism 

alterations, leading to the onset of osteoporosis and PDB, we looked for experimentally 

validated target genes of the 8 differentially expressed miRNAs. Interestingly, we identified 

several targets with a key role in the inhibition of osteoclasts differentiation and bone 

resorption (PTEN, RUNX1, and TNFRSF11B) and in modulation of bone homeostasis 
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(STAT3, TGFB1, TGFBR1, FOXO3 and MMP2). We also identified many targets related the 

promotion of osteoblast differentiation and bone formation like RUNX2, ANKH, IGF1R and 

LRP5. Altogether, these results seem to confirm that miRNAs, found differentially expressed 

in pagetic and osteoporotic patients, could have a very important role in the regulation of 

skeletal metabolism and that their dysregulation could be related to the alterations leading to 

the onset of the pathologies. Furthermore, it appears that some of the identified miRNAs may 

acts as new osteoclasts-osteoblasts coupling factors and may disrupts the balance between 

bone formation and bone resorption necessary to maintain bone homeostasis. Regarding the 

major pathways in which the identified targets are involved, we found that some of them were 

very important for the regulation of skeletal metabolism. Interestingly, the miR-550a-5p 

(upregulated both in pagetic and osteoporotic patients), directly targets the TNFRSF11B gene 

encoding for Osteoprotegerin, an inhbitor of osteoclastogenesis, and is involved in the 

regulation of pathways related to connective tissue and skeletal development and function. 

    
Last, but not least, miR-107 and miR-182-5p, both upregulated in pagetic patients, targets 

SQSTM1, the principal causal gene of PDB, ZNF687 and FKBP5. ZNF684 is a novel causal 

gene for paget and the associated giant cell tumor, discovered for the first time by our group 

in collaboration with that of Dr. Fernando Gianfrancesco, in a large family of Southern Italy 

with a high incidence of GCT [169]. In 2017, Val55Leu mutation in FKBP5 gene, encoding 

for the FK506-binding protein 51 protein, was described in a Chinese family with familial 

PDB and without p62 mutations. The group of Lu F demonstrated that OC precursors from 

FKBP51V55L KI transgenic mice were hyperresponsive to RANKL, while osteoclasts 

displayed an increased bone resorbing activity [335]. These results show for the first time a 

probable relationship between miR-107 and miR-182-5p and major genes involved in the 

pathogenesis of PDB. 

 

miRNA expression profiling in PBMCs of pagetic and osteoporotic patients 

In order to identify new potential biomarkers related to PDB and osteoporosis, to be used in 

future, both in the diagnostic phase and to evaluate patient’s response to therapy, we 

performed a miRNA expression profilining on RNA extracted from serum of pagetic and 

osteoporotic patients comparing to healthy controls group. 

From this analysis, we observed that in both PDB and PDB-MUT groups the general 

tendency to upregulation observed in PBMCs was completely lost. In addition, the PDB-MUT 

group showed significantly fewer differentially expressed miRNAs than those shown in 
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analyses performed on PBMCs, with 4 miRNAs upregulated and 4 downregulated. Among 

these, miR-190b and miR-10b-3p resulted downregulated also in the comparison PDB-MUT 

vs PDB-WT. This means that their expression could be related to the presence of mutation on 

the SQSTM1 gene. Overall, from these results we can assume that the altered regulation of 

miRNA expression in the paget, is a phenomenon that occurs primarily at the cellular level, in 

osteoclast precursors, whereas circulating miRNAs levels appear to be less affected. 

 

Regarding osteoporosis we identified 5 miRNAs differentially expressed in the serum of OP 

patients, 4 upregulated and 1 downregulated. Among these, miR-539-5p and miR-339-5p 

resulted differentially expressed also in serum of pagetic patients. To date, none of these 

miRNAs has ever been linked to the pathogenesis of osteoporosis. Furthermore, in contrast to 

what has been observed in PBMCs, we did not observe any significative difference between 

osteoporotic males and females in term of differentially expressed miRNAs. 

 

A bioinformatic analysis was performed in order to find putative functional pathways and 

biological processes linked to some differentially expressed miRNAs. The analysis identified 

numerous genes and pathways involved in regulation of osteoclast, osteoblast differentiation 

and bone metabolism in both pagetic and osteoporotic patients. So, they could be used as 

biomarkers to better understand the pathophysiology of both pathologies and could be 

introduced in the clinical practice as diagnostic tools. The selected miRNAs were: miR-539-

5p (downregulated in pagetic and osteoporotic patients), miR-339-5p (upregulated in pagetic 

and osteoporotic patients), miR-145-3p, miR-181c-5p, miR-579-3p, miR-590-3p, miR-127-

3p, (upregulated in pagetic patients), miR-204-5p, miR-346, miR191-3p (downregulated in 

osteoporotic patients) and miR-500a-5p and miR-202-3, (upregulated in osteoporotic 

patients). Interestingly, among the pathways regulated by miRNAs differentially expressed in 

osteoporotic patients, there were some implicated in the regulation of intracellular estrogen 

receptor signaling. This suggests that their circulating levels could be used not only for a 

diagnostic point of view, but also to evaluate the efficacy and the response of patients to 

estrogen replacement therapy, commonly used for the treatment of osteoporosis. This aspect 

would be interesting to investigate in future research.  

Finally, we decide to investigate new biomarker related to the pathophysiology of normo and 

hypercalcemic hyperparathyroidism, a pathological condition closely related to osteoporosis. 

We performed a miRNA expression profiling in serum of patients with normocalcemic 
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hyperparathyroidism, without osteoporosis (N-PHPT) and patients with hypercalcemic 

hyperparathyroidism and osteoporosis (H-PHPT), compared to healthy controls (CTR). 

Also, we wanted to investigate the presence of some differentially expressed miRNAs able to 

distinguish normocalcemic asymptomatic patients from hypercalcemic symptomatic ones and 

healthy control. 

Surprisingly, we observed a much higher number of differentially expressed miRNAs in the 

N-PHPT group than in the H-PHPT group. Some of these miRNAs including miR-15b-5p, 

miR-0a-5p, miR-30d-5p and miR-186-5p were found to be exclusively expressed in N-PHPT 

patients. So, they could be used in the future to help physician to recognize this form of 

hyperparathyroidism. Other miRNAs differentially expressed in N-PHPT patients were found 

dysregulated also in H-PHPT, among these, there were miR-29a-3p, miR-340-3p, miR-136-

5p, miR-194-5p, miR-518d-3p and miR-548a-3p. Based on the hypothesis that the 

normocalcemic phenotype represent an early or milder form of traditional PHPT without 

hypercalcemia and that the hypercalcemia would become evident over time, this 

dysregulation may represent a “wake-up call” for the clinician. These miRNAs could be 

representative of a transitional phase between the normocalcemic phenotype without 

symptoms and the hypercalcemic phenotype with osteoporosis. In addition, these miRNAs 

could be used to recognize those patients who are more likely to develop a more severe form 

of the disease, in order to provide early intervention with parathyroid surgery. Finally, miR-

27b-3p, miR-193a-5p and miR-345-5p were differentially expressed in patients with H-PHPT. 

 

Very important, the miRNAs mentioned above targets not only genes and pathways involved 

in osteoclasts development, osteoblastogenesis and maintenance of bone homeostasis, but also 

genes involved in the onset of parathyroid adenomas and carcinoma like: AKAP9, CCND1, 

CTNNB1 and ZFX and genes related to “syndromic” form of hyperparathyroidism, such as: 

CDKN2B, CDC73, CDKN1A, CDKN1B, AP2S1 and GNA11. This strengthens the likelihood 

of their possible use as biomarkers of disease.  

Many other investigations are necessary in order to confirm and sustain our preliminary 

results, but probably this study could represent the starting point of new knowledge inside the 

complex regulatory mechanisms that manage multifactorial disorders, with recognized 

hereditary components, such as Paget’s disease of bone and osteoporosis. 
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