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I – Collagen and bone formation 

The bone tissue is a specialized form of connective tissue characterized by a specific cellular 

composition and by a mineralized extracellular matrix (ECM) [1, 2]. It is the main 

constituent of the skeleton, which serves a mechanical function of body scaffold and 

protection of internal organs. 

The synthesis of the bone tissue is mediated by osteoblasts, which work in tight cooperation 

with bone-resorbing osteoclasts and with osteocytes, the cells orchestrating all the bone 

processes [3]. Osteoblasts synthetize the bone ECM, though a process called osteogenesis. 

Osteoclasts carve out the bone shape and adjust it to the demands of the body growth and 

metabolism in two processes called modeling and remodeling, respectively. Indeed, bone 

remodeling is an important step in regulating Ca2+ plasma concentration and homeostasis. 

Fine tuning of this system is crucial for the development of bones, for repairing fractures, 

and for the correct maintenance of the skeleton throughout life. 

The ECM is constituted by an organic fraction called osteoid, mainly (~90%) made of type 

I collagen, and by an inorganic fraction, the mineral component, consisting largely 

of hydroxyapatite [Ca10 (PO4)6 (OH)2] needle-like crystals oriented in the same direction as 

collagen fibrils [4]. While the organic matrix confers to the bone its resistance to traction 

and pressure, the inorganic one is responsible for its stiffness. The combination of these 

features produces a bone architecture that is both resistant and lightweight, therefore it is 

proper to fulfill the bone mechanical functions.  

 

Fibrillar collagen in bone  

Collagens are the most abundant proteins in mammals and their structure share, as a common 

feature,  the presence of a triple helix of three α polypeptide chains that can be identical, and 

form homotrimers, or different, and form heterotrimers [5]. 

A subgroup of the 28 members of collagen family [5] is constituted by fibrillar collagens, 

whose precursors assemble into fibrils that constitute an important scaffold for extracellular 

matrix organization. Collagen type I and type II are of particular interest since they are the 

most abundant in the body and the main components of the organic bone matrix and of 

cartilage, respectively. Once secreted, collagen type I assembles into microfibrils of five 

molecules that closely interact with the adjacent microfibrils, leading to the quasi-hexagonal 
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packing of collagen molecules and allowing the subsequent mineral deposition that 

constitutes a hallmark of bone ECM [6]. 

Along with bones, collagen type I is also one of the principal components of tendons, skin, 

ligaments, cornea, and many interstitial connective tissues [7]. 

 

Collagen type I: structure and biosynthesis 

Collagen type I is a heterotrimer composed by two 1 and one 2 chains, coded by COL1A1 

and COL1A2 genes, respectively, which assemble into a procollagen molecule made of a 

central triple helix flanked by a C-telopeptide and a N-telopeptide. The telopeptides contain 

hydroxylysine residues that are important for collagen crosslinks formation, and are 

respectively flanked by a C-terminal  and a N-terminal globular non-collagenous propeptide 

[8, 9] (Fig.1).  

 

Figure 1: procollagen type I structure, modified from [10]. Two α1 and one α2 chains assemble 

and form a procollagen molecule, constituted by a central triple helical domain flanked by N- and C-

terminal telopeptides and propeptides. Proline and lysine hydroxylations and hydroxylysine 

glycosylations along the helical regions of both chains are necessary for the correct folding of the 

triple helix. 

 

Procollagen type I chains are co-translationally translocated into the lumen of the 

endoplasmic reticulum (ER) [11]. Following their synthesis, the C-terminal propeptides of 

each chain remain temporarily attached to the ER membrane, where they work as nucleation 

sites for the triple helix formation. When the chains are still unfolded, they undergo a series 

of post-translational modifications by several enzymes: prolyl 4-hydroxylase 1 (P4H1) is 

responsible for the C4 hydroxylation of helical proline residues in position Y of the Gly-

Xaa-Yaa repeats, important for helix stability by favouring water-bridged intramolecular 

hydrogen bonding; prolyl 3-hydroxylases 1 and 2 (P3H1 and P3H2) are responsible for the 
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3-hydroxylation of proline residues in specific X positions; lysyl hydroxylases 1 and 2 (LH1 

and LH2), which act on collagen triple helix and telopeptides respectively, turn lysine 

residues in hydroxylysines, providing the substrates for successive intracellular 

glycosylation and extracellular covalent cross link formation. 

Among the collagen-specific modifications, the 3-hydroxylation of proline 986 in each of 

the α1 chains of procollagen I, performed by  the prolyl 3-hydroxylation complex, is 

particularly important because it facilitates the formation and stabilization of procollagen 

triple helices [12, 13]. Besides the 3-hydroxylase activity, the complex also works as a 

chaperone for collagen folding [14-16], and it is composed of three proteins: prolyl 

3‑hydroxylase 1 (P3H1), encoded by P3H1 gene, cartilage‑associated protein (CRTAP), 

encoded by CRTAP gene, and peptidyl-prolyl cis-trans isomerase B (Cyclophilin B or 

CyPB), encoded by PPIB gene [17].  

P3H1 catalyzes the hydroxylation of proline, imparting the enzymatic function of the 

complex. CRTAP does not have enzymatic activity, but participates to P3H1 activity as a 

helper protein by facilitating its association with nascent procollagen chains [18]. CyPB is a 

cis-trans isomerase that allows the proline residues to reach the trans conformation, thus 

accelerating protein folding [19]. To this purpose, it directly interacts with procollagen 

molecules, catalysing cis-trans proline conversion. It is also involved in procollagen export 

and secretion along with heat shock protein 47 (HSP47) [20]. Its role in prolyl 3-

hydroxylation complex is still not completely understood and its absence does not affect the 

other two proteins of the complex. CyPB does not only participate to P3H1 complex, but 

also exists independently of it, playing a role in other collagen modifying complexes [21-

23] and in inflammation, viral infection, and cancer [24].  

Together with their hydroxylating functions, P4H1 and prolyl-3 hydroxylation complex 

interact with collagen as chaperones to ensure the correct collagen triple helix folding, by 

making it thermodynamically favorable [25]. 

Following the necessary modifications, procollagen chains associate, after the formation of 

stabilizing intra-chain disulphide bonds, and fold into a triple helix from the C-terminus to 

the N-terminus. Once folded, the procollagen molecule is stabilized in the ER by specific 

chaperones such as HSP47, which binds procollagen at the consensus binding sequence Gly-

Xaa-Arg in the triple helix, where it avoids local unfolding and incorrect intracellular 
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aggregation of the chains [26]; furthermore it carries out its chaperoning function during 

procollagen progression from the ER to the ER-Golgi intermediate compartment [27].  

Another important chaperone binding procollagen triple helix is FKBP65, that has an 

important peptidyl-prolyl cis-trans isomerase activity and interacts with HSP47, promoting 

an increase in collagen folding rate [28]. It also modulates LH2 enzymatic activity, which is 

important for the formation of collagen cross-links [29]. HSP47, FKBP65 and LH2 interact 

form a complex stabilized by the ER-resident chaperone BIP, that regulates type I 

procollagen telopeptide lysyl hydroxylation [30, 31] (Fig.2). It is demonstrated that FKBP65 

also interacts with triple helical collagen, as it delays collagen type I fibril formation, at least 

in in vitro experiments [32]. The chaperones lead to the retention of unfolded collagen 

molecules within the ER and to the progression towards the secretory pathway of correctly 

folded molecules.  

 

 

 

Figure 2: procollagen I chaperoning and trafficking from ER to Golgi [33]. 

In the ER, HSP47 interacts with FKBP65 and LH2. The stability of this complex is regulated by the 

master effector of the Unfolded Protein Response (UPR) pathway, BIP. Upon binding to HSP47, 

procollagen trafficking toward Golgi is mediated by the formation of large COPII vesicles derived by 

the HSP47 anchorage to the SH3 domain of the ER protein TANGO1. Once reaching the Golgi, 

HSP47 releases its cargo in a pH-dependent manner and it is recycled back to the ER thanks to the 

presence of a C-terminal RDEL retention signal.  
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Procollagen I secretion and collagen matrix incorporation  

Procollagen I is a large molecule, therefore a special COPII-based trafficking system is 

required for its transport from the ER to the Golgi apparatus.  

HSP47 collagen-specific chaperone is one of the key players in this process, as it binds the 

folded triple helical regions of collagen molecules, thus stabilizing their structure [34]. 

Furthermore a recent study demonstrated that at low molar ratios HSP47 preferentially binds 

collagen I in proximity of the N-terminal region, while at higher molar ratios it uniformly 

distributes along pro-collagen I [35]. Together with its collagen chaperone role,  HSP47 also 

carries a binding site for a specific domain of the ER protein transmembrane protein 

transport and Golgi organization 1 (TANGO1) [36, 37], which mediates collagen entrance 

into secretory vesicles that progress towards the Golgi compartment. In particular after 

recruiting its homolog and coreceptor cTAGE5, which lacks the ER-resident domain, 

TANGO1 promotes large carrier formation at ER exit sites (ERES) by assembling into rings 

around the budding membrane to prevent premature coat formation. Then it links, by direct 

binding, large cargo proteins to the COPII coat proteins Sec23-Sec24 [38]. COPII vesicles 

grow, incorporating the cargo proteins, and build two superimposed layers: an inner coat of 

Sec23/24 proteins and an outer cage made of Sec13/31 proteins [39]. Once the vesicle is 

completed, COPII proteins detach thanks to GTP hydrolysis, and allow vesicle fusion with 

the ER-Golgi intermediate compartment (ERGIC). 

In the Golgi apparatus, procollagen is transported in post-Golgi tubular-saccular carriers by 

the detachment of large regions of the trans Golgi [40-42] and bundles of procollagen are 

then released from the trans-face of the Golgi to form secretory vesicles, as shown by 

ultrastructural studies in human fibroblasts [43-45]. Finally, the secretory vacuoles fuse with 

the plasma membrane, releasing collagen molecules in the ECM. Here two further 

maturation processes take place. The first one is a proteolytic cleavage mediated by two 

specific zinc- proteases, ADAM metallopeptidase domain 2 (ADAMTS2) and bone 

morphogenetic protein 1 (BMP-1), that remove the globular N- and C-terminal propeptides, 

respectively. The cleavage strongly reduces collagen solubility, leading to its spontaneous 

self-assembly into fibrils [46]. 

In addition, an enzymatic oxidative deamination, performed by lysyl-oxidase (LOX), occurs 

to the telopeptidyl lysine and hydroxylysine residues producing reactive telopeptidyl-

aldehydic residues. These residues react with another aldehyde or with amine groups derived 
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from unmodified lysine and hydroxylysine residues, initiating a series of non-enzymatic 

condensation reactions that result in the formation of covalent intra- and intermolecular 

cross-links, important for the biomechanical functions of collagen fibrils [47] (Fig.3).  

 

Figure 3: procollagen I extracellular processing and incorporation into fibrils, modified from 

[48]. Once procollagen has been released in the ECM, BMP1 and ADAMTS2 proteases cut the C- 

and N- terminal propeptides, respectively, producing a mature collagen I molecule that crosslinks 

with other molecules, forming a network of collagen fibrils. 

 

Accessory proteins for collagen I fibrillogenesis 

Several proteins are required for the correct formation of collagen I fibrils, which is a very 

accurate and complex process. A crucial one is fibronectin, a glycoprotein that is secreted as 

a disulfide-bonded dimer and carries three types of repeating modules, necessary to make 

interactions with cells, ECM components and other fibronectin molecules. Polymerization 

of fibronectin also requires the participation of integrins, transmembrane receptors that 

facilitate adhesion between cells and the ECM. Collagen I is known to interact with 

fibronectin and integrins, which are sort of organizers of fibrils formation, however their 

specific sites of interactions require further studies [49]. Fibril formation takes place thanks 

to molecules working as nucleators and regulating collagen I fibrils diameter, among them 

a relevant role is covered by the heterotrimeric fibrillar collagen type V, in which a portion 

BMP1 ADAMTS2 

https://en.wikipedia.org/wiki/Transmembrane_receptors
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of the N-propeptide is retained after processing and serves to nucleate fibrils formation [50-

52], and fibrillar collagen type III, whose molecules are strictly linked to collagen I fibers in 

the matrix [53].  

Type XII and XIV FACIT collagens are also present in tissues containing collagen I, 

particularly they can be spliced into different variants that can confer specific properties to 

the fibrils and regulate their diameter [52]. 

Lastly the regulatory function of fibrils formation, in terms of rate of assembly, size, and 

structure of fibrils, is provided by multiple proteins and small molecules such as small 

leucine rich proteoglycans (SLRPs), consisting of a core protein and covalently attached 

glycosaminoglycan (GAG), that participate to the stability of collagen fibrils by protecting 

them from proteolysis and directly bind regulating factors such as TGFβ. SLRPs include 

decorin, biglycan, fibromodulin and lumican  [54]. 

 

Osteoblasts: from differentiation to mineralization 

Osteoblasts (OBs), cuboidal cells whose activity is highest during embryonic skeletal 

formation and growth, are the cells responsible for both collagen deposition and 

mineralization of the ECM, the two processes required for bone formation [3].  

Osteoprogenitor cells originate from pluripotent mesenchymal stem cells (MSCs) of the 

bone marrow (Fig.4). MSCs give origin to other cell lineages, such as myoblasts, 

chondrocytes or adipocytes, thus, the activation of master transcriptional regulators is 

required to ensure the proper differentiation. For OBs, the main upstream regulator is Runt-

related transcription factor 2 (RUNX2), a factor activated by phosphorylation operated by 

the mitogen-activated protein kinase (MAPK) pathway  and producing MSCs conversion to 

pre-OBs [55]. At first, RUNX2 upregulates specific OBs differentiation-inducing pathways, 

including Hedgehog, Wnt/β-catenin and bone morphogenetic proteins (BMPs) pathways [3]. 

Furthermore, it directly regulates the zinc-finger transcription factor SP7, also called Osterix 

(OSX), that leads to mature matrix-producing OBs, further enhancing RUNX2 expression 

and promoting the expression of collagen I, alkaline phosphatese (ALP) and bone 

sialoprotein (BSP) during early maturation stages, and osteonectin (ON), osteopontin 

(OPN),  osteocalcin (OCN)  and other bone matrix proteins in late OBs differentiation stages 

[56]. 

 



9 
 

  

Figure 4: osteoblasts differentiation, modified from [57]. Signaling by members of the 

canonical Wnt/ β-catenin pathway directs the mesenchymal stem cell fate toward the 

osteoblast lineage by inducing the osteogenic transcription factors RUNX2 and OSX. 

Immature osteoblasts still have the potential to divide. They express high level of ALP, BSP 

and type I collagen. Differentiation progresses towards the nonproliferating mature 

osteoblasts stage, characterised by increased expression of ALP and several non-collagen 

proteins, in which matrix maturation takes place. At the completion of bone formation, a 

subset of osteoblasts can undergo further differentiation, upon being embedded in the bone 

matrix, and become osteocytes. The remaining osteoblasts are thought to either undergo 

apoptosis or become inactive bone-lining cells.  

 
 

OBs-produced collagen I fibrils in bone ECM form a network that works as a scaffold for 

mineralization [58], as they line up head-to-tail to form repeating arrays which confers 

flexibility to the nonmineralized tissues. Nevertheless, the bone matrix also needs specific 

inorganic components, in particular calcium and phosphate, but also carbonate, magnesium, 

sodium and potassium in minor quantities, in order to complete its mineralization process. 

The negatively charged carboxyl and carbonyl groups distributed on collagen molecules 

constitute the nucleation sites where calcium and phosphate ions bind, triggering the 

formation of the hydroxyapatite (HA) crystals  [58]. 

To the purpose of mineral deposition, the extracellular membrane-invested particles named 

matrix vesicles (MVs) play a crucial role. They originate by polarized budding and pinching-

off from specific regions of the outer plasma membranes of OBs. The first crystals of 

hydroxyapatite form on the inner surfaces of vesicles membranes, following Ca2+ and PO4
3− 

uptake performed by ion channels and transporters [59]. Then the activity of MVs 

membrane-located proteins such as phosphatases, in particular ALP, and of calcium-binding 

molecules promote the growth of mineral crystals, which are released from the vesicles in 
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the ECM. The extracellular environment supplies additional Ca2+ and  PO4
3− ions to continue 

crystal growth [60].  

ALP in particular is responsible for the regulation of phosphate production, which is 

essential for mineralization [61]. ALP is an ectoenzyme attached to the outer face of the 

plasma membrane through a phosphatidyl inositol-glycophospholipid anchor [62] and it is 

highly expressed in osteoblasts and chondrocytes of the calcifying cartilage.  

Because extracellular inorganic pyrophosphate inhibits hydroxyapatite formation, ALP 

hydrolyzes pyrophosphate and provides inorganic phosphate to promote mineralization [63]. 

Once in the ECM, the mineral particles at first align in parallel to the fibril axis of the 

collagen and deposit within the empty spaces between collagen molecules and collagen 

fibrils, subsequently crystals spread throughout the matrix [64].  

Several non-collagenous molecules, found tightly associated with collagen, are also required 

for the formation and maturation of mineralized tissues, such as proteoglycans, hyaluronic 

acid and chondroitin sulphate, contributing to the bone construction [65, 66]. Other 

important molecules are released by osteoblasts in the collagen fibers network: osteonectin 

(ON), also named SPARC or secreted protein acidic and rich in cysteine, binds to collagen 

and HA crystals and releases calcium ions, enhancing mineralization of the collagen matrix 

in bone [67]; BSP is a highly glycosylated and sulphated phosphoprotein that binds 

hydroxyapatite and works as a promoter and nucleator of de novo mineralization [68]; 

osteopontin (OPN), also called bone sialoprotein I, is a secreted acidic protein that binds 

calcium-based biominerals and inhibits mineralization to regulate crystals growth [69]; 

lastly, osteocalcin (OCN), also known as bone gamma-carboxyglutamic acid-containing 

protein (BGLAP), in its carboxylated form  is packaged into intracellular vesicles for 

secretion into the bone matrix [70] where it binds calcium ions in hydroxyapatite, allowing 

to locally increase its concentration [71]. 

ON and BSP are expressed strongly in the osteogenetic phases in which the bone matrix is 

still not calcified, while OPN and OCN start to be expressed when the bone matrix is already 

calcified [72]. In particular, mature OCN is secreted by OBs into the bone micro-

environment and aligns its specific calcium-binding residues with the calcium ions in 

hydroxyapatite, inhibiting the precipitation of calcium salts and consequently inhibiting 

bone mineral crystals formation [73]; in addition, OCN serves as a chemotactic signal for 

osteoclasts and stimulates their differentiation, maturation, and activity, proving to be 
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essential in bone turnover [74]. The mineralized matrix, together with the complex network 

of non-collagenous proteins that constitute the bone matrix and contribute to its organization, 

is essential to reinforce the bone tissue, to augment its strength and to confer its structural 

and biomechanical properties. Its composition varies depending on ageing and dietary 

factors. 

 

Osteocytes: the terminal stage of OBs differentiation 

Once OBs have completed their differentiation and mineralization of the surrounding matrix, 

they express late stage genes, such as DMP1, encoding for dentin matrix acidic 

phosphoprotein 1, and SOST, encoding for sclerostin, an inhibitor of Wnt/β-catenin pathway 

and of bone mineralization [56]. At this point they complete their differentiation path 

remaining progressively trapped into the bone matrix, in small cavities named bone lacunae, 

and turning into osteocytes.  

These are the most abundant cells in adult bones, incapable of dividing by mitosis and 

extremely long-lived compared to OBs and OCs, as they survive for decades in the bone 

matrix. They are characterized by thin cytoplasmic extroflexions that extend in bone 

canaliculi digged through the matrix, reaching the bone surface and bone vasculature, and 

they are surrounded by a fluid, still not well characterised, that allows exchanges of nutrient 

and gaseous substances and cellular communication by circulation of signaling molecules 

[2, 75].  

Although being terminally differentiated and quiescent cells, osteocytes cover essential 

functions for bone homeostasis. They have a mechanosensory role since they control 

adaptive responses to mechanical loading of the skeleton, they orchestrate bone remodeling 

by regulating both OBs and osteoclast function, and, lastly, they integrate hormonal and 

mechanical signals in the regulation of bone mass [75]. 
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Figure 5: schematic representation of the basic multicellular unit of the bone remodeling cycle  

[76]. Osteoblasts, that differentiate from osteoprogenitor cells, deposit bone matrix and gradually 

remain embedded in the mineralized matrix. Over time they complete their differentiation into 

osteocytes, entering in a quiescent state but retaining the ability to sense mechanical stimuli and to 

exchange signals among each other, playing a role in bone remodeling regulation. Osteoclasts 

differentiate from the hematopoietic stem cell lineage and are recruited on the bone, where they are 

responsible for the reabsorption of the mineralized matrix. 

 

 

Osteoclasts 

Bone tissue undergoes continuous cycles of formation and reabsorption, whose balance is 

influenced by mechanical loading on the musculoskeletal system, as well as by the 

interaction with other biological systems such as the endocrine, nervous and immune 

systems [77].  

The cells responsible for the reabsorption process are the osteoclasts (OCs), that differentiate 

from monocyte/macrophage lineage cells, derived from hematopoietic stem cells (HSCs) 

[78].  

The differentiation process starts when parathyroid hormone (PTH), secreted in response to 

low Ca2+ blood serum levels, binds its receptors on stromal cells, OBs and osteocytes, where 

it inhibits OCs precursors inhibitor Osteoprotegerin (OPG)  and induces the production of 

two main OCs differentiation factors, receptor activator of nuclear factor kappa-Β ligand 

(RANKL) and macrophage colony-stimulating factor (M-CSF) [79, 80] .  

https://en.wikipedia.org/wiki/Macrophage_colony-stimulating_factor


13 
 

In particular RANKL  is a member of the tumor necrosis family (TNF) able to bind its 

receptor RANK on the surface of OCs progenitors, while M-CSF is a cytokine that binds its 

transmembrane tyrosine kinase-receptor c-fms (colony-stimulating factor 1 receptor), also 

located on OCs precursors’ surface [2]. Once bound to the respective receptors, they activate 

a differentiation-inducing cascade, including NF-κB and MAPK downstream signaling 

pathways, that result in the activation of NFATc1 (Nuclear factor of activated T-cells, 

cytoplasmic 1), an essential nuclear regulator factor for osteoclastogenesis enhancement [81, 

82]. 

As osteoclastogenesis proceeds, OC progenitors fuse to generate large multinucleated cells,  

that reach the bone surface through chemotaxis, make contact with it using podosomes and 

adhere to it through specific integrin receptors [2].  

Here, where OCs ruffled border is in adhesion to the bone surface, these cells display an 

erosive activity on the bone matrix by acidification of the extracellular environment around 

them. In particular, the secretion of H+ and Cl− ions degrades the bone inorganic component 

and exposes the organic matrix to enzymatic degradation, operated by cathepsin K (CTSK) 

and matrix metalloproteinases (MMPs) [78]. 

When intracellular Ca2+
 concentration arises, following matrix resorption and Ca2+ ions 

release, OCs motility is suppressed and they trigger the destruction of resorbing cytoskeletal 

structures. Then OCs progressively undergo apoptosis, resulting in suppression of the bone-

resorption activity [83]. 

 

 

 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Tumor_necrosis_factors
https://en.wikipedia.org/wiki/Tyrosine_kinase
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II: Osteogenesis imperfecta 

Osteogenesis imperfecta (OI) is a group of rare and phenotypically heterogeneous skeletal 

dysplasias, in which 85% of cases are caused by dominant autosomal mutations in the type 

I collagen coding genes, affecting collagen quantity or structure [84]. However, in the past 

decade, numerous recessive (mostly), dominant and X-linked OI forms have been identified, 

triggered by mutations in a wide variety of genes encoding for proteins that are involved in 

type I collagen synthesis, processing, secretion and post-translational modifications, as well 

as proteins that regulate differentiation and activity of bone-forming cells [9]. 

OI is also known as brittle bone disease, as the primary clinical manifestations include low 

bone mass, bone fragility, deformity of long bones, ribs and spine, vertebral compressions 

and growth deficiency. In addition, OI patients can display various secondary features, such 

as blue sclerae, hearing loss, dentinogenesis imperfecta, malocclusion, basilar invagination, 

pulmonary function impairment, cardiac valve abnormalities, muscle weakness, ligamentous 

laxity and respiratory impairment [9]. A typical OI hallmark is the presence of bone tissue 

alterations, which are similar almost in every OI type and have been reported both in OI 

murine models and in OI patients’ biopsies: impaired bone modeling  due to  increased 

number and surface of OCs; reduced collagenic matrix production and altered crosslinks 

among collagen fibrils; bone matrix hypermineralization [85]. 

 

Classification of OI forms 

The different forms of OI were classified into five groups, based on the function of the genes 

affected by the mutations [9]. 

 

Defects in collagen type I synthesis and structure 

OI type I to IV are the classic forms of OI, based on Sillence classification and are 

characterised by autosomal dominant transmission [86]. These forms are caused by 

mutations affecting collagen type I α1 and α2 chains coding genes, COL1A1 and COL1A2, 

and can have two main outcomes: a reduced number of otherwise normal collagen 

molecules, namely quantitative defect, resulting in mild OI type I, and structural or 

qualitative defects generated when mutations alter the collagen structure, leading to the 

severe OI type III, the moderately severe type IV and the lethal OI type II [87]. 
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Structural defects are mainly caused by point mutations that substitute the glycine within the 

Gly-Xaa-Yaa repeat with a bulkier amino acid that causes steric hindrance; 20-25% of 

mutations happen in the 3ʹ or 5ʹ splice sites and cause exon skipping in COL1A1 and 

COL1A2; around 5% of mutations localize in the C-propeptide domain of procollagen [9]. 

Structural defects lead to a delay in collagen folding in the ER, where collagen chains are 

excessively exposed to post-translational-modifying enzymes [88]. The majority of the 

overmodified molecules are secreted and form fibrils with an impaired structure, thus 

participating to the assembly of an abnormal  and functionally impaired ECM, while a 

fraction of these  molecules is retained in the ER causing intracellular stress [15]. 

The differences in OI clinical outcome depend: 1. on the nature of the substituting amino 

acid, since bulkier charged residues strongly alter the protein structure; 2. on the position of 

the mutations along the chain, where mutations in the C-terminus impair the triple helix 

formation and cause a more serious phenotype compared to N-terminus mutations as 

happens for mutations located in the Major Ligand Binding Site; 3. lastly, on collagen I 

stoichiometry, as COL1A2 substitutions lead to less severe outcomes that COL1A1 ones [84]. 

 

Collagen post-translational modifications defects 

Procollagen I molecules are subjected to a variety of post translational modifications in the 

ER to ensure their correct folding before the steps of secretion and incorporation in ECM 

collagen fibrils, like the 3-hydroxylation of proline 986 operated by prolyl-3 hydroxylation 

complex. Defects in each of the members of the 3-hydroxylyation complex result in a 

different form of OI.  

In particular, OI type VII is caused by null or missense mutations in CRTAP [18, 89], 

whereas loss-of-function mutations in P3H1 are responsible for OI type VIII. 

Because P3H1 and CRTAP are mutually protective, the absence of one of them causes also 

the loss of the other [90, 91], therefore distinguishing the two OI forms is challenging from 

a clinical point of view. They share a phenotype that can range from severe to lethal, 

characterized by rhizomelia, neonatal fractures and broad undertubulated long bones [18, 

92].  

Instead, OI type IX is caused by missense mutations in PPIB, resulting in a phenotype that 

overlaps OI type VII and VIII ones with the exception of rhizomelia [19, 93]. 
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The absence of either CRTAP, P3H1 and CyPB causes the complete lack or strong reduction 

of the α1(I)3-Hyp986, associated to delayed collagen type I folding, increase triple helical 

overmodification and decreased collagen secretion, as demonstrated in OI dermal fibroblasts 

[17, 94]. Only in one case a homozygous mutation in the starting codon of CyPB in two OI 

siblings was associated with normal α1(I)Pro986 hydroxylation and normal modification of 

the collagen helix [95]. In each of the three OI forms, overmodified collagen molecules 

assemble into irregular fibrils that impair mineralization and affect bone properties [15]. 

 

Defects in collagen chaperoning, processing and crosslinking 

The ER contains specific chaperones required for collagen folding. The two most important 

ones are heat shock protein 47 (HSP47), encoded by SERPINH1, and FK506-binding protein 

10 (FKBP65), encoded by FKBP10, both binding preferentially the triple helix of newly 

folded procollagen molecules. 

Mutations identified in SERPINH1 gene cause the severe to lethal OI type X [96]. Studies 

conducted in a Hsp47 knock-out murine model have highlighted the crucial role of the 

protein in collagen processing and secretion, demonstrating also that its mutation leads to 

ER enlargement and to the activation of ER stress and apoptosis [97]. 

Recessive mutations in FKBP10 gene are causative of OI type XI, characterised by a 

remarkable phenotypic variability. From an intracellular point of view, collagen I trimer 

stability is impaired causing partial procollagen retention in the ER and subsequent organelle 

dilation [98, 99]. A peculiarity of  collagen secreted by FKBP65-deficient cells is the severe 

underhydroxylation of C-telopeptide lysine residues that are crucial for collagen 

crosslinking, as it positively modulates LH2 enzymatic activity that is critical for the 

formation of hydroxylysine-aldehyde derived intermolecular collagen cross-links [29].  The 

alteration of cross-linking process explains ECM impairment and insufficiency in this OI 

form [99]. 

Heterozygous missense mutations in FKBP10 and in LH2-coding gene procollagen-lysine, 

2-oxoglutarate 5-dioxygenase 2 (PLOD2) have been identified as causative of autosomal 

recessive Bruck Syndrome I and II, characterised by bone fragility, congenital joint 

contractures with webbing (pterygia), scoliosis, and osteoporosis [100, 101]. No specific 

differences in clinical phenotype were noticed and reported between Bruck syndrome 

patients with mutations in PLOD2 or FKBP10 [102]. 
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Following their secretion in the ECM, collagen molecules need an extracellular processing 

step of N- and C- propeptides removal to become mature and assembly into matrix fibers. 

The cleavage function is solved by the enzymes ADAMTS2 and BMP1, respectively [9]. 

The most common dominant mutations in the N-terminal propeptide cleavage site alter its 

structure and hide the site to ADAMTS2 recognition. This results in the retention of the N-

propeptide, which alters its intracellular functions and its extracellular interaction with 

cytokines that regulate bone development [103]. 

On the other hand, mutations affecting C-propeptide cleavage site or BMP1 cause C-

propeptide retention in the extracellular matrix where it works as a mineral nucleator, thus 

promoting abnormally high mineralization. Dominant mutations that affect collagen I chains 

C-terminal cleavage site are responsible of a mild form of OI [104], while mutations 

affecting the cleavage enzyme BMP1 impair the processing of collagen I  C-propeptide and 

result in the more severe OI type XII [105]. This difference is due to the broad BMP1 effect 

on ECM assembly and structure, where it processes the C- propeptides of different collagen 

types [106, 107], it cleaves the collagen and elastin crosslinking enzyme pro-lysyl oxidase 

[108] but also small leucine-rich proteoglycans [109, 110], and lastly it activates multiple 

cytokines [111],  

  

Bone formation and mineralization defects 

Two OI forms arise from defects in genes that are particularly important in the regulation of 

bone mineralization. 

IFITM5 encodes for the bone restricted ifitm-like protein (BRIL), whose molecular 

mechanism in bone is still unclear, but it is known to be a positive regulator of mineralization 

[112]. 

SERPINF1 encodes for the pigment epithelium-derived factor (PEDF), which enhances the 

expression of osteogenic genes, induces human MSCs differentiation and OBs 

mineralization in vitro and negatively regulates OCs maturation [113-115]. PEDF interacts 

with several matrix components, such as collagen, hyaluronan and heparan sulphate 

proteoglycans, and also with the OBs differentiation and matrix mineralization- promoting 

vascular endothelial growth factor (VEGF) [116, 117]. 

Dominant mutation in the 5’ untranslated region of IFITM5 generates a new start codon, 

adding five residues (MALEP) to the N-terminal of the protein, thus causing OI type V, the 
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only dominant OI form after the classic ones involving COL1A1 and COL1A2 [118]. 

Elongated BRIL leads to the peculiar formation of a hyperplastic callus [119, 120].  

Recessive mutations that lead to the absence or the synthesis of a non-functional PEDF are 

causative of atypical collagen fibrils arrangement and consequently of OI type VI, 

characterized by decreased bone mineral density [121].  

A heterozygous BRIL p.Ser40Leu mutation causing Golgi retention of the mutant protein 

[122] was also identified, and patients interestingly displayed the typical bone histology 

pattern described in OI type VI instead of OI type V. Fibroblasts and osteoblasts carrying 

BRIL p.Ser40Leu have impaired PEDF secretion, revealing a cross talk between the two 

proteins, despite their opposite effects on bone mineralization [123]. However, the 

connection between BRIL and PEDF functions is still obscure and requires further 

elucidation. 

 

Osteoblast differentiation and activity defects 

This last class of OI-causing defects includes mutations in genes that are involved in the 

differentiation or activity of OBs. 

SP7 gene encodes for osteoblast-specific transcription factor SP7 (Osterix), which is 

specifically expressed in cortical and trabecular osteoblasts and at a lower level in the 

prehypertrophic chondrocytes of the growth plate. It is essential for OBs differentiation, as 

demonstrated in osterix- null mice that have reduced expression of osteoblast differentiation 

and proliferation markers such as collagen, bone sialoprotein, and osteocalcin; furthermore 

they display bone-bending deformities  and impaired mineralization [124]. Only two 

pathogenic variants have been identified in SP7, that cause recessive OI type XVII, 

characterised by an osteoporotic phenotype and reduced bone mineral density [125, 126]. 

The first mutation is a homozygous single nucleotide deletion inducing a premature stop 

codon in the final exon of the gene, that produces a truncated protein whose DNA-binding 

properties are altered and impair SP7-mediated transcription regulation [126]. The second 

mutation identified in SP7 was a homozygous substitution involving the change of an 

arginine residue with a cysteine in exon 2 that disrupts the protein function, but further 

studies are required to explore the pathogenicity of this variant [125].  

TMEM38B gene encodes for the ubiquitous voltage-dependent cation channel TRIC-B, 

whose function is to maintain ER membrane potential by allowing K+ flow to balance the 
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release of Ca2+, therefore it is an important regulator of calcium flux [33]. Ca2+ is involved 

in cell signaling, as it works as a cofactor for several proteins, including the collagen-

modifying enzymes lysyl-hydroxylases, and it affects the function of second messenger. 

Mutations in TRIC-B, that can be homozygous deletions, splice site mutations and nonsense 

variants, decrease both resting state Ca2+ content in the cytoplasm and its release from 

intracellular compartments in osteoblasts, causing recessive OI type XIV [127]. Both OBs 

and OCs activities are impaired by TRIC-B mutation, producing a skeletal dysfunction.  

Wingless-type MMTV integration site family 1 (WNT1) is a secreted glycoprotein that upon 

binding to low density lipoprotein receptor-related proteins 5 and 6 (LRP5 and LRP6) and 

to the seven-transmembrane protein Frizzled, mediates the release from a cytosolic 

degradation complex of the second messenger β-catenin, which moves to the nucleus and 

serves a regulatory function of OBs differentiation and activity [128]. Mutations in WNT1 

impair bone cell homeostasis, as well as β-catenin translocation to the nucleus: heterozygous 

defects cause an osteoporotic phenotype, while homozygous mutations cause OI type XV, 

characterised by poor bone turnover [129]. 

MBTPS2 gene encodes for the Golgi membrane protease S2P, that works in concert with 

S1P protease. S2P is part of the regulated intramembrane proteolysis (RIP process) in 

osteoblasts and operates the cleavage of the N-terminal domain of several different 

transcription factors.  

Mutations is S2P, mainly located in proximity of the metal ion binding domain of the 

protease, are the cause of recessive X-linked OI type XIX, in which collagen secretion and 

crosslinking are altered and produce an impaired extracellular matrix [130]. 

Among the transcription factors constituting the substrate of S2P and S1P,  CREB3L1, a 

member of the CREB family is particularly interesting, in fact it encodes for old astrocyte 

specifically induced substance (OASIS), an ER-bound transcription factor that binds the 

promoter of COL1A1 and enhances the transcription of collagen I gene but also other matrix 

proteins such as bone sialoproteins. Mutations in OASIS cause lower secretion of non-

collagenous matrix proteins and ER enlargement, constituting the molecular basis of the 

osteopenic phenotype of OI type XVI [131]. 

This class of OI defects also includes OI type XVII caused by mutations in the secreted 

protein acidic and rich in cysteine SPARC, that is a matricellular calcium-binding protein 

and an intracellular chaperone. In the ER SPARC interacts with HSP47 to ensure that only 
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correctly folded procollagen molecules exit the ER [132], whereas in the bone matrix, it 

binds collagen and crystals of hydroxyapatite and releases Ca2+ ions, participating to 

collagen scaffold mineralization. In particular, the calcium binding site of SPARC contains 

specific residues able to form an intramolecular saline bridge, essential for the interaction 

with fibrillar collagen in a collagen-binding pocket [133].  

Homozygous missense mutations in SPARC lead to a delay in collagen secretion, post-

translational overmodifications and to a skeletal phenotype characterized by bone fragility, 

altered mineral composition, lower collagen content and smaller fibrils [134]. More recent 

studies demonstrated that SPARC is also involved in bone marrow stem cells differentiation 

towards OBs [135]. 

 

Latest discovered OI forms 

In the last decade new pathogenic mutations have been identified in genes that previously 

had not been considered to be linked to OI. Although their inclusion into one of the above 

reported functional groups needs further characterization, the patients carrying these 

mutations present the well characterized OI clinical phenotype. 

A new form of X-linked osteoporosis, with an OI overlapping phenotype, was identified in 

five families carrying pathogenic variants in the gene encoding for plastin 3 (PLS3) [136], a 

key protein in the formation of actin bundles throughout the cytoskeleton [137]. Its presence 

is reported in OBs, in particular in matrix vesicles [138],  in osteoclasts, in which PLS3 

participates to the arrangement of large actin filaments contained in podosomes [139], and 

in osteocytes dendrites, which suggests the protein involvement in osteocytes 

mechanosensing function [136].  

PLS3 defects, triggered in particular by missense mutations, deletions and small insertions, 

result in a premature stop codon or a frameshift impairing PLS3 function [33]. In individuals 

with PLS3 mutations, collagen I has normal structure and a normal level of synthesis, 

nevertheless the patients display a phenotype of severe bone fragility, osteoporosis and 

impairment in bone mineralization. PLS3 alter both bone forming and bone reabsorption 

processes, leading occasionally to decreased mineralization, occasionally to its increase, 

with a still undefined mechanism [140, 141].  

As discussed in the previous chapter, collagen trafficking from the ER to the ERGIC 

compartment requires a complex machinery involving COPII proteins, such as SEC24D 
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(SEC24 homolog D, COPII coat complex component), that takes part in COPII coat 

formation around ER-exiting vesicles. A SEC24D nonsense mutation and a missense 

mutation have been discovered in skin fibroblasts from a young patient with a syndromic 

form of OI, clinically classified as Cole-Carpenter syndrome. The missense mutation 

affected a highly conserved amino acid of the protein and led to a mildly defective ER export 

of procollagen, but most importantly to ER retention of cargo trafficking molecules, leading 

to dilation of ER cisternae [142]. Further missense substitutions in SEC24D  have been 

identified in two Chinese families [143], and in a young Chinese patient, carrying both a 

frameshift-causing mutation in exon 2 and a mutation affecting the last base of exon 19 

[144]. The outcome in each patient is a phenotype of impaired bone mineral density, skeletal 

malformations and other typical OI clinical signs, therefore suggesting that SEC24D 

mutations can be considered as causative of a new form of autosomal recessive OI. 

Terminal nucleotidyltransferase 46 member A gene (FAM46A) encodes for a soluble protein 

member of the nucleotidyltransferases (NTase) fold superfamily whose function is not yet 

defined in humans [145]. Nevertheless its expression in primary osteoblasts and mineralized 

bone tissue and its modulatory function on BMP signaling suggest a role in bone 

development and homeostasis [146, 147].  

Variants in FAM46A, in particular a loss-of-function mutation  or a homozygous duplication, 

causing a premature stop codon and the absence of the protein, were identified as causative 

of an autosomal recessive OI form [148, 149]. The main clinical manifestations of the 

patients are overlapping with the Stuve-Wiedemann syndrome phenotype and include 

spontaneous fractures, osteopenia, bowing of the lower limbs and joint hyperlaxity [149, 

150]. 

More recently, mutations causing another novel autosomal recessive OI form have been 

discovered in mesoderm development gene MESD [151]. The gene encodes for an ER 

chaperone for the canonical WNT signaling receptors LRP5 and LRP6 and its absence 

impairs the two receptors trafficking to the cell surface [152]. Despite the need of further 

evaluations, it was demonstrated that OI-associated MESD homozygous mutations occur in 

the last exon of the gene and remove a highly conserved ER retention domain, producing a 

frameshift or a truncated protein, this results in the impairment of MESD retain or recycle 

in the ER, in the reduction of the protein’s chaperone efficiency [153, 154], and ultimately 
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impairs WNT signaling [151]. Individuals affected by this OI form present a progressively 

deforming OI phenotype with early onset osteoporosis [151, 155]. 

Another recent OI-associated mutation is in coiled-coil domain containing 134 gene 

(CCDC134) [156], encoding for a secreted protein involved in the negative regulation of 

extracellular single-regulated kinases (ERK) and c-Jun N-terminal kinases (JNK) signaling 

pathways [157]. A homozygous variant in CCDC134 was retrieved in three patients from 

two unrelated families, presenting pseudarthroses, severe bone fragility and other typical OI 

hallmarks. The mutation is responsible for the absence of the protein and the consequent 

increase of Erk1/2 phosphorylation, leading to decreased OPN mRNA, lower COL1A1 

expression and reduced  mineralization in patient osteoblasts matrix [156]. 

Lastly, bi-allelic pathogenic KDELR2 variants were recently identified as causative of OI in 

four families. KDELR2 gene encodes for KDEL endoplasmic reticulum protein retention 

receptor 2, which regulates the COPI retrograde transport-mediated recycling of proteins 

carrying a KDEL-like peptide from the Golgi to the ER [158]. The identified mutations lead 

to the inactivation of the receptor and result in hindered KDELR2-mediated Golgi-ER 

transport. Importantly, the peculiarity of individuals deficient of KDELR2 is the inability of 

HSP47 to bind KDELR2 and detach from collagen type I molecules, therefore HSP47 

remains bound to collagen molecules in the extracellular environment, undermining fibrils 

formation and the construction of bone matrix organic scaffold [159].  
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     AD: autosomal dominant; AR: autosomal recessive; XR: X-linked recessive; n.c.: not classified yet 

 

Table 1: Genetic classification of Osteogenesis imperfecta (modified from Marini et al., 

2017). 

(SPARC, also known as osteonectin)

Mutated gene Encoded protein OI type Inheritance OMIM

Impairment of collagen synthesis and structure

Abnormal collagen post-translational modification

CRTAP Cartilage-associated protein (CRTAP) VII AR 610682

COL1A1  or

COL1A2

Collagen alpha-1(I) chain (α1(I)) or I, II, III or IV AD 166200, 166210,

Collagen alpha-2(I) chain (α2(I)) 259420, 166220

Compromised collagen processing and crosslinking

or Cyclophilin B (PPIase B or CyPB)

P3H1 Prolyl-3 hydroxylase I (P3H1) VIII AR 610915

PPIB Peptidyl-prolyl cis-trans isomerase B IX AR 259440

SERPINH1 Serpin H1 (also known as HSP47) X AR 613848

FKBP10 65 kDa FK506-binding protein 65 (FKBP65) XI AR 610968

Compromised bone mineralization

IFITM5 Bone-restricted interferon-induced V AD 610967

PLOD2 Lysyl hydroxylase 2 (LH2) n.c. AR 609220

BMP1 Bone morphogenetic protein 1 (BMP1) XII AR 614856

Altered osteoblast differentiation and function

SP7

transmembrane protein-like protein (BRIL)

SERPINF1 Pigment epithelium-derived factor (PEDF) VI AR 613982

XIV AR 615066

type B (TRIC-B)

Transcription factor SP7, also known XIII AR 613849

as osterix (OSX)

TMEM38B Trimeric intracellular cation channel 

SPARC Secreted protein acidic and cysteine rich XVII AR 616507

WNT1 Proto-oncogene Wnt1 (WNT1) XV AR 615220

MBTPS2 Membrane-bound transcription factor XIX XR 200294

site-2 protease  (S2P)

substance (OASIS)

CREB3L1 Old astrocyte specifically induced XVI AR 616229

KDELR2

SEC24 homolog D, COPII coat complex n.c.

component (SEC24D) n.c.

Terminal nucleotidyltransferase 46 XVIII

Other OI types

SEC24D

FAM46A

MESD

AR Unknown

PLS3 Plastin 3 (PLS3) n.c. XR Unknown

Unknown

AR 611357

member A (FAM46A)

CCDC134 AR

protein retention receptor 2

AD Unknown

(CCDC134)

KDEL endoplasmic reticulum n.c. AR Unknown 

Mesoderm development protein (MESD) XX AR 607783

Coiled-coil domain containing 134 n.c.
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Intracellular collagen retention and ER stress 

Despite OI outcome was traditionally attributed only to the presence of structural abnormal 

collagen in the ECM, recently it has been recognized that also intracellular collagen retention 

and accumulation play a key role in modulating the phenotype severity in OI, as they 

represent a great perturbation in the maintenance of cellular homeostasis [160, 161].  

In classic OI forms, mutations in the α chains of collagen I cause the delay in its folding and 

the prolonged exposure to post-translational modifying enzymes in the ER, that causes in 

turn the partial retention of mutated molecules [162]. Procollagen I retention takes place also 

in case of mutations in non-collagen genes, impairing collagen folding or post-translational 

modifications [17, 163]. Abnormal type I collagen has been isolated and found to be retained 

in the intracellular environment in tissues and fibroblast cultures from several OI patients, 

showing functional abnormalities such as reduced helical stability, reduced secretion, 

increased degradation, and excessive lysines modification [164, 165], but also in patients’ 

OBs, in which collagen modification appeared more pronounced than in collagen molecules 

extracted from the same individuals’ fibroblasts [166]. 

When the rate of misfolding exceeds the capacity of cells to degrade or secrete misfolded 

molecules, intracellular accumulation of procollagen becomes massive, leading to the 

enlargement of ER cisternae, as described in different murine models of OI,  and impairing 

OBs maturation and function [167-169]. 

The ER compartment is responsible for the quality control of a huge amount of proteins, 

especially the ones that enter the secretory pathway, in particular it manages protein folding 

and processing and ensures that improperly folded proteins do not proceed to the cell surface; 

furthermore, to avoid potentially toxic accumulation of misfolded and unfolded proteins, the 

ER balances its burden of incoming proteins with its capacity to fold and process them [170]. 

Disruption of this balance, as in the case of procollagen I accumulation, results in ER stress 

and initiates a variety of responses that work to restore and/or increase ER function.  

The first cellular response to ER stress is the activation of the adaptive signal transduction 

pathway unfolded protein response (UPR), that  induces the expression enhancement of 

several ER chaperones to facilitate the correct folding and assembly of ER proteins, in order 

to avoid aggregation and to regulate stress signaling and protein degradation [170-172]. 

They can be divided into three categories. The first are chaperones of the heat shock protein 

(HSP) family that include binding immunoglobulin protein (BIP), also known as glucose 

https://en.wikipedia.org/wiki/Binding_immunoglobulin_protein
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regulated protein 78 (GRP78), carrying a peptide-binding domain that binds to the unfolded 

proteins by recognizing exposed hydrophobic residues [173, 174]. BIP does not only act as 

a single chaperone, but it also works in concert  with other ER molecules, forming an ER 

multi-protein complex that can bind to unfolded protein substrates [175]. 

The second category is made of chaperone lectins, containing the ER membrane protein 

calnexin and the soluble ER lumen protein calreticulin, which recognize nascent proteins 

subjected to a correct N-linked glycosylation process and drive them to folding and assembly 

steps [176]. The last group includes substrate-specific chaperones, such as the collagen-

specific one HSP47 [171]. Additionally, there are at least two groups of folding catalysts, 

namely thiol oxidoreductases, such as protein disulphide isomerase (PDI) and peptidyl prolyl 

cis-trans isomerases (PPIs) [171]. In particular the enzyme PDI is a multi-domain, multi-

functional member of the thioredoxin superfamily [177], which catalyses thiol-disulphide 

oxidation, reduction and isomerization and promotes native disulphide bonds formation, 

furthermore it interacts directly with non-native proteins and folds them [178]. 

Among ER chaperones, the protein BIP is crucial to the UPR pathway since it contributes to 

the activation of UPR three main branches, each including an ER-resident transmembrane 

protein as a proximal signal sensor: protein kinase R (PKR)-like endoplasmic reticulum 

kinase (PERK), inositol-requiring enzyme 1 α (IRE1 α) and activating transcription factor 6 

(ATF6) [179]. 

The UPR initiators are usually maintained in an inactive state through binding to BIP. Upon 

ER stress, BIP dissociates from the sensors since it is recruited to bind unfolded proteins to 

solve its chaperone function. This dissociation activates the three UPR sensors, triggering 

UPR pathway to relieve the stress and to block further damage [171], however the exact 

mechanism by which each protein senses the increases in the luminal concentration of 

unfolded proteins is not known [161]. Recent studies of BIP interaction with UPR sensors 

have proposed that also other regulatory BIP-independent mechanisms are involved in UPR 

activation following ER stress [180, 181]. For example in  OI patients’ fibroblasts, BIP 

interaction with procollagen I was demonstrated only in the presence of C-propeptide 

mutations and not always in the presence of triple helical glycine substitutions [182], 

suggesting in the latter case the activation of an unusual UPR pathway [161]. 

Following activation, PERK dimerizes, promoting its autophosphorylation, and activation, 

and phosphorylates the eukaryotic translation-initiation factor 2α (eIF2α), which attenuates 
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the rate of general translation, thus preventing further protein synthesis [183, 184] and 

activates the activating transcription factor 4 (ATF4), responsible for the transcriptional 

expression regulation of genes involved in stress resistance [185] (Fig.6).  

Instead activated IRE1α has endoribonuclease activity and splices a 26-base intron from the 

mRNA encoding the X-box binding protein 1 (XBP-1) [186], a transcription factor with 

target genes involved in protein folding and endoplasmic-reticulum-associated degradation 

pathway (ERAD); in addition, IRE1α is involved in mRNA degradation RIDD (regulated 

Ire1α dependent mRNA decay) and it can trigger the activation of an anti-apoptotic response 

by binding TNF receptor associated factor (TRAF)  [187, 188] (Fig.6). Recently HSP47 was 

identified as a regulator of IRE1α activation and downstream signaling, in particular it was 

demonstrated that HSP47 directly interacts with IRE1α luminal domain and favours the 

release of BIP, thus increasing the oligomerization status of IRE1a [31]. 

Lastly, release from BIP allows ATF6 to translocate from ER to Golgi, where it is cleaved 

by the proteases S1P and S2P, and the cleaved ATF6 migrates into the nucleus and 

upregulates genes that augment ER folding capacity, like BIP itself, folding enzymes, such 

as PDI, and lipid biosynthesis, to allow ER volume to increase [189] (Fig.6).  

Thus, UPR progresses through transient attenuation of translational and transcriptional 

induction of ER chaperones, folding enzymes, and proteins involved in ERAD to alleviate 

protein aggregation in the ER as an adaptive response [190]. 

The excessive crowding of misfolded procollagen chains in the ER requires the activation 

of a degradation response in the attempt to rescue cellular homeostasis. A basal degradation 

(∼ 15% in fibroblasts) is present in all cells under conditions that permit normal folding of 

the procollagen triple helix, but degradation increases significantly in OI cells which 

synthesize high amount of structurally abnormal procollagen [191]. 
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Figure 6: the three signaling branches of  UPR [170]. UPR activation is mediated by the 

detachment of BIP from three ER stress sensors IRE1α, PERK and ATF6. IRE1α alternatively splices 

the mRNA encoding for the transcription factor XBP1 that regulates stress genes expression, in 

addition it is involved in RIDD pathway for mRNA decay; PERK autophosphorylates and activates 

eIF2α, which in turn activates ATF4, attenuating the rate of general translation; ATF6 translocates 

from ER to Golgi, where it is cleaved by the proteases S1P and S2P and in its cleaved form migrates 

to the nucleus, where it regulates the expression of proteins involved in  folding and in ER functions 

rescue.  

 

Whereas aggregates of unfolded procollagen chains are eliminated through the ERAD 

pathway, insoluble misfolded procollagens aggregates accumulated in the ER are degraded 

through autophagy [192]. Autophagy is a catabolic process responsible for the elimination 

of cellular dysfunctional components, such as organelles, exogenous viruses, and bacteria in 

the cytoplasm [193, 194], that consists of three steps: formation of an autophagosome with 

a double membrane, sequestration of cytoplasmic constituents, and fusion of the 

autophagosome with lysosomes, where encapsulated constituents are degraded by proteases.  

Today the aspects of where in the cell procollagen molecules are recognized and how they 

are captured for autophagic degradation still have to be properly dissected [192]. A recent 

study has been performed in normal OBs and OBs expressing bone pathology-causing 

mutant molecules to investigate about procollagen trafficking. The study highlighted that 

while the majority of procollagen molecules selected for degradation are sent through 

autophagy, a subset of folded/misfolded molecules are diverted to lysosomes from peculiar 

ERESs that are engulfed by nearby lysosomes through a noncanonical, autophagic process 

resembling microautophagy. Thus a novel pathway for regulating procollagen homeostasis, 
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which is initiated at ERESs and involves an unconventional mode of autophagic degradation, 

has been identified [195]. 

Although the general output of the UPR is to restore ER homeostasis, chronic ER stress can 

induce apoptosis, in particular, through the intrinsic mitochondrial apoptosis pathway [196]. 

Apoptosis consists in a programmed cell death resulting in the clearance of cells with 

minimal damage to surrounding tissues [197]. Multiple signals link ER stress to apoptosis, 

particularly several transcriptional targets of the UPR are proapoptotic, one of them is 

CHOP, a B-cell lymphoma 2 (Bcl-2) inhibitor that is upregulated by the PERK effector 

ATF4 and whose deficiency leads to decreased apoptosis under ER stress [198].  

Apoptosis can also be induced by IRE1α through multiple mechanisms, including activation 

of JNK pathway [199] or by sustained activation of the RIDD pathway [200], furthermore 

IRE1α directly interacts with the proapoptotic proteins Bax and Bak, regulating apoptotic 

signaling [201]. 

The identification of procollagen intracellular accumulation as causative of a strong stress 

response in bone cells and of OI phenotype is crucial, both to better understand OI-causing 

molecular mechanism and to define novel potential targets for OI therapy.  
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III: OI therapeutic approaches 

There is no definitive cure for OI, which is treated with the available therapeutic approaches 

used for osteoporosis. Bone mass, quality and architecture are crucial features to confer to 

the bone its integrity and strength, therefore the aim of the most used current therapeutics is 

to improve bone architecture and increase bone mass using anti-resorptive or anabolic 

treatments, even if they do not address the underlying matrix defect [202]. 

 

Anti-resorptive treatments 

Bisphosphonates 

Among the most used compounds for treating OI are the anti-resorptive drugs 

bisphosphonates (BPs), such as alendronate, zoledronic acid and pamidronate, which are 

synthetic analogues of pyrophosphate and inhibit OCs function. Once administered, these 

compounds bind to the hydroxyapatite crystals, for which they have a high binding affinity, 

and, following uptake by OCs impair their activity of survival [203, 204]. 

BPs can be divided into the two categories nitrogenous and non-nitrogenous, the first ones 

inhibit protein prenylation and consequently disrupt OCs formation, survival and 

cytoskeletal dynamics, the second group trigger osteoclast apoptosis initiation by replacing 

the terminal pyrophosphate moiety of ATP, which is essential for cellular metabolism. Both 

cases result in the blockage of bone resorption and in a consequent increase of bone mass 

[205].  BPs-treated bones, even if made with poor OI-quality matrix, are proved to be 

effective in increasing bone mineral density (BMD), to maximize mobility and to improve 

functional outcomes in adult patients [206-208] and with a greater beneficial effect, in 

children [209-211]. Although their demonstrated efficacy, the main issues about BPs therapy 

are their long-time persistence in the skeleton [212], that affect the correct bone turnover and 

skeletal remodeling in the treated children during growth, and the possibility of delayed tooth 

eruption and impaired fractures and osteotomies healing following prolonged administration 

[9]. In adults in particular, BPs delay fracture healing [213]  and may increase the risk of 

atypical femoral fractures [214]. For these reasons, despite bisphosphonates represent the 

standard cure for OI patients, further studies are needed in order to assess their long-term 

safety and to optimize their administration guidelines. 
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Denosumab 

Another anti-resorptive approach FDA-approved to treat osteoporosis, Denosumab, a fully 

humanized monoclonal antibody against RANKL, is being considered for OI patients’ 

treatment. It specifically inhibits RANKL, an important cytokine that binds to its RANK 

receptor on immature monocytes and induces their differentiation into mature OCs [215, 

216]. RANKL inhibition was first tested in the osteogenesis imperfecta mouse (oim) model, 

in which it ameliorated bone biomechanical parameters such as bone density and stiffness 

and cortical thickness, on the other hand it did not show any effect on the number of fractures 

[217]. Regarding patients, the antibody was tested in the FREEDOM phase III clinical trial 

in postmenopausal women with osteoporosis for ten years, revealing its positive effect in 

promoting BMD, reducing fractures incidence and showing very mild adverse effects [218]. 

The role of Denosumab in patients still has to be dissected properly and its use is debated, 

as RANKL plays a role in the immune system and could negatively affect the response to 

infections [219]. However, its administration in different trials involving boys with OI 

resulted in decreased bone resorption and increased BMD in lumbar spine with very mild 

adverse effect [220-222], thus the antibody seems a promising alternative to bisphosphonates 

therapy. 

 

Bone anabolic treatments 

Teriparatide 

Teriparatide (TPD), a recombinant form of parathyroid hormone (hPTH 1-34), is a FDA-

approved anabolic agent for the treatment of osteoporosis that increases BMD and reduces 

vertebral and non-vertebral fractures in postmenopausal women by stimulating OBs over 

OCs function [223]. TPD studies were conducted in mild and severe forms of OI, 

nonetheless they are limited to adult patients. Its use is not approved in pediatric population 

due to its theoretical risk for osteosarcoma, as reported in rat studies and in two clinical cases 

[202, 224]. In mild OI forms, the compound increased both bone formation and resorption 

markers in serum and augmented BMD, and no effect was observed in self-reported fractures 

[225, 226]. Further evaluations are needed to assess the role of TPD administration on 

fracture rate, however a recent report of an atypical femoral fracture healing in a 70 year-old 

type I OI patient suggested a potential beneficial effect even on this aspect  [227]. 
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On the other hand, patients affected by the more severe forms of OI type III and IV displayed 

no difference or improvement after 18 months of TPD treatment [228]. 

 

Anti-sclerostin antibody 

The most promising anabolic therapy at the moment implies the use of an antibody against 

sclerostin, or secreted cystine knot-containing protein, a protein mainly produced by 

osteocytes that binds to the WNT ligands co-receptors LRP5 and LRP6, where it works as 

an antagonist of bone formation [229]. Blocking sclerostin results in the activation of the 

canonical Wnt/β-catenin pathway and consequently in the stimulation of OBs differentiation 

and activity with a beneficial effect on the skeleton.  

This therapy brought to the improvement of bone mass, architecture and biomechanical 

parameters in murine models of OI [230-233]. In particular it was demonstrated in the oim 

mouse model of type III OI that sclerostin antibody treatment significantly decreases fracture 

incidence in the axial skeleton, without impairing the body weight, stature and growth of 

tested animals. In Col1a1+/G349C mice (Brtl) the administration of the antibody led to 

improved bone mass, reduced long-bone fragility and increased femoral stiffness and 

strength [230, 231]. 

On the other hand, contradictory effects were retrieved in the treatment of growing and adult 

Col1a1+/Jrt mice, representing a model for more severe OI, in fact no significant treatment-

associated differences were detected in serum markers of bone formation or resorption, plus 

higher trabecular bone volume and cortical thickness were detected in growing, but not in 

adult mice [232]. Due to its efficacy in ameliorating different aspects of impaired bones, the 

use of sclerostin antibody could have a powerful impact on OI treatment, but other studies 

are required to assess its safety and the therapy duration in OI patients [234]. 

The most recent study on the Brtl murine model of OI type IV, combined bisphosphonates 

and sclerostin antibody in the same treatment, hypothesizing a stronger effect on bone mass 

compared to the two therapies administered separately. The main outcome was a robust gain 

both in femoral trabecular thickness and number, especially when the two drugs were given 

together in multiple cycles, and also improved vertebral stiffness, trabecular bone mass and 

bone biomechanical functions [235]. Though further evaluation is needed, this indicates that 

a combination of the anti-resorptive and the anabolic therapies could be an interesting 

solution to improve bone quality in OI patients. 
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Anti-TGF-β antibody 

The balance between OBs and OCs activity is the basis of the bone remodeling process 

[236]. TGF-β factor, that is secreted by OBs and stored in inactive form in the bone matrix, 

is a coordinator of this process. Following OCs’ bone resorption, TGF-β is released in its 

active form and it triggers the SMAD signaling network, that plays important role in skeletal 

development upon binding to the cell surface receptors TGFBR1/2 [237].  

The alteration of the OI bone cellular balance, due to the increased OCs and reduced OBs 

activity, leads to the impairment of TGF-β storage, resulting in uncontrolled activation of its 

signaling pathway further busting the pathological bone phenotype. It has been reported that 

excessive TGF-β1 signaling results in a low bone mass phenotype in an animal model with 

a osteoporosis-like phenotype [238] and in murine models of OI [239, 240]. Because TGF-

β pharmacological inhibition ameliorated the bone phenotype at least in animal models and 

because fresolimumab, an antibody against the three isoforms of TGF-β, has been well 

tolerated in phase I clinical trial in patients with primary focal segmental glomerulosclerosis 

and idiopathic pulmonary fibrosis [241], the drug is being tested in a phase I clinical trial for 

OI patients [202]. 

 

Cell therapy 

Mosaic carriers of an OI-causing mutation do not present a clinical skeletal phenotype, even 

in presence of a high number of mutant osteoblasts [242]. This constitutes the grounds of OI 

cell-based therapy, in which pluripotent normal cells with osteoblast differentiation potential 

are transplanted into affected individuals that will then recapitulate the mosaic healthy 

phenotype. 

Studies for transplantation were conducted both in murine models and in humans. In 

particular, in utero transplantation of green fluorescent protein (GFP)-expressing whole 

bone marrow in  heterozygous Brtl mouse revealed that engrafted cells differentiated to 

trabecular and cortical bone cells and synthesized a great amount of normal matrix since 

they made up to 20% of all type I collagen in the host bone. The transplantation also reduced 

perinatal lethality and improved the bone architecture parameters of treated Brtl femora at 2 

months of age [243]. 



33 
 

Several clinical trials for bone marrow transplantation (BMT) in severe OI patients have 

been attempted. In a first trial of five children that received bone marrow transplantation, 

three of them showed donor cells engraftment, a significant increase in bone mineral content 

and in body length with a rate similar to healthy controls. A following trial was performed 

on six children with severe OI who underwent BMT, that were infused with gene-marked, 

donor marrow- derived MSCs. Five of them displayed engraftment in bone and increased 

growth rate, suggesting that post-transplant treatment with allogeneic MSCs enhances the 

therapeutic effects of BMT [244].  

Only in two cases MSCs transplantation was performed in utero in patients. In the first case, 

a female fetus diagnosed with severe OI, the engraftment was successful, but since the child 

was also treated with bisphosphonates, it was difficult to dissect the effects of the two 

approaches [245]. 

The second case, in a more recent study, involved prenatal transplantation of two OI patients 

with human fetal MSC (hfMSC) and postnatal boosting with same-donor MSCs. In both 

patients, the treatment resulted in reduced fracture incidence and increased growth rate as 

compared to non-treated OI patients [246]. 

All the transplanted individuals displayed improved linear growth, bone structure and 

integrity following transplantation, therefore cell therapy studies pave the way for a novel 

potential OI treatment, nevertheless some important issues still need to be addressed, in 

particular bone engraftment efficiency, the use of bone-specific delivery systems and the age 

of treatment [204, 247]. 

 

Matrix vesicles therapy 

Besides to differentiate into target tissue cells, MSCs are responsible for the production of 

trophic factors, such as growth factors and cytokines, which can activate and support 

endogenous cells, even though the detailed mechanism of these therapeutic effects has not 

been fully elucidated [248]. 

MSCs can release extracellular vesicles (EVs) like exosomes, derived from early 

endosomes, and microvesicles, that have large dimensions and shed from the plasma 

membrane [249-251], both containing bioactive molecules, such as proteins and RNAs, and 

deliver signals for intercellular communication. Therefore MSC-derived EVs play an 
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important role in the therapeutic effects observed in the treatment of several diseases [249, 

252-254].  

Regarding OI animal models in particular, in the past years MSCs infusion has proven to 

induce the production of a factor into the serum, which then stimulates chondrocyte 

proliferation in the growth plate from where bone growth occurs [255], but most importantly 

even infusion of conditioned medium from MSC cultures can initiate this multistep pathway 

and stimulate chondrocyte proliferation [255].  

A recent study has proved that EVs also have the potential to serve as a cell-free therapy 

equivalent to MSC therapy that, instead of creating mosaicism, boosts the activity of 

endogenous cells and bypasses many of the limitations of cell-based therapies, such as 

variable therapeutic potency between MSC donors and safety concerns [256]. Indeed OI 

mice were treated with conditioned medium from murine and human MSCs revealing that 

chondrocyte proliferation was not stimulated by soluble proteins in the medium, but by 

RNAs contained in EVs, in particular miRNAs, which stimulate bone growth [256]. 

Identifying the miRNAs and other molecules responsible for this outcome is a further critical 

step before EV therapy can be considered as a novel cell-free therapy for OI. 

 

Gene therapy 

The only resolutive cure for OI is gene therapy, based on inactivating or correcting the 

expression of the mutated genes. In severe classical OI forms carrying COL1A1 or COL1A2 

mutations, characterized by a structural qualitative collagen defect, the silencing strategy 

would result in the production of collagen only from the healthy allele and thus in the 

transition to a mild, quantitative OI type [204]. Antisense oligonucleotides, ribozymes, small 

interfering RNA (siRNA) and short hairpin RNA (shRNA) can be used to target mutated 

transcripts [257].  

The transfection of antisense oligodeoxynucleotides in cultured human fibroblasts from an 

OI type IV patient with a COL1A2 point mutation resulted in a significant in vitro 

suppression of the mutant protein. 

In 2004 the first COL1A1 allele-specific silencing using siRNA was performed in OI patients 

carrying a known COL1A1 mutation. MSCs from the patients were transfected with an 

adeno-associated virus containing a construct that would target and disrupt the mutant allele 

[258]. Two later studies used siRNAs to obtain type I collagen allele-specific silencing, the 
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first in human bone-derived cells in vitro, in which a mutation-independent approach was 

used to target heterozygous single nucleotide polymorphisms (SNPs) or insertion/deletion 

polymorphisms in the COL1A1 and COL1A2 genes [259, 260]; the second in the Brtl mouse 

fibroblasts, in which allele-specific silencing of mutant Col1a1 using shRNAs subcloned in 

a lentiviral vector reduced the amount of mutant collagen by 40% [261]. Although partially 

successful, this therapeutic approach carries many uncertainties, such as the safety of the 

vectors utilized for the delivery, possible insertional mutagenesis and duration of the effects 

[202]. In addition, silencing approaches have been tested mainly in vitro, and further in vivo 

studies are needed on appropriate animal models before moving on to clinical trials.  

Despite different aspects of this therapy are uncertain, some recent studies open new 

possibilities, one of them is the development of a bone delivery system that could allow the 

siRNA targeting directly to the bone tissue by systemic injection [262]; another recent 

research investigated the use of viral vectors expressing target tissue-specific shRNAs, 

aptamer-shRNA chimeras and atelocollagen-bound siRNAs [263, 264]. 

Gene therapy is a developing field in OI treatment that opens some appealing possibilities 

for the future, such as the combination of gene and cell therapy. MSC gene targeting and 

generation of induced pluripotent stem cells (iPSCs) could in fact be used to treat OI skeletal 

abnormalities by transplanting patient-specific bone-forming cells that no longer express the 

mutant gene. A proof of the success of this combination was obtained in an in vivo trial,  in 

which OI patient MSCs were corrected and the derived iPSCs were transplanted in an animal 

model where they produced normal collagen and successfully formed bone [265]. 

Another promising therapeutic approach for OI is gene editing using the new CRISPRs/Cas9 

system. It has not been used in OI yet, but it has been recently tested in animal models of 

other diseases, in which gene editing Cas9-guide RNA complexes were successfully 

delivered in vivo [266-268]. The use of this tool, that would allow to precisely edit any 

mutation in an allele-specific manner, could radically change the way we treat human 

Mendelian disorders. 

 

4-Phenylbutyrate 

Among the currently available therapies for OI, the anti-resorptive and the anabolic ones are 

the most used, nevertheless there is a limitation in their molecular mechanism: they only 

address the problem at the level of the extracellular matrix, by promoting its production or 
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by inhibiting its resorption, and without addressing its quality issue. None of these therapies 

focuses on the amelioration of bone intracellular environment, which is stressed by the 

accumulation of unfolded collagen molecules.  

To this purpose, recently the compound 4-phenylbutyrate (4-PBA) has gained increasing 

attention.   

From a molecular point of view, 4-PBA is an aromatic fatty acid that in humans is oxidized 

into phenylacetate (PAA) in the liver by β-oxidation and is eliminated by conjugation with 

glutamine to form phenylacetylglutamine, which is excreted in the urine [269], thus acting  

as an ammonia scavenger. 4-PBA is FDA-approved for patients with urea cycle disorders 

and hyperammonemia, in which defects in the excretion of waste nitrogen induce the 

accumulation of glutamine and alanine [270, 271].  

4-PBA is also a member of histone deacetylase inhibitors (HDACI), a class of proteins that 

restore positive charges on histones by removing acetyl groups and induce transcriptional 

repression through chromatin condensation [272], indeed hyperacetylated histones are 

linked to transcriptionally active domains, while hypoacetylated histones are generally 

associated with transcriptionally silent loci [273].  

An important function of 4-PBA is its chaperone-like activity that facilitates protein folding 

and stabilizes already folded molecules by binding them and protecting their structure 

against proteolytic degradation and thermal denaturation [274-276]. Its chaperone ability 

was first identified in diseases such as cystic fibrosis [277] and type 2 diabetes associated to 

obesity [278] where 4-PBA was able to alleviate ER stress and UPR activation, as shown by 

decreased expression of specific proteins from these pathways [279], to restore the function 

of mutated proteins retained in the ER and to promote their progression to the intracellular 

trafficking pathway [277, 280]. 

The chaperone function of the compound has been studied in several disease models over 

the years, such as α1-antitripsin deficiency [281, 282], glaucoma [283], cataract [284], 

cholestasis [285], Wilson disease [286], Parkinson's disease [287].  

Regarding in particular its role in bone cells, it is reported that 4-PBA increases histone 

acetylation, stimulates ALP activity and promotes cell proliferation and maturation in OBs 

cultures [288, 289]. 

The established link between 4-PBA treatment and ER stress, together with its beneficial 

effect on bone-forming cells, makes the compound an appealing opportunity to address OI-
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causing intracellular molecular mechanism. The compound has already been successfully 

used to rescue the cellular phenotype of hemorrhagic stroke caused by intracellular 

accumulation of mutant collagen type IV [290]. 

The first study of 4-PBA in OI has been conducted in vivo in an OI Chihuahua zebrafish 

(Danio rerio) model of classical severe OI [291]. Our group demonstrated that ER 

enlargement was ameliorated upon 4-PBA administration, which increased the amount of 

extracellular collagen and improved OI fish skeletal mineralization and morphology. The 

expression of early and late osteoblast markers was investigated in order to evaluate if the 

inhibitory effect of 4-PBA on histone deacetylases affected the transcription of osteoblasts 

specific genes. No difference was retrieved, indicating that the inhibitory effect of 4-PBA 

on histone deacetylases was not significant at the used concentration [292]. 

Two more recent studies conducted by our group aimed at elucidating the effect of the 

intracellular retention of mutant collagen on cellular functions both in dominant and 

recessive OI patients’ fibroblasts, and to investigate whether this condition could be rescued 

by 4-PBA. The results of our researches will be discussed in the next chapters. 

Interestingly, a recent study performed on a knockout mouse model with an osteoblast-

specific mutation impairing autophagy, revealed that OBs from this model displayed ER 

stress and impaired bone formation and mineralization activities, altering bone mass 

phenotype [293]. 4-PBA administration was able to reverse the expression of ER stress 

markers and to induce the expression of OBs-specific differentiation and mineralization 

markers, revealing a beneficial effect of the drug on bone forming cells metabolism [293]. 
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IV: murine models of classical Osteogenesis Imperfecta 

The use of animal models is crucial in the study of bone diseases like OI, because it is not 

possible to routinely perform molecular analyses on patients’ bone tissue. Indeed, the 

acquisition of bone samples with a bone biopsy is an invasive procedure, as the brittleness 

of OI patients’ bones would increase the recovery time, the risk of secondary fractures and 

pain.   

Since mice are mammals, their anatomy and physiology resemble the human ones, therefore 

their use as models of diseases allows a deeper understanding of the disorders pathobiology. 

I focused my attention on currently available OI murine models carrying mutations in 

collagen genes, reproducing classic OI forms (Table 2).  

In the past decades, several murine models of classic OI displaying a bone phenotype have 

been developed. The Mov-13 transgenic mouse carries a Col1a1 null allele, thus 

homozygous mice do not produce type I collagen and are lethal, while heterozygous mice 

deposit reduced amounts of normal type I collagen in the ECM and display an osteopenic 

phenotype and abnormal skeletal biomechanics [294, 295]. 

Another transgenic model is the human COL1A1-minigene mouse, containing a construct 

that expresses a version of human COL1A1 missing the central 41 exons, encoding a 

significant portion of the triple-helical domain. The resulting shortened human proα1(I) 

chains associate with normal murine proα1(I) and proα2(I) chains, depleting the amount of 

normal type I collagen and altering ECM organization [296, 297]. 

In 1988, an OI type II transgenic mouse model expressing a mutated COL1A1 gene, that 

resulted in perinatal lethality, was generated by site-directed mutagenesis. The mutation was 

introduced in the triple helical domain of COL1A1 gene, at residue 859 [298, 299]. Fetuses 

displayed short and wavy ribs, poor bone mineralization, underdeveloped skeletons, and 

pliable limbs, in addition the bones presented large cavities, indicating a high level of 

resorption [298, 300]. 

Alongside transgenic ones, some OI models were generated by chemically induced 

mutations, such as the abnormal gait 2 (Aga2+/-) mouse (T to A transversion within intron 

50 in Col1a1), exhibiting an abnormal gait as a result of excessive hind-limb deformity and 

expressing a mutation affecting Col1a1 whose equivalent genetic mutation has never been 

identified in humans [169]. The heterozygous mice (Aga2+/-) expressed a range of 

phenotypic variation from severe osteopenia (model of OI type III), characterized by 
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disorganized trabecular bone and collagen structure leading to skeletal deformities and 

fracture, to perinatal death (model of OI type II). On the other hand, homozygous Aga2-/- 

mice died in utero [169, 298]. 

The second known classical OI model generated by chemically induced mutation is the 

Col1a1Jrt/+ mouse, carrying a T to C transition that results in the skipping of exon 9 of Col1a1 

gene and in a consequent 18‐amino acid deletion in the main triple helical domain of collagen 

1 chain.  

Col1a1Jrt/+ mice display lower BMD, decreased bone parameters, and are more prone to 

fractures, in addition they display high bone turnover and impaired extracellular matrix, 

showing abnormalities in matrix composition and collagen fibrillogenesis and hindered 

mineralization. It is the first reported model that combines the phenotype of OI and Ehlers 

Danlos syndrome [301]. 

Less models with mutations in α2(I) collagen chain are available respect to α1(I), one of 

them is the osteogenesis imperfecta murine (oim) model, that carries a mutation in the gene 

coding for Col1a2 and exhibits a skeletal disease with clinical and biochemical features of 

severe OI type III. It is the only naturally occurring OI mouse model and its frame-shift 

mutation in the region of the gene that encodes the terminal portion of the proα2(I) C-

propeptide leads to the synthesis of non-functional proα2(I) chains [302-304]. 

Despite their utility, these models are not optimal for studies of OI pathophysiology because 

they lack the combination of typical glycine substitution mutations and autosomal dominant 

inheritance retrieved in human patients. Furthermore, some of these models are perinatal 

lethal (OI type II) or show not physiologic levels of mutant mRNA expression. 

Two existing models of moderately severe OI type IV, the Brtl and the Amish, carrying 

respectively a mutation in Col1a1 and Col1a2, combine all these features, therefore they 

represent a powerful tool to study the outcome of mutations in the two collagen I chains. 
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Table 2: list of the currently available murine models of classical OI, carrying mutations in 

collagen I genes.  

 

Brtl mouse 

The Col1a1+/G349C mouse (Brtl) is a knock-in murine model for OI, generated using the 

Cre/lox system. Brtl is heterozygous for a G-to-T transversion at nucleotide 1456 in exon 23 

of Col1a1 allele, changing glycine 349 to a cysteine [305], faithfully reproducing a mutation 

previously characterized in an OI type IV proband [166] (Table 2). Brtl mice have a smaller 

size than wild type (wt) littermates and present a phenotypic variability, some mice have 

moderately severe outcome, some show perinatal lethality of OI type II. Indeed 30% of the 

pups die within hours of birth from respiratory insufficiency [305], therefore reproducing 

the phenotype described in some patients who carry identical mutations, but have different 

clinical severity [306]. 

The surviving heterozygous mutant mice display growth deficiency, impaired mineralization 

of the skeleton, bone fragility and deformity, in addition their growth pattern with normal 

size at birth followed by growth deficiency by 4–5 weeks of age, reproduces the early 

childhood growth pattern reported for moderately severe OI patients [305, 307]. Brtl femurs 

at 6 months of age displayed a significantly lower BMD and mineral-to-matrix ratio than wt 

counterparts, together with an altered bone geometry, diminished cortical thickness and 

reduced stiffness and strength of the bone, nevertheless all these parameters improved after 

the mice pubertal stage [308].  
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Further studies in Brtl femora revealed that the bone phenotype of the model is mainly due 

to an imbalance in the bone remodeling cells, as OCs number and function were increased, 

while mineral apposition was decreased during growth, pointing to a decline in the 

production of matrix by OBs [309]. In vitro impairment of osteoblastogenesis was also 

demonstrated in Brtl osteogenic precursors, which have reduced expression of the typical 

bone differentiation markers and skew towards adipocytic differentiation, leading to a 

consequent reduction of committed osteoprogenitors in the bone marrow  [310]. 

Despite G349C mutation in α1(I) chains proved to have no effect on the thermal stability or 

rate of thermal denaturation of mutant collagen and on collagen-collagen recognition and 

interaction, it leads to the formation of smaller diameter collagen I fibers in vitro and it 

disrupts crystalline organization of tendon fibers in vivo. Three different types of collagen I 

molecules can be found in Brtl ECM, with none, one or both α1 mutated chains, and such 

heterogeneity causes small variations in molecular alignment of fibers, thus limiting their 

growth, altering their structure and impairing their interactions with other matrix molecules 

and resulting in an altered ECM [311].  

A fraction of the collagen molecules is partially retained in the ER but interestingly the 

molecules with both mutated chains are secreted faster and more efficiently [312].  

A peculiarity of the mutated chains is the presence of a reactive -SH group, located on the 

cysteine 349 residue, that can cause the formation of a S-S dimer between two mutated 

chains or can be the source of abnormal interaction with other molecules, playing a 

detrimental role in the extracellular matrix. The free -SH is also one of the causes of the 

selective retention and degradation of triple helices with a single mutated chain, 

characterized by reduced stability and increased susceptibility to non-specific proteolytic 

degradation [312, 313]. 

Interestingly, the expression of the ER-resident collagen-specific molecular chaperone 

HSP47, known to be augmented in several OI cases, is increased also in Brtl cells [314]. 

Studies conducted on mutant Col1a1 silencing revealed a significant reduction in HSP47 

expression, arising the speculation that the suppression of mutated collagen may also 

ameliorate the ER stress caused by aberrant collagen retention [261]. 

In spite of a good skeletal and molecular characterization of the model, the main unsolved 

issue in Brtl mice is the phenotypic variability between non-lethal and lethal pups, in fact 

the molecular mechanism underneath this diversity still remains obscure. Lethal mice 
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present a severe undermineralization of bones compared to surviving mice, especially in 

calvaria, propensity to fractures of the long bones and severe deformity [305].  

Microarray and proteomic studies on Brtl calvarial bones revealed that both extracellular 

and intracellular factors are involved in the modulation of the different phenotype. At the 

intracellular level, mice with lethal phenotype showed a bone specific up-regulation of the 

pro-apoptotic protein Gadd153/Chop, while mice with moderately severe OI showed an 

increased level of chaperones, proteasomal subunits and metabolic enzymes, highlighting a 

difference in the ability to handle cellular malfunction. On the other hand, the ECM lethal 

Brtl mice presented increased expression of cartilaginous proteins and diminished 

expression of bone matrix proteins, suggesting an alteration in their extracellular matrix 

composition and a delay in skeletal development [315]. Differences were also retrieved in 

protein expression profiles of fibroblasts form lethal and surviving mice, particularly the 

surviving ones presented the expression of specific chaperones, the reduction of the 

proteasomal components and the downregulation of cytoskeletal proteins involved in 

membrane trafficking, cell migration, and cell division [316].  

Indeed the cytoskeleton was identified as one of the possible causes of the different 

phenotype: calvarial and long bone osteoblasts from Brtl lethal pups present a strongly 

disorganized cytoskeleton assembly that affects cell proliferation, collagen deposition, and 

integrin and TGF-β signaling [240]. The downregulation of the intermediate filament 

vimentin, whose disassembly is causative of cytoskeletal collapse [316-318], the 

transcriptional upregulation of the regulatory factor stathmin, promoting the disassembly of 

microtubules, [316, 318], and the deregulation of cofilin-1, inducing F-actin 

depolymerization and inhibiting G-actin polymerization [319], constitute the basis of lethal 

mice cytoskeletal abnormality. The consequences of these alterations also include a 

reduction in cell proliferation and decreased expression of the early osteoblast transcription 

factor RUNX2, with consequent impairment of bone structural properties [240]. 

These data revealed that the intracellular machinery in lethal mice is less effective to cope 

with the cellular stress, suggesting that a modulation of cellular pathways can 

mitigate/ameliorate the OI phenotype. 
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Amish mouse 

The Col1a2+/G610C mouse (Amish) is also a knock-in murine model for OI type IV carrying 

a COL1A2 variant, precisely a G-to-T transversion at nucleotide 2098 that alters the glycine 

610 to cysteine (Table 2). This substitution replicates the one of an American Old Order 

Amish family identified through the Amish Family Osteoporosis Study (AFOS) [320] and 

by the Anabaptist Genealogy Database (AGDB4), which was queried to recognize a putative 

founder couple of the affected family [321]. 

Knock-in mice were produced using embryonic stem cells targeting and Cre/lox P 

technology. Homozygous pups did not survive after birth because of severe bone pathology 

and undermineralization [168]. Heterozygous pups survived to weaning and their bones were 

more brittle and prone to fractures compared to their wt counterparts, being characterised by 

an osteopenic phenotype represented by decreased bone volume, reduced cortical thickness, 

and fewer and more dispersed trabeculae [168, 322].  

Mineral properties of the Amish mice are normal at 10 days and show a more brittle bone 

phenotype with aging. Because the process of endochondral bone formation is active in the 

post-natal period from birth to 10 days, while from 10 days to 2 months endochondral  

ossification and appositional bone growth take place, appositional bone growth is identified 

as the aberrant process, due to its dependence on type I collagen structure [322]. 

On the extracellular side, despite that most of the mutated molecules are secreted in the 

ECM, a fraction of these molecules is not incorporated into the matrix, in fact the number of 

incorporated collagen molecules carrying the mutated chain is less than the total mutated 

molecules secreted by OBs [167], and collagen molecules thermal stability is reduced in 

comparison with healthy mice [168]. G610C mutation ultimately results  in a poor 

organization of collagen fibers in the ECM [323]. A surprising aspect in the Amish mice is 

their ability to secrete a significant fraction of type I collagen mutant α1(I) homotrimer in 

addition to α2(I)-G610C containing heterotrimeric collagen.  

Importantly, the mutation in α2 chain is responsible for the impairment of procollagen I 

folding, in fact procollagen I chains from heterozygous mice were overhydroxylated and 

overglycosylated and they accumulated in the ER cisternae, which were found to be dilated 

[167]. 

The expression of the key UPR transducer BIP was found unchanged, highlighting the 

activation of an alternative stress response instead of a canonical UPR pathway. The main 
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outcome is a malfunction in the OBs, displaying impaired differentiation and reduced 

activity, in particular lower mineral deposition in vitro [167].  

Because ER-accumulated misfolded procollagen is primarily degraded by lysosomes 

through autophagy, the modulation of this pathway constitutes an appealing OI target [167]. 

In a recent study, a low protein diet was administered to Amish mice with the aim of 

stimulating the autophagic pathway and verifying if it would have affected the bone material 

quality over time. Despite the fact that diet had beneficial effects on OBs precursors 

differentiation and maturation and on mineralization of the newly deposited bone, it 

suppressed overall animal growth, reduced mineral apposition rate, and reduced the absolute 

bone strength and toughness both in Amish and wt mice, demonstrating that a prolonged 

autophagy activation is detrimental to bone cells homeostasis [323].  

Analyses of the femoral geometric and biomechanical properties of Amish mice revealed 

reduced marrow cavity diameter in females and increased cortical bone width in males, as 

well as decreased whole bone biomechanical strength and reduced femoral length in both 

sexes. Tibia analyses also revealed decreased trabecular bone volume/total volume (BV/TV) 

and trabecular number [324]. 

Raman spectroscopy performed on Amish femora showed elevated mineral‐to‐collagen ratio 

and reduced collagen content compared to healthy mice [325]. 

In conclusion, the Brtl and Amish models proved to be faithfully representative of classic 

OI features and constitute a powerful tool to investigate the molecular pathways involved in 

OI pathogenesis and to test the efficiency of OI therapies. 
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Chapter 1 

4-PBA ameliorates cellular homeostasis in fibroblasts from Osteogenesis Imperfecta 

patients by enhancing autophagy and stimulating protein secretion 

 

Mutations in α1 or α2 chains of collagen type I cause classical dominant forms of OI and 

lead to the alteration of the structure and function of the extracellular matrix. While the 

majority of mutated molecules are secreted in the ECM, a fraction is intracellularly retained 

in the ER. In this work, using OI patient fibroblasts carrying mutations in both chains we 

demonstrated that retained collagen molecules are responsible for ER enlargement and 

consequent activation of the unfolded protein response (UPR), mainly through the 

eukaryotic translation initiation factor 2 alpha kinase 3 (PERK) branch. Cells carrying α1(I) 

mutations react to the stress by upregulating autophagy, while cells with α2(I) mutations 

only occasionally trigger the autodegradative response. Despite the autophagy activation to 

face stress conditions, apoptosis occurs in all mutant cells.  

To decrease the stress, OI fibroblasts were treated with the chemical chaperone and histone 

deacetylase inhibitor 4-PBA. The drug proved to inhibit UPR, to enhance autophagy and to 

promote protein secretion, thus contributing to the clearance of ER cisternae crowding and 

restoring cellular functionality. Interestingly, we observed a selective effect of 4-PBA on 

collagen secretion, as it was stimulated only in the fibroblasts carrying mutations closer to 

the C-terminus of the molecule.     

This paper provides proof that intracellular stress can be a target for OI pharmacological 

therapy and that 4-PBA administration is a promising strategy to rescue OI cells homeostasis. 

I contributed to the revision process of this work, in particular I performed cell cultures and 

cells samples preparations, such as protein lysates. I also performed part of the western blots.  
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Chapter 2  

Cellular stress due to impairment of collagen prolyl hydroxylation complex is rescued 

by the chaperone 4-phenylbutyrate 

 

Recessive OI types VII, VIII and IX are caused by mutations in CRTAP, prolyl-3-

hydroxylase 1 (P3H1) and cyclophilin B (PPIB), respectively, components of the ER-

resident prolyl-3 hydroxylation complex, which performs the hydroxylation of Pro986 in α1 

chains of collagen I. Mutations in one of the components of the complex hinder the correct 

collagen folding and prolong its exposure to ER post-translational modifying enzymes, 

leading to the synthesis of overmodified collagen molecules that are retained in the ER. 

In this work we studied the effects of mutations in the proteins of the complex on cellular 

homeostasis, using primary fibroblasts from seven recessive OI patients. We assessed the 

activation of UPR and apoptosis, as well as we proved ER cisternae enlargement and an 

altered proteostasis. Given the beneficial effect of 4-PBA in human fibroblasts of dominant 

OI, we tested the effect of the drug also in recessive OI cells. The compound ameliorated 

intracellular morphology, it was beneficial in lowering UPR and apoptosis activation and it 

promoted general protein secretion and autophagy. We also demonstrated that 4-PBA 

rescuing ability is due to its chaperone role rather than its autophagy-promoting ability, since 

it was able to restore ER functions and to reduce stress in presence of a pharmacological 

inhibitor of autophagy. This work provides a deeper insight into the molecular mechanism 

of the drug and identifies intracellular stress as a target shared by dominant and recessive OI 

forms. 

I actively participated to the experimental part of this work. In particular, I performed part 

of the cell cultures, protein lysates preparations, RNA extraction and retrotranscription and 

immunofluorescences. I also took part in the review and editing phases of the work. 
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Chapter 3 

Targeting cellular stress improves osteoblasts homeostasis and matrix in murine 

models of osteogenesis imperfecta 

 

Collagen type I misfolding and intracellular accumulation were observed in OI and the 

consequent activation of unfolded protein response and apoptosis was demonstrated in 

patients’ fibroblasts, highlighting the relevance of intracellular mutant collagen in the onset 

of the pathology. The bone forming cells osteoblasts are the most affected cells in OI, 

producing high amounts of collagen type I, which assembles into fibrils in the ECM and 

form a scaffold for mineral deposition. Indeed, perturbed cellular homeostasis and an 

impaired bone matrix quality are present in OI OBs. We hypothesized that targeting OI OBs 

homeostasis could be a potential strategy to promote their anabolic activity and, likely, to 

ameliorate extracellular matrix quality. To this purpose, my main PhD project was to assess 

the effect of the chemical chaperone 4-PBA in OBs from two well established murine models 

of dominant OI, the Col1a1+/G349C (Brtl) and the Col1a2+/G610C (Amish) mice, carrying a triple 

helical glycine substitution in α1 and in α 2 chain, respectively, reproducing mutations 

previously characterized in OI type IV probands.  

The drug proved to rescue cell homeostasis by reducing UPR and apoptotic markers 

expression and, as for patients’ fibroblasts, it improved intracellular morphology by 

stimulating protein secretion. Importantly, given its ability to reduce collagen I expression 

and to stimulate its secretion, 4-PBA exerted beneficial effects on extracellular matrix 

collagen content and maturation. Of relevance, a bone cell-specific action was proven since 

the drug promoted OI osteoblasts mineralization by increasing alkaline phosphatase 

expression and activity. 

Our results demonstrated 4-PBA efficacy in osteoblasts and proved the drug as a promising 

candidate to complement current therapy for OI management. 

The present manuscript, just submitted to Matrix Biology, constitutes the main project of 

my PhD and I carried out every phase of the work. I took part in each experiment and in the 

relative analyses, as well as in the paper writing. 

 

 

 



73 
 

Targeting cellular stress improves osteoblast homeostasis, matrix collagen 

content and mineralization in two murine models of osteogenesis imperfecta 

 

Running title: Matrix amelioration upon targeting cellular stress 

 

Nadia Garibaldia,b, Barbara M. Contentoa, Gabriele Babinic, Jacopo Morinic, Stella 

Sicilianid, Marco Biggiogerad, Mario Raspantie, Joan C. Marinif, Antonio Rossia, 

Antonella Forlinoa,*, Roberta Besioa,* 

aDepartment of Molecular Medicine, Biochemistry Unit, University of Pavia, Pavia, Italy; 
bIstituto Universitario di Studi Superiori - IUSS, Pavia, Italy; cDepartment of Physics, 

University of Pavia, Pavia, Italy;  dDepartment of Biology and Biotechnology, University of 

Pavia, Pavia, Italy; eDepartment of Medicine and Surgery, University of Insubria, Varese, 

Italy; fBone and Extracellular Matrix Branch, NICHD, National Institute of Health, 

Bethesda, MD 20892, USA 

 
*These authors contributed equally to the work 

 

Corresponding Authors: 

Roberta Besio, PhD 

Department of Molecular Medicine, Biochemistry Unit 

University of Pavia 

via Taramelli 3b - 27100 Pavia, Italy 

Phone: +39-0382-987233 

e-mail: roberta.besio@unipv.it 

 

Antonella Forlino, PhD 

Department of Molecular Medicine, Biochemistry Unit 

University of Pavia 

Via Taramelli 3B 

27100 Pavia, Italy 

Phone: +39-0382-987235 

e-mail: aforlino@unipv.it 

 
 

 

 

 

 

mailto:roberta.besio@unipv.it
mailto:aforlino@unipv.it


74 
 

Abstract 

Most cases of dominantly inherited osteogenesis imperfecta (OI) are caused by 

glycine substitutions in the triple helical domain of type I collagen α chains, which 

delay collagen folding, and cause the synthesis of collagen triple helical molecules 

with abnormal structure and post-translational modification. A variable extent of 

mutant collagen ER retention and other secondary mutation effects perturb osteoblast 

homeostasis and impair bone matrix quality. Amelioration of OI osteoblast 

homeostasis could be beneficial both to osteoblast anabolic activity and to the 

content of the extracellular matrix they deposit. Therefore, the effect of the chemical 

chaperone 4-phenylbutyrate (4-PBA) on cell homeostasis, collagen trafficking, 

matrix production and mineralization was investigated in primary osteoblasts from 

two murine models of moderate OI, Col1a1+/G349C and Col1a2+/G610C. At the cellular 

level, 4-PBA prevented intracellular accumulation of collagen and increased protein 

secretion, reducing aggregates within the mutant cells and normalizing ER 

morphology. At the extracellular level, increased collagen incorporation into matrix, 

associated with greater maturation of collagen fibrils, was observed in osteoblasts 

from both models. 4-PBA also promoted OI osteoblast mineral deposition by 

increasing alkaline phosphatase expression and activity. Targeting osteoblast stress 

with 4-PBA improved both cellular and matrix abnormalities in culture, supporting 

further in vivo studies of its effect on bone tissue composition, strength and 

mineralization as a potential treatment for classical OI.  

 

 

Keywords: collagen, osteogenesis imperfecta, endoplasmic reticulum stress, 

chemical chaperone, unfolded protein response 
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Introduction 

Bone modeling and remodeling require the anabolic activity of osteoblasts (OBs), 

which are responsible for the synthesis of the extracellular matrix (ECM). Bone 

ECM, mainly consisting of type I collagen with contributions from several non-

collagenic molecules, is the scaffold on which mineral deposition and cell interaction 

occur, thus its integrity is essential to guarantee proper bone structure and 

biomechanical properties, as well as cell-cell and cell-matrix communication [1]. 

Indeed, many inherited skeletal dysplasias are associated with mutations in bone 

ECM components and their pathogenic mechanism is generally attributed to 

impaired ECM assembly and function [2-6]. In the last decade it has been appreciated 

that bone cellular dysfunction also contributes to pathological mechanisms. Mutated 

proteins may be retained in the endoplasmic reticulum (ER) causing cellular stress 

that may affect the clinical outcome [2, 4, 7-12]. One example of this cellular effect 

is the intracellular accumulation of mutant collagen type I in classical osteogenesis 

imperfecta (OI). 

OI is among the most common hereditary skeletal dysplasias, characterized by 

reduced bone mineral density, bone deformity and frequent fragility fractures from 

minimal or no trauma [13]. Individuals with OI display a broad phenotypic range, 

from mild osteoporosis to perinatal lethality sometimes even in the presence of 

identical mutations, and the molecular basis of this phenotypic variability is still 

unknown [14-17]. Classical OI (types I to IV based on the Sillence classification 

[18]) is a dominantly inherited disease due to mutations in the COL1A1 and COL1A2 

genes encoding the α chains of type I collagen. The most common defects are glycine 

substitutions responsible for the folding delay of the α chains and of their prolonged 

exposure to the post translational modifying enzymes, thus causing the synthesis of 

abnormal collagen molecules with increased proline and lysine hydroxylation and 

hydroxylysine glycosylation [11, 19-21]. In cells from many patients and in various 

OI murine models, the misfolded collagen is partially retained intracellularly, 

altering cell homeostasis and provoking a cell stress response which could function 
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as a modulator of OI [11, 13, 22-24]. Indeed, in the OI murine model Brtl, carrying 

an α1(I)-G349C substitution and having either a moderate or a lethal outcome, the 

significant difference in expression of ER stress-related proteins indicated 

involvement of the intracellular machinery in modulating or responding to OI 

severity, which makes this pathway a potential novel target for OI therapy [16, 25].  

Current pharmacological treatments for OI rely almost exclusively on the use of 

bisphosphonates, a class of antiresorptive drugs inhibiting osteoclast differentiation 

and/or activity, used in the management of osteoporosis [26]. Despite success in 

increasing DXA bone density [27-30], the efficacy of these treatments to reduce the 

fracture risk is controversial and questions about effective dose, cycling intervals and 

efficacy and safety of long-term use in developing bones of children with OI remain 

to be answered [31, 32]. Thus, the identification of novel targets for new 

pharmacological approaches is an urgent clinical need for these patients.  

4-phenylbutyrate (4-PBA), a chemical chaperone already approved by the FDA as 

an ammonia scavenger, was used in preclinical and clinical trials to treat diseases 

caused by intracellular accumulation of misfolded proteins [33-38] . Its chaperone 

ability was first identified in diseases such as cystic fibrosis [39] and type 2 diabetes 

associated to obesity [40] where 4-PBA was able to alleviate ER stress and UPR 

activation, and to restore intracellular trafficking [39, 41, 42]. We have recently 

demonstrated that 4-PBA treatment rescues cellular homeostasis through reduction 

of cell stress in patient fibroblasts carrying mutations in both collagen and  non-

collagenous genes [23, 24] and leads to skeletal improvement in the zebrafish 

Chihuahua model of classical OI [43]. 

For in depth studies of the effectiveness of innovative therapies, models that more 

faithfully recapitulate human anatomy and physiology than do zebrafish are 

preferable, and murine models are often the best choice [44, 45]. Col1a1+/G349C (Brtl) 

and Col1a2+/G610C (Amish) mice are well established models of a classical form of 

OI, carrying a triple helical glycine substitution in α1(I) and in α2(I) chain, 

respectively. Brtl and Amish reproduce glycine substitutions previously 
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characterized in OI probands and they model the majority of the patient defects [46-

48]. Both mice reproduce the growth deficiency, lower bone mineral density and 

altered mineral-to-matrix ratio and bone geometry underlying bone deformity and 

fragility, which are typical of individuals affected by OI [46, 49-52]. The imbalance 

between formation and resorption in bone remodeling, in favour of the latter, is a 

significant contributor to the bone phenotype in OI. Indeed in the Brtl model, 

osteoclast number and function are increased, while mineral apposition is decreased 

during growth, pointing to a decline in osteoblast activity [53]. Brtl mesenchymal 

stem cells show impaired osteoblastogenesis and a preference towards adipocytic 

differentiation [25]. Appositional bone growth is also compromised in the Amish 

model [51], in which osteoblasts are characterized by malfunction, impaired 

differentiation and lower mineral deposition [11]. Intracellular mutant collagen 

retention associated with ER cisternae enlargement and altered organization of 

collagen fibers in the ECM are common features in both models [21, 54].  

In the present study, primary osteoblasts from Brtl and Amish OI murine models 

were used to investigate their baseline response to mutant collagen intracellular 

retention and to evaluate the effect of the chemical chaperone 4-PBA on cellular 

homeostasis and extracellular matrix deposition. 
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Results 

Osteoblasts homeostasis is altered in OI murine models  

In order to investigate the cellular response to the synthesis of mutant collagen in 

primary OI osteoblasts, we performed qPCR-based transcriptomic analyses 

evaluating the expression of genes involved in three major stress related pathways: 

unfolded protein response (UPR), autophagy, and apoptosis. The UPR was strongly 

activated in both OI murine models, with 77 upregulated genes in Amish mouse and 

40 in Brtl (Fig. 1A). The expression of several chaperones was enhanced in both 

models. Cct7, encoding a chaperone involved in folding newly translated 

polypeptides, and Calr, encoding the ER luminal protein calreticulin that binds 

misfolded proteins and prevents their progression through the secretory pathway, 

displayed increased expression compared to controls. Also upregulated were genes 

encoding for proteins involved in protein disulphide isomerization (Erp44) and ER 

quality control of polypeptide folding (Edem1, Prkcsh, Rpn1). In addition, numerous 

members of the heat shock protein family were upregulated, specifically Dnajb2, 

Dnajc3, Hspa1l, Hspa2, Hsph1 and, importantly, Hspa5, encoding for the ER 

chaperone and UPR initiator BIP (Fig 1A). Interestingly, the upregulated genes 

included UPR players Atf6 (ATF6 branch) and Eif2ak3 (PERK branch), with its 

effector Atf4. ATF4 protein was also increased in both models, confirming PERK 

branch activation (Fig. 1B), while IRE1- mediated splicing of Xbp1 was detectable 

only in Brtl OBs (Fig. 1C), indicating that in this model cell stress triggers a more 

general response involving multiple UPR branches. The expression of numerous 

genes involved in ubiquitination processes and in misfolded proteins degradation 

(Amfr, Herpud1, Ubxn4, Uggt1, Uggt2, Usp14, Vimp, Vcp) was increased in Amish 

cells (Fig. 1A).  

Autophagy was activated in both models, although only Brtl mice displayed a 

substantial upregulation of autophagic genes (Fig. 1A). Among the 39 upregulated 

genes in Brtl OBs, many were involved in autophagosome formation and growth. In 

particular, we observed enhanced expression of several family members of 
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autophagy related genes (ATG), including the key autophagic factors Atg12, Atg16l1 

and Atg16l2, involved in autophagic vesicles formation. Furthermore, we observed 

augmented level of Map1lc3a, encoding for the terminal autophagic marker LC3 that 

participates to autophagosome membrane expansion. Immunofluorescence analyses 

revealed an increased level of LC3 (Fig. 1D) and western blot performed on cell 

lysates following chloroquine treatment showed significantly increased LC3II 

expression in both models (Fig. 1E). Importantly, the autophagic flux, calculated as 

the ratio between LC3II level in chloroquine treated and untreated samples [55], was 

increased in both models (Fig. 1F).  

Finally, apoptosis activation was evaluated, revealing both in Brtl and Amish a 

considerable number of upregulated genes (Fig. 1A). Several death domain receptor 

genes, encoding initiator proteins that trigger the apoptotic cascade, in particular 

several members of Tumor Necrosis Factor (TNF) receptor superfamily Tnfrsf10b, 

11b and 1a, were increased in both models. Brtl cells also displayed activation of the 

two death domain receptors Fadd, recruited by TNF proteins and activators of 

initiator caspases, and Dapk1, involved in autophagy-dependent apoptosis 

regulation. 

Interestingly, anti-apoptotic factors were also upregulated, predominantly in Brtl 

cells, such as genes of the Bcl-2 family (Bcl10, Bcl2, Bcl2a1a, Bcl2l1, Bcl2l11) 

together with their enhancers Bag1, Bag3 and Bnip2 genes encoding the BCL-2 

interacting proteins. Different members of the caspase family, responsible for the 

apoptotic cascade, were increased in both Brtl and Amish. Apoptosis initiators such 

as Casp2, Casp8 and Casp9 were activated preferentially in Brtl, while the effector 

caspases Casp4, Casp7, Casp12 and Casp14 were activated in Amish OBs. 

Importantly, Casp6, one of the main effector caspases, and Casp3, the caspase in 

charge of apoptosis execution, were upregulated in both models (Fig. 1A). Although 

the pathway was triggered in both models, Brtl cells had increased expression of a 

larger number of genes (Brtl n=54; Amish n=38). Immunofluorescence of cleaved 

caspase 3 (Fig. 2D) and FACS quantification of apoptotic cells with annexin V and 
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propidium iodide confirmed the activation of apoptosis in both models (Brtl 

1.94 ± 0.43 fold differences respect to WT, p<0.05; Amish 1.55 ± 0.48 fold 

differences respect to WT, p< 0.05). 
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Figure 1: Osteoblasts homeostasis is altered in the Brtl and Amish models. (A) qPCR-

based array heat map of relative expression of genes involved in UPR, autophagic and 

apoptotic pathways in Brtl and Amish OBs. Results are expressed as fold differences 

compared to control. The upregulation of 40 and 77 genes involved in UPR, 39 and 12 genes 

involved in autophagy and 54 and 38 genes involved in apoptosis were upregulated in Brtl 

and Amish, respectively. (B) Representative ATF4 western blot image. The protein was 

upregulated in both OI models. (C) RT-PCR amplification of Xpb1 mRNA from control 

(WT) and mutant OBs. The spliced Xbp1 form (Xbp1-s) of Xbp1 transcript (Xbp1-u) was 

detected in Brtl. (D) Representative immunofluorescence images and quantification of LC3 

in WT and mutant OBs. Quantitation of the total area of punctate signal per cell indicated 

the activation of autophagy. Nuclei were stain with DAPI. Magnification 40X, zoom 4X. 

*p<0.05 WT VS mutant. (E) Representative LC3 western blot performed on WT and mutant 

cell lysates obtained following chloroquine (CQ) incubation. β-actin was used for 

normalization. Bands quantitative analysis revealed LC3-II upregulation in chloroquine 

treated Brtl and Amish OBs compared to their controls. *p<0.05 WT VS mutant; # p<0.05 

untreated VS chloroquine treated. (F) Autophagic flux, evaluated as the ratio between LC3II 

level in chloroquine treated samples and the untreated ones, was increased in both models. 

*p<0.05 WT VS mutant. 

 

4-PBA improves osteoblasts homeostasis by alleviating cellular stress 

To investigate whether modulation of cell stress would rescue cellular homeostasis, 

OBs were treated with the chemical chaperone 4-PBA. Following drug 

administration, consistent changes in the gene expression pattern of both models was 

observed (Fig. 2A). In particular, BIP-encoding gene Hspa5 and its nucleotide 

exchange factor Sil1, together with the effectors of the PERK UPR branch (Eif2ak3, 

Atf4), were downregulated, revealing a beneficial effect of 4-PBA in reducing ER 

stress response. OBs from the two models displayed a normalization or a decrease in 

the level of expression of chaperones such as Calr, calreticulin, and Tcp1, a member 

of the chaperonin-containing TCP1 complex (CCT) that assists protein folding. In 

Brtl cells in particular, the normalization of protein disulphide isomerase Erp44 and, 

interestingly, the upregulation of quality control protein-coding genes such as Uggt1 

and Uggt2, was observed (Fig. 2A). In Amish OBs, 4-PBA led to a more pronounced 

general reduction of UPR genes expression, decreasing chaperones (Calr, Canx, 

Cct4, Cct7),  proteins involved in folding and quality control (Dnajb2, Dnajb10, 

Dnajc3, Dnajc4), and the majority of heat shock proteins (Hspa1l, Hspa4, Hspa5, 

Hsph1). In addition, the expression of all the previously overexpressed genes 
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promoting ubiquitination and proteasomal degradation (Amfr, Derl1 and 2, Edem1, 

Herpud1, Nploc4, Nucb1, Rnf139, Rnf5, Sec62, Syvn1, Ube2j2, Ubxn4, Ufd1l, 

Usp14, Vcp Vimp) was lowered or restored to control level, suggesting that the need 

of a degradation pathway for unfolded proteins was diminished (Fig. 2A). Validation 

of array results pointed out that XbpI splicing, increased in untreated Brtl OB, was 

significantly reduced upon 4-PBA administration, further indicating the efficacy of 

the compound in alleviating cell stress (Fig. 2B). The impact of 4-PBA on expression 

of stress genes was also mirrored by substantial improvement in cellular 

morphology. The ER cisternae, enlarged in mutant cells from both models, appeared 

normalized after treatment, as revealed by transmission electron microscopy imaging 

(TEM) (Fig. 2C).  

Along with UPR genes, we demonstrated the beneficial effect of 4-PBA on apoptotic 

gene expression. We observed a substantial decrease in the number of relevant 

upregulated genes in both models following 4-PBA administration (Fig. 2A). 

Expression of TNF family genes (Tnfrsf10b, Tnfrsf11b, Tnfrsf1a in Brtl; Tnf, 

Tnfrsf1a in Amish) was lowered by 4-PBA, together with genes that mediate the 

apoptotic cascade, in particular caspases (Casp2, 3, 6, 8 and 9 in Brtl; Casp1, 2, 3, 4, 

7 in Amish). Furthermore, Brtl cells displayed reduced expression levels of death 

domain receptors such as Dapk1 and Fadd (Fig. 2A). Expression of apoptosis 

regulation factors was also reduced in both models upon treatment, in particular 

decreased expression of Bcl genes and their regulators suggests a general mitigation 

of the pathway activation. Reduction of cleaved caspase 3 expression by 

immunofluorescence analysis (Fig. 2D) further supported the findings at the 

transcript level that 4-PBA administration attenuates the apoptotic cascade in OI OBs 

from both murine models.   
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Figure 2: 4-PBA ameliorates Brtl and Amish osteoblast homeostasis. (A) qPCR-based 

array heat map of relative expression of genes involved in UPR, autophagic and apoptotic 

pathways in Brtl and Amish OBs in the absence (-) or presence (+) of 4-PBA. Results are 

expressed as fold differences compared to control. 4-PBA mainly reduced or normalized the 

upregulated genes. (B) RT-PCR amplification of Xbp1 mRNA from control and Brtl 

untreated (-) and 4-PBA (+) treated OBs. Xbp1-s is reduced by 4-PBA. cDNA from OBs  
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treated with the stress inducing compound tunicamycin were used as positive control for ER 

stress. (C) Transmission electron microscopy representative images of OI OBs in absence (-

) or presence (+) of 4-PBA. The analyses revealed ER enlargement (arrowhead) in mutant 

cells that was rescued by 4-PBA treatment. Magnification 20000X. (D) Representative 

immunofluorescence images and quantification of cleaved caspase 3 in WT and mutant OBs 

in absence (-) or presence (+) of 4-PBA. Quantitation of the total area of punctate signal 

indicated increased cleaved caspase 3 level in mutant OBs, pointing to the activation of 

apoptosis. 4-PBA treatment reduced the apoptotic marker signal in mutated cells. Nuclei 

were stained with DAPI. Magnification 40X, zoom 4X. *p<0.05 WT VS mutant, # p<0.05 

4-PBA treated VS untreated. 

 

4-PBA reduces intracellular protein aggregation and stimulates secretion 

Since TEM imaging highlighted a considerable ER enlargement in OI samples (Fig. 

2C), we investigated the effect of 4-PBA on ER proteostasis by treating cells with 

the protein aggregate-binding fluorescent molecule Thioflavin T (ThT). Enhanced 

ThT fluorescence was found in Brtl and Amish OBs compared to controls, 

demonstrating the intracellular accumulation of misfolded material (Fig. 3A). 

Following 4-PBA treatment, mutated cells exhibited reduced ThT fluorescence. The 

reduction of ER protein accumulation (Fig. 3A) was further supported by increased 

general protein secretion (Fig. 3B), also detectable in WT cells.  

Scanning electron microscopy (SEM) analysis was performed to visualize the 4-PBA 

effect on cellular morphology. While control OBs appeared as a flat layer, Brtl and 

Amish untreated cells had an enlarged and rugged globular shape that was 

normalized following 4-PBA administration (Fig. 3C). The rounded Amish cells 

were characterized by an abnormal accumulation of calcium, colocalizing with 

phosphorus and oxygen, as revealed by energy-dispersive X-ray spectroscopy (Fig. 

3D).  
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Figure 3: 4-PBA reduces intracellular protein aggregation and stimulates secretion. 

(A) ER proteostasis was evaluated by thioflavin T (ThT) immunofluorescence. 

Representative images and ThT quantification are shown. ThT fluorescence was increased 

in mutant cells compared to control, highlighting the intracellular accumulation of misfolded 

proteins. 4-PBA treatment significantly reduced ThT fluorescence, proving its ability in 

stimulating proteostasis. *p<0.05 WT VS mutant, # p<0.05 4-PBA treated VS untreated. (B) 

Protein secretion was evaluated in absence (-) or presence (+) of 4-PBA. The drug stimulated 

protein secretion in WT, Brtl and Amish cells. # p<0.05 4-PBA treated VS untreated. (C) 

Scanning electron microscopy representative images of Brtl, Amish and control OBs in the 

absence (−) or presence (+) of 4-PBA. Morphology analyses showed the presence of rounded 
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cells in mutant samples respect to the dark flat layer of control cells. 4-PBA improved mutant 

cells morphology. Magnification 2500X. (D) Amish OBs morphology was evaluated by 

SEM. I. The analyses revealed the presence of rounded cells with a rough surface. 

Magnification 5000X. II. Rounded cells. Magnification 500X. III. Ca2+ accumulation in 

Amish OBs is highlighted by a higher signal in backscattered electron imaging. 

Magnification 500X. IV. A cluster of Amish OBs in conventional secondary electrons is 

shown. Magnification 1200X. V-VI-VII. Energy-dispersive X-ray spectroscopy showed in 

false colour the corresponding mapping of calcium (red), sodium (light blue) and phosphorus 

(green). Note the perfect colocalization of calcium and phosphorus, compared with the 

unrelated distribution of sodium.  

 

 

Collagen accumulation in ER is diminished upon 4-PBA administration 

4-PBA stimulation of protein secretion leaves open the question about its specific 

effect on collagen molecules. A strong ER collagen accumulation was observed in 

Brtl and Amish cells compared to controls by its colocalization with the PDI marker 

and not with the Golgi marker GM130 (Fig. 4, Supplementary fig. 2). The increased 

LAMP1 signal and COLI-LAMP1 colocalization in Brtl and Amish cells are also 

indicative of the cellular attempt to cope with collagen accumulation by enhancing 

the degradative pathway (Fig. 4, Supplementary fig. 1). Importantly, incubation 

with 4-PBA substantially prevented intracellular collagen accumulation, as 

demonstrated by normalized intracellular collagen signal in the two models and 

substantially reduced COLI-PDI and COLI-LAMP1 colocalization (Fig. 4).  No 

difference in collagen overglycosylation was detectable upon treatment based on 

collagen electrophoretic analysis (Supplementary fig. 3). 
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Figure 4: Collagen accumulation in the ER in OI OBs is relieved upon 4-PBA 

administration. (A) Representative images and quantification of multiple 

immunofluorescences of collagen (COLI), the ER marker PDI and the lysosomal marker 

LAMP1 on mutant and control OBs in the absence (−) or presence (+) of 4-PBA. Collagen 

accumulation is evident in mutant cells and reduced by 4-PBA treatment. Collagen 

molecules colocalize with PDI indicating its retention in the ER that is reduced by the 

treatment. LAMP1 expression is increased in mutant samples and reduced by the treatment. 
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Importantly, collagen colocalization with LAMP1 in mutant OBs was rescued by 4-PBA 

treatment. Nuclei were stained with DAPI. Magnification 63X, zoom 3X and 8X. 

Colocalization graphs of COLI-PDI signal in Brtl and Amish OBs is shown below the 

images indicating two overlapping peaks. *p<0.05 WT VS mutant, # p<0.05 4-PBA treated 

VS untreated. 

 

 

Collagen matrix incorporation and maturation are improved by 4-PBA 

treatment 

Since 4-PBA led to a substantial reduction of intracellular collagen content in 

mutated cells, we examined Col1a1 expression by qPCR at different time points 

during mineralization and collagen protein synthesis by 3H proline incorporation. 4-

PBA reduced collagen expression in Brtl, Amish and control OBs, both at the 

transcript and protein level (Fig. 5A-B). Nevertheless, the treatment with 4-PBA 

specifically increased collagen secretion in mutated cells (Fig. 5C). Matrix analyses 

revealed that the incorporation of collagen into mutant decellularized matrix 

increased after treatment in comparison to treated control (Fig. 5D). In untreated 

samples SEM imaging showed that control cells were surrounded by an abundant 

matrix of uniform collagen fibers, on which small proteoglycans were deposited in 

an organized fashion, while the matrix deposited by mutated cells appeared less 

organized, and thinner immature fibrils were present (Fig. 5E). 4-PBA 

administration in mutant cells resulted in a more mature matrix (Fig. 5F) 

characterized by the presence of thicker collagen fibrils (Fig. 5E).  
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Figure 5: Collagen maturation and incorporation into the matrix are improved by 4-

PBA treatment. (A) qPCR analysis of Col1a1 expression in mutated and control OBs at 6, 

10 and 14 days of culture in osteogenic media in the absence (−) or presence (+) of 4-PBA. 

The drug reduced collagen expression in all samples at each time point. *p<0.05 WT VS 

mutant, # p<0.05 4-PBA treated VS untreated. (B) Collagen synthesis in mutated and control 

OBs in standard culture conditions was evaluated by 3H proline incorporation assay in the 

absence (−) or presence (+) of 4-PBA. The drug administration diminished collagen content 

in all samples, but more consistently in control. (C) Collagen secretion was also evaluated. 

At basal level, mutated cells presented impaired secretion compared to WT, while treatment 

with 4-PBA specifically increased collagen secretion in both Brtl and Amish OBs. (D) The 

amount of collagen incorporated into the ECM was evaluated in mutated and control OBs 

grown in osteogenic media for 21 days in absence (-) or presence (+) of 4-PBA. Collagen 

content was reduced in both Brtl and Amish samples but that upon treatment the 

incorporation of collagen in mutant decellularized matrix increased with respect treated 

control. (E) SEM images of mutant and control collagen fibrils produced by OBs. Mutated 

fibrils appeared thinner and their size was increased when treated with 4-PBA. 

Magnification 10000X. *p<0.05 WT VS mutant, # p<0.05 4-PBA treated VS untreated. (F) 

Sirius red staining highlighting collagen fibers in OBs matrix. Immature fibers are green, 

mature fibers are red. While mutated untreated cells present more immature fibers than 

control, 4-PBA treatment improves collagen fibrils maturation. Magnification 10X. 

 

 

4-PBA promotes mineralization in Brtl and Amish OBs 

The effect of 4-PBA on matrix mineralization was also investigated. Mineral staining 

by alizarin red highlighted an impaired mineral deposition in mutated cells, as well 

as a boost in mineral deposition after 4-PBA administration in both models (Fig. 

6A). Accordingly, the activity of the alkaline phosphatase (ALP) enzyme was 

increased upon treatment (Fig. 6B). Enhanced expression of the early osteoblast 

differentiation markers zinc-finger transcription factor (Osx) and alkaline 

phosphatase (Alp) was also stimulated by 4-PBA during mineralization (Fig. 6C-D). 
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Figure 6: 4-PBA promotes mineralization in Brtl and Amish OBs. (A) Alizarin red 

staining of primary OBs cultured in osteogenic medium in absence (−) or presence (+) of 4-

PBA.  OBs mineral content was quantified. A decreased mineral staining in Brtl and Amish 

cells was evident. Upon 4-PBA treatment, an increased mineral content was found, 

demonstrating the positive action of the drug in stimulating OBs mineralization. (B) ALP 
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activity in osteogenic medium in absence (−) or presence (+) of 4-PBA was evaluated by 

enzymatic assay. A significant enhancement of ALP activity was detected in mutant and 

control cells following 4-PBA administration. (C-D) Real time PCR analyses of Alp and Osx 

expression in Brtl and Amish OBs at day 6, 10 and 14 of culture in osteogenic medium in 

absence (−) or presence (+) of 4-PBA.  4-PBA promoted genes expression in mutant and WT 

cells at all time points analyzed. *p<0.05 WT VS mutant, # p<0.05 4-PBA treated VS 

untreated. 
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Discussion 

In the present work, we have addressed the consequences of the presence of mutant 

collagen in OI osteoblasts and its role as a target for chaperone-based therapy to 

ameliorate cell homeostasis and matrix quality. OI phenotype is traditionally mainly 

attributed to the presence of structural abnormal collagen in the bone ECM, where it 

hampers structural integrity impairing cell-matrix interaction and providing a 

defective scaffold for mineral deposition [32]. Thus, an extensive literature is 

available on bone extracellular matrix analysis both in humans and murine OI 

models, using both in vitro and in vivo approaches. However, the identification of 

proteins involved in collagen post-translational modifications and osteoblast 

differentiation as causal for recessive forms of OI, and the discovery that mutations 

in collagen I and in non-collagen genes can result in partial retention of procollagen 

in the ER cisternae, have shifted more attention to the intracellular environment [32, 

56-58]. Indeed, collagen type I misfolding and intracellular accumulation is known 

to happen in cells of some OI patients and in OI animal models [10, 11, 23, 25, 47, 

59-62]. The consequent activation of unfolded protein response and apoptosis was 

demonstrated in patient fibroblasts [23, 24, 59, 60], highlighting a malfunction 

associated to intracellular mutant collagen with a potential role in OI clinical 

pathology. 

Human dermal fibroblasts are frequently used as a cellular model to study OI since 

they produce abundant collagen and are relatively easier to obtain than patient’ 

osteoblasts. Nevertheless, OBs represent the critical affected cells in OI and, 

although the primary sequence of type I collagen in skin and bone is identical, bone 

collagen has a unique pattern of post-translational modifications, in particular of 

lysine hydroxylation, resulting in a tissue-specific chemical profile of pyridinoline 

and pyrrole crosslinking [63-65]. Consistently, collagen produced by OI osteoblasts 

has a more delayed electrophoretic migration than found in fibroblast collagen [62], 

suggesting a cell-specific metabolism of mutant collagen. Furthermore, besides 
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secreting matrix collagen, OBs also secrete mineralization precursors and initiators 

through matrix vesicles [66, 67]. 

Thus, here we investigated the stress response to intracellular collagen retention in 

primary osteoblasts from two dominant OI murine models, Brtl and Amish, carrying 

glycine substitutions in α1 or α2 type I collagen chains, respectively. OI bone cells 

activated UPR, autophagy, and finally apoptosis in response to the stress of mutant 

collagen (Fig. 1A), reproducing findings from patient fibroblasts [23]. The 

transcriptomic investigation allowed us to better dissect the stress response elicited 

by collagen accumulations. In the Brtl model, a higher number of autophagic and 

apoptotic genes were deregulated, whereas in Amish the altered expression primarily 

involved UPR genes. Nevertheless, being the mutant collagen constitutively 

produced in both models, the activation of cell apoptosis was demonstrated in both 

Brtl and Amish OBs. The differential intracellular response may be due to the 

stoichiometry of collagen, indeed 75% of mutant collagen is synthetized in cells 

carrying α1(I) mutations and 50% in presence of α2(I) defects. A common expression 

pattern of molecular chaperones and heat shock proteins is shared by both models. 

The UPR activation occurs through the PERK branch in Brtl and Amish (Fig. 1A-

B), in agreement with human fibroblasts carrying α1(I) or α2(I) mutations [23]. The 

IRE1α branch is also enhanced in Brtl OBs, while the unchanged level of spliced 

Xbp1 (Xbp1-s), one of its effectors, in Amish OBs is in agreement with previously 

reported findings [11]. Nevertheless, we cannot exclude IRE1 cascade activation 

in this model, given the upregulation of several Xbp1-s target genes, including 

Dnajc3, Dnajb9, Edem1 and Serp1, in Amish cells [68] (Fig. 1A). Despite the 

activation of the autophagic pathway in both models, putatively in an attempt to clear 

the engulfed ER, increased expression of several members of the caspases family 

suggests that cellular response to ER stress moves towards apoptosis, with a stronger 

pathway activation in Brtl OBs, indicated by higher level of the terminal cleaved 

caspase 3 (Fig. 2D).   
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The response to ER stress is an important modifier of disease severity in many human 

pathologies [69],  including skeletal diseases such as those with mutations in the 

ECM components matrilin 3, COMP and collagen X [2-5, 8, 70]. For instance, the 

onset of a metaphyseal chondrodysplasia phenotype in mice in which ER stress was 

artificially triggered in hypertrophic chondrocytes demonstrated the potential for a 

direct pathological role of ER stress in the etiology of the disease [71]. Studies in 

mouse models indicate that the effect of ER stress signaling (ERSS) and the nature 

of the cellular strategies induced to ameliorate pathological ER stress are crucial 

factors in determining cell fate and clinical disease features [7]. Importantly, ERSS 

can affect cellular proliferation and differentiation, and cell-autonomous adaptation 

strategies can generate a spectrum of cellular consequences, ranging from recovery 

to death. ERSS alters both the transcriptome and proteome of a cell, affecting its 

metabolic status and, likely, impairing its secretory abilities with a secondary 

extracellular effect that may contribute to the phenotypic variety of the disease. 

Indeed, in the Brtl mouse, differential expression of chaperones, proteasomal 

subunits, metabolic enzymes, and proteins related to cellular fate revealed a superior 

ability to adapt to cellular stress in surviving Brtl mutant mice compared to lethal 

mice with the same molecular defect, and indicated the potential relevance of the cell 

response to the stress as an OI phenotype modulator [16, 72].  

Based on these observations, targeting ER stress holds intriguing potential as a 

strategy to mitigate the phenotype in bone diseases caused by mutations in ECM 

components. ER stress targeting in skeletal disease has been already attempted and, 

for instance, an ECM amelioration was obtained in a mouse model of short-limbed 

dwarfism following treatment with carbamazepine, a compound stimulating 

autophagy and proteasomal degradation and, consequently, lowering misfolded 

proteins accumulation in the ER and UPR activation [73]. 

4-PBA, an ammonia scavenger drug which is FDA-approved for urea cycle disorders 

and hyperammonemia [74, 75] and a member of the histone deacetylase inhibitor 

family [76], has recently gained increasing attention for its chaperone-like activity 
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[77] and its efficacy in lowering ER stress markers and apoptosis in several non-

skeletal [33-37, 42] and skeletal diseases, including OI [9, 23, 24, 78]. We recently 

demonstrated that 4-PBA treatment alleviates cell stress in dominant and recessive 

OI fibroblasts by restoring ER cisternae size, switching off activation of the PERK 

UPR branch and normalizing the expression of the apoptotic marker cleaved caspase 

3 [23, 24].  

Here we also confirmed the beneficial effects of 4-PBA in OBs from two OI murine 

models (Fig. 2). Using immunofluorescence imaging, we showed that 4-PBA 

treatment caused a significant decrease in the collagen accumulated in the ER (Fig. 

4), thanks both to the ability of 4-PBA to down regulate collagen synthesis (Fig. 5A-

B) and to increase collagen secretion (Fig. 5C). No difference in collagen 

overmodification after treatment was evident by electrophoretic analysis 

(Supplementary fig. 3), indicating there was likely no effect on the delay in folding 

caused by the collagen substitution. A consistent effect on collagen secretion upon 

4-PBA administration was previously shown in fibroblasts from a patient with a very 

C-terminal 1-G859S substitution, while a smaller effect was reported in cells 

containing other mutations spread along the N-terminal and mid-helical portion of 

the triple helical domain [23]. Interestingly, Brtl and Amish mutations fall at 

different helical positions, α1-G349 and α2-G610 respectively, nevertheless 4-PBA 

significantly stimulate collagen secretion in both. It is, therefore, tempting to 

speculate a stronger effect of the drug on cells, such as OBs, characterized by higher 

collagen production. It is important that 4-PBA action extends also to general protein 

secretion. The altered ER homeostasis due to mutant collagen retention is likely 

impairing proper folding of other ER proteins on which the chaperone effect of 4-

PBA seems to play a role. Indeed, the drug stimulated general protein secretion while 

reducing protein aggregates in osteoblasts in both models (Fig. 3A-B), as was 

reported in fibroblasts from both dominant and recessive patients [23, 24]. An 

intriguing mechanism has recently been proposed to explain the action of 4-PBA in 

regulating protein secretion. The COPII coat protein Sec24, a component of the 



97 
 

secretory path necessary for the translocation of proteins from the ER to the Golgi, 

was recently identified as a 4-PBA target. The authors showed that 4-PBA action on 

Sec24 promotes COPII packaging of ER proteins, stimulating sorting and reducing 

trafficking stringency [79]. It will be interesting to evaluate this mechanism in OI 

cells as well. 

Whether and how 4-PBA administration affects ECM is still a puzzling question. 

The use of this drug in mice in presence of type IV collagen mutation was beneficial 

in lowering ER stress markers and increasing collagen IV secretion and 

incorporation into kidney basement membrane but without improving its 

ultrastructure [80]. In a very recent work, 4-PBA has been shown to reduce the 

amount of misfolded type I collagen in ECM laid down by OI fibroblasts and to 

either augment iPSCs differentiation ability toward OBs or favour mineral deposition 

in fibroblast-derived iPSCs differentiated to OB [81].  

Importantly, we demonstrated for the first time a positive effect of 4-PBA on 

ameliorating the quality of ECM deposited by primary osteoblasts (Fig. 5-6). Our 

data suggested that upon 4-PBA incubation, collagen fibers deposited by mutant OBs 

appear more mature and better organised (Fig. 5E-F). Even though 4-PBA reduced 

collagen expression (Fig. 5A-B), a selective effect on mutated cells was evident. 

After treatment, collagen secretion and ECM incorporation were significantly 

increased in mutant OB compared to controls (Fig. 5D).  

Together with collagen deposition, mineralization is another fundamental process of 

bone formation that was impaired in Brtl and Amish OBs in vitro (Fig. 6A). 4-PBA 

administration promotes ALP enzyme activity, stimulates mineral deposition and 

increases calcium deposits in Brtl and Amish OBs (Fig. 6A-B), providing the 

molecular bases for the increased bone mineralization in the treated OI zebrafish 

model Chihuahua [43]. 

It is relevant that histone acetylation is an important epigenetic mechanism that 

controls bone-associated gene expression because 4-PBA was reported to act as a 

histone deacetylase inhibitor, allowing the transcription of osteogenetic genes, 
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promoting cell proliferation/maturation and ALP activity in OBs cultures [82-86]. 

Indeed, an increased level of acetylation of histone H3 was found in Brtl and Amish 

OBs upon treatment (Supplementary fig. 4), supporting the drug effect on Osx and 

Alp at the transcriptional level.  

In conclusion, our findings demonstrated the efficacy of 4-PBA both in restoring OI 

osteoblast homeostasis, and in improving extracellular matrix collagen organization 

and mineralization. This in vitro investigation supports further in vivo studies in 

animal models of the promising roles of chemical chaperons in the treatment of OI 

to determine their effects on bone tissue strength, cellularity, mineralization and 

growth.   
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Materials and Methods 

Mouse strain and genotyping 

CD1/129Sv/B6 Col1a1+/G349C (Brtl) [46] and CD1/CH3/B6 Col1a2+/G610C (Amish) 

[47] mice, carrying a heterozygous G349C substitution in the collagen I 1 chain 

and a G610C substitution in the collagen I 2 chain, respectively, were used for this 

study. The Amish mice were kindly provided by Prof Charlotte Phillips, University 

of Missouri-Colombia, USA. Mutant mice and WT littermates were maintained 

under standard experimental animal care protocol following Italian Laws in the 

centralized animal facility of the University of Pavia, Italy. All the experiments were 

approved by the OPBA (Office for the Animals Welfare) of the University of Pavia 

and by the Italian Ministry of Health (protocol n. 243/2018-PR, 27/03/18), complied 

with the ARRIVE guidelines and were carried out in accordance with the EU 

Directive 2010/63/EU for animal experiments. Genomic DNA was extracted from 

tail clip and genotyping was performed by PCR as previously reported [46, 47]. 

 

Calvarial osteoblast culture 

Murine osteoblasts were isolated from 2-4 days old WT and mutant pups [87]. Cells 

from at least three animals with the same genotype were pooled together to obtain a 

sufficient number for experiments. After sacrifice, calvariae were removed, cleaned 

from fibrous tissues and sutures, washed twice with Phosphate Buffer Saline (PBS) 

at 37°C for 10 min in a shaker water bath and sequentially digested with 200 U/mL 

collagenase type II (GIBCO) at 37°C for 15 min. Cells obtained from the first two 

digestions were discharged, whereas cells from digestions 3, 4 and 5 were passed 

through a 70-μm polypropylene mesh filter and cultured in α-Modified Eagle’s 

Medium (α-MEM, Lonza) supplemented with 10% fetal bovine serum (FBS, 

Euroclone), 50 μg/ml sodium ascorbate (Fluka) 4 mM glutamine (Euroclone), 100 

µg/ml penicillin and streptomycin (Euroclone) at 37°C in humidified atmosphere 

containing 5% CO2. Cells were used at passage 1.  
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For each experiment, except when differently stated, 1.5x104/cm2 were plated, 

cultured with no media change with the addition every other day of 50 μg/ml ascorbic 

acid and harvested after 5 days. For drug treatment, cells were incubated for 15 hours 

with 5 mM 4-phenylbutyrate (4-PBA, Sigma-Aldrich) before harvesting. To inhibit 

lysosome-autophagosome fusion, cells were incubated with 10 µM chloroquine 

(Sigma-Aldrich) for 6 hours. To induce ER stress, osteoblasts were treated with 2 

µg/mL tunicamycin for 16 hours before harvesting. For mineralization studies, cells 

were cultured in α-MEM with 20% FBS, antibiotics, 100 μg/ml L-ascorbic acid 

(Sigma-Aldrich), and 10 mM β-glycerophosphate (Sigma-Aldrich) (osteogenic 

medium). The medium was changed three times a week. Harvest was performed at 

different time points, as detailed below. 

 

Transcriptomic analyses 

Total RNA was extracted from OBs from 3 independent cells preparations per 

genotype in absence or presence of 4-PBA with QIAzol Lysis Reagent (Qiagen) and 

purified by miRNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. 

RNA concentration was determined by nanodrop and its integrity was verified on 

agarose gel. cDNA synthesis was performed using RT2 First Strand kit (Qiagen) 

according to the manufacturer’s protocol. The expression of key genes involved in 

UPR, autophagy and apoptosis was evaluated by Unfolded Protein Response RT² 

Profiler PCR Array, Autophagy RT² Profiler PCR Array and Apoptosis RT² Profiler 

PCR Array (Qiagen) using RT2 SYBR Green Mastermix, according to the 

manufacturer’s instructions. Arrays were performed on the QuantStudio3 

thermocycler (Thermofisher). Data were analyzed using GeneGlobe Data Analysis 

Center software (Qiagen), five housekeeping genes (Actb, B2m, Gapdh, Gusb, 

Hsp90ab1) were used for normalization.  
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Xbp1 splicing analyses 

cDNA from control and mutant cells, cultured in absence or presence of 4-PBA or 

in presence of the stress inducer tunicamycin, was used for PCR amplification across 

the region of the Xbp1 cDNA (NM_013842.3) containing the intronic target of 

IRE1α ribonuclease using 0.4 μM sense (nt 720-740; 5’-

GAACCAGGAGTTAAGAACACG-3’) and antisense (nt 924-905; 3’-

AGGCAACAGTGT CAGAGTCC-5’) primers. Reactions were cycled as follows: 3 

min at 95°C, followed by 35 cycles of 95°C for 40 sec, 60°C for 45 sec and 72°C for 

40 sec, lastly a 10 min extension at 72°C was applied. The Xbp1 unspliced form (205 

bp) and the Xbp1 spliced form (179 bp) were visualized on 8% TBE acrylamide gel. 

Biological triplicates were performed. 

 

Protein lysates 

Cultured osteoblasts were collected in PBS upon scraping, centrifuged at 1000 × g 

for 4 min, lysed and sonicated in RIPA buffer (150 mM NaCl, 1% IGEPAL® CA-

630, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris, pH 8) supplemented 

with protease inhibitors (5 µl/ml phenylmethanesulfonylfluoride and 2 mM Na3VO4, 

pH 10). Proteins were quantified by QuantumProtein Bicinchoninic Protein Assay 

Kit (Euroclone). Bovine serum albumine (BSA) (Sigma-Aldrich) was used as 

standard.  

 

Western blot 

Proteins from osteoblasts lysates (10 µg) were run on SDS-PAGE in 10% and 15% 

acrylamide gels for ATF4 and LC3, respectively. The proteins were 

electrotransferred to a PVDF membrane (GE Healthcare) at 100 Volt for 2 h on ice 

in 19 mM Tris-HCl, 192 mM glycine and 20% (v/v) methanol. The membranes were 

then blocked with 5% (w/v) BSA in 20 mM Tris-HCl, 500 mM NaCl, pH 7.5 (TBS), 

0.05% (v/v) Tween-20 (Sigma-Aldrich) (TBS-T) at RT for 1 h. The membranes were 

incubated with 1:1000 primary antibody against the specific proteins LC3A/B (Cell 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=411147449
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Signaling), ATF4 (Novus Biological) in 5% BSA in TBS-T o/n at 4°C. The 

secondary antibody (Cell Signaling) was added at dilution of 1:2000 in 5% BSA in 

TBS-T for 1 h at RT. The signal was detected by ECL western blotting detection 

reagents (GE Healthcare) and images were acquired with ImageQuant LAS 4000 

(GE Healthcare), using the ImageQuant LAS 4000 1.2 software. Band intensities 

were evaluated by densitometry, using ImageQuant TL analysis software. Biological 

triplicates were performed. For each gel, the intensity of the control band was set 

equal to one and the expression of the mutant samples was expressed as fold 

difference. Actin was used for protein loading normalization.  

 

Fluorescence Activated Cell Sorting (FACS)  

Apoptosis was evaluated by Fluorescence Activated Cell Sorting (FACS) using 

Annexin V/Dead Cell Apoptosis Kit (Invitrogen), following manufacturer’s 

instruction in four independent OBs preparations. Cells incubated with 20 μM 

thapsigargin (Sigma-Aldrich) for 24 h in serum-free D-MEM were used as positive 

control for the activation of apoptosis. Samples were analyzed by Attune NxT 

Acoustic Flow Cytometer (Thermo Fisher), 1×104 events for each sample were 

considered measuring the fluorescence emission at 515-545 nm (FITC) and 675-715 

nm (PI), to avoid fluorescence spillover. 

 

Transmission electron microscopy analysis  

For transmission electron microscopy analysis, following trypsinization osteoblasts 

were centrifuged at 1000 × g for 3 min. Incubation with 1% glutaraldehyde in culture 

medium for 2 h at room temperature (RT) was used to fix the cell pellet, which was 

then rinsed in PBS and in H2O. Finally, OB were fixed in 2% (w/v) OsO4 in H2O for 

2 h at RT, rinsed in distilled water and embedded in 2% agarose. The specimens were 

dehydrated in acetone and infiltrated with Epoxy resin overnight (o/n) and 

polymerized in gelatin capsules at 60°C for 48 h. Thin sections (60-70 nm thick) 

were cut on a Reichert OM-U3 ultramicrotome with a diamond knife and collected 
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on 300-mesh nickel grids. Saturated aqueous uranyl acetate by lead citrate was used 

to stain the grids. A Zeiss EM900 electron microscope, operated at 80 kV with 

objective aperture of 30 µm was used for the analysis. 

 

Thioflavin T labelling 

OBs from three independent preparations were plated on sterile glass coverslips 

(Marienfeld) in 24 well plate and cultured for 4 days before incubation with 5 μM 

thioflavin (ThT, Sigma-Aldrich) for 15 h in presence or absence of 4-PBA.  Cells 

were then fixed with 4% paraformaldehyde (PFA) in PBS for 20 min at RT. 4’,6-

diamidino-2-phenylindole (DAPI, Sigma-Aldrich) was used for staining nuclei. 

Images were acquired by SP8- Leica confocal microscope (Leica). The total area of 

punctate signal per cell was measured using the Leica software LAS4.5.  

 

Protein secretion 

OBs from three independent preparations were plated in 24 well plate and labelled 

with 5 µCi/ml [35S] EXPRESS35S Protein Labeling Mix (PerkinElmer) in D-MEM 

without L-methionine, L-cystine, and L-glutamine for one h at 37°C. The 

precipitation of the medium and cell layer total proteins was carried out with 10% 

trichloroacetic acid. Following acetone washing the pellet was resuspended in 60 

mM Tris-HCl, pH 6.8, 10% sodium dodecyl sulphate. The radioactivity (counts for 

minute, CPM) of the samples was quantified using a liquid scintillation analyzer 

(TRI-CARB 2300 TR). The percentage of protein secretion was calculated based on 

the ratio between the CPM in the media and the CPM in medium and cell layer.  

 

Immunofluorescence 

2×104 OB were plated on sterile glass coverslips (Marienfeld) in 24 well plate. After 

4 days cells were treated for 15 h with 5 mM 4-PBA.  

 

 



104 
 

LC3 and cleaved caspase 3  

For LC3 immunofluorescence, after 5 days cells were treated for 6 h with 10 μM 

chloroquine. On day 5, the medium was removed and cells were fixed with 10% 

neutral buffered formalin for 30 min at RT, washed 3 times with PBS and blocked 1 

h in 1% BSA in PBS containing 0.3% TritonX100. LC3 primary antibody (Cell 

Signaling) and cleaved caspase 3 primary antibody (Cell Signaling) were used at 

1:500 dilution in 1% BSA, 0.3% TritonX100 in PBS and the incubation was carried 

out o/n at 4°C. Following PBS washing, cells were incubated with secondary 

antibody (AlexaFluor 488 conjugated F(ab’) fragment anti- rabbit IgG, 

Immunological Sciences) diluted 1:2000 and 1:400, respectively, in 1% BSA, 0.3% 

TritonX100 in PBS for 2 h at RT.   

Collagen intracellular co-localization  

For collagen localization studies, the medium was removed and cells were fixed for 

45 min in 10% neutral buffered formalin and blocked with 0.5% BSA, 0.05% 

saponin, 50 mM NaCl and 15 mM glycine pH 7.4. For collagen colocalization with 

the ER marker PDI and with the Golgi marker GM130, cells were sequentially 

incubated o/n with COLI (1:100, SP1D8 hybridoma bank in mouse), PDI (1:200, 

Cell Signaling) and AlexaFluor 647 conjugated anti-GM130 antibody (1:100, BD 

Pharmingen) antibodies. The secondary antibodies AlexaFluor 546 goat anti- mouse 

IgG (Invotrogen) and AlexaFluor 488 conjugated F(ab’) fragment anti- rabbit IgG 

(Immunological Sciences) were used. For collagen colocalization with the ER 

marker PDI and with the lysosome marker LAMP1, cells were sequentially 

incubated o/n with COLI (1:100, SP1D8 hybridoma bank in mouse), LAMP1 (1:200, 

Abcam) PDI AlexaFluor 647 conjugate (1:100, Invitrogen) antibodies.  The 

secondary antibodies AlexaFluor 546 anti- mouse IgG (Immunological Sciences), 

and AlexaFluor 488 conjugated F(ab’) fragment were used. All the antibodies were 

diluted in the previously described blocking buffer. 
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For both experiments, nuclei were stained with DAPI and images were acquired by 

confocal microscope TCS SP8 (Leica). The total area of punctate signal per cell and 

signals colocalization were measured by the Leica software LAS 4.5.   

 

Scanning electron microscopy analysis 

OBs were plated on sterile glass coverslips and cultured for 14 days with and without 

2.5 mM 4-PBA. Cells were fixed for 1 h in Karnovsky fixative (8% 

paraformaldehyde, 0.4 M cacodylate buffer, 25% glutaraldehyde, 5% calcium 

chloride) and dehydrated in ethanol and hexamethyldisilazane. The specimens were 

mounted on appropriate stubs with a colloidal silver glue, gold coated with an 

Emitech K550 sputter-coater and observed with a Philips XL-30 FEG scanning 

electron microscope (Philips XL30FEG) fitted with secondary electron (SE) and 

backscattered electron (BSE) probes, and with an EDAX Sirion 200/400 dispersive 

X-ray spectroscopy apparatus. Elemental maps were obtained on selected specimens 

by X-ray dispersive spectroscopy and filtered using Adobe Photoshop.   

 

Collagen analysis 

To analyze the effect of 4-PBA on collagen synthesis, cells were labelled for 15 hours 

in absence or presence of 5 mM 4-PBA using 28.57 µCi of 3H-Pro/ml. Collagen 

extraction from the media and cell layer was performed as previously reported [88]. 

Collagen was resuspended in Laemmli buffer (62 mM Tris-HCl, pH 6.8, 10% 

glycerol, 2% sodium dodecyl sulphate, 0.02% bromophenol blue) and the 

radioactivity (counts for minute, CPM) was measured using a liquid scintillation 

analyzer (PerkinElmer TRI-CARB 2300 TR).  

 

Mineralized matrix decellularization and collagen quantification 

Matrix decellularization was performed in four independent OBs preparations for 

each genotype as described in [89]. Briefly, cells were cultured for 21 days in 

osteogenic medium to allow matrix deposition. Following PBS washing, the matrix 
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was decellularized by incubation for 1 h in 50 mM tris-HCl buffer pH 8.0 containing 

2 M KCl and 0.2% TritonX-100. The decellularized matrix was extensively washed 

with 10 mM Tris-buffer pH 8.0 and DNA extraction was performed to confirm 

decellularization. Collagen extraction and quantification from medium and 

decellularized matrix was performed using SircolTM Soluble Collagen Assay 

(Biocolor), according to the manufacturer’s protocol. 

 

Mineralization assays and alkaline phosphatase activity  

On day 21 of culture in osteogenic medium, cells were fixed in 10% formalin 

solution neutral buffered (Sigma-Aldrich) for 1 h and alizarin red staining was 

performed. Cells were incubated with 58 mM Alizarin Red S pH 4.1-4.3 (Merck) for 

45 min. Mineral extraction was carried out by 10% acetic acid extraction and 

absorbance was measured at 405 nm [90]. Alizarin Red standards (30 µM to 4 mM) 

were used for calibration curve. DNA was used for normalization. 

For the measurement of ALP activity, cells were maintained in osteogenic medium 

for 21 days in osteogenic media.  ALP activity was measured in OB media using an 

alkaline phosphatase detection kit (Abnova) following manufacturer’s instruction 

and normalized to total protein content.  

 

Gene expression analysis by real time PCR 

On day 6, 10 and 14 of culture in osteogenic medium, total RNA was extracted from 

three independent OBs preparations for each strain using QIAzol® Lysis Reagent 

(Qiagen) according to the manufacturer’s protocol. RNA concentration was 

determined by Nanodrop. DNase digestion was performed using DNA-Free Kit 

DNase Treatment & Removal (Invitrogen). cDNA was synthetized using High 

Capacity cDNA Reverse Transctiption kit (Applied Biosystems). qPCR was 

performed on the QuantStudio3 thermocycler (Thermofisher) using PowerUp Syber 

Green Master Mix (Applied Biosystems) with custom primers for mAlp and mOsx 

with mGapdh as normalizer (primers sequences available upon request), and using 
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Taqman Universal PCR Master Mix No Amp Erase UNG to analyze mCol1a1 

expression (Mm00801666_g1) with mGapdh (Mm99999915_g1) as normalizer. All 

reactions were performed in triplicate. Relative expression levels were calculated 

using the ΔΔCt method. 

 

Sirius red staining 

OB were plated on sterile glass coverslips (Marienfeld) and after 4 days cells were 

treated for 15 h with 5mM 4-PBA. On day 5, the medium was removed and cells 

were fixed with 10% neutral buffered formalin for 30 min at RT, rinsed in PBA and 

H2O and then stained for 1 h with 0.1% sirius red (Direct Red-80, Sigma-Aldrich) in 

saturated aqueous solution of picric acid. The specimens were then washed once in 

H2O for 5 min and twice in acidified water for 20 sec, they were dehydrated in 

ethanol, washed twice in xylene for 1 min and mounted on Superfrost® Plus slides 

(VWR) with DPX Mountant for histology (Sigma-Aldrich). To evaluate Sirius red 

birefringence, stained cells were analyzed under polarized light by LeicaDM2500 

equipped with L ICT/P polarizer and a digital color camera LEICA DFC295 (Leica). 

 

Statistical analysis 

Biological triplicates for each genotype and treatment were performed. Quantitative 

variables were expressed as mean ± standard deviation (SD). One-way repeated 

measures ANOVA was applied to evaluate genotype and treatment effect followed 

by post-hoc tests with the Bonferroni’s correction. All data passed tests for normality 

and equal variance. A p value <0.05 was considered significant.  
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Supplementary 

 

Supplementary figure 1: Quantification of the ER marker PDI and the lysosomal marker 

LAMP1 in mutant and control OBs in the absence (−) or presence (+) of 4-PBA. The 

quantification refers to multiple immunofluorescence experiments reported in Fig. 4A. 

*p<0.05 WT VS mutant, # p<0.05 4-PBA treated VS untreated. 

 

 

 

Supplementary figure 2: Quantification of immunofluorescence of the Golgi marker 

GM130 and of its colocalization with collagen (COLI) in mutant and control OBs in the 

absence (−) or presence (+) of 4-PBA. The Golgi signal was unchanged by genotype and 

treatment. # p<0.05 4-PBA treated VS untreated. 
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Supplementary figure 3: Electrophoretic analyses of type I collagen extracted from Brtl 

and Amish OB’ cell layer and their littermate controls in absence (−) or presence (+) of 4-

PBA. Brtl collagen presented a typical broadening and a slower migration of α1 and α2 

bands, indicating the presence of overmodification. In all samples 4-PBA did not have an 

effect on collagen migration. 

 

 

 

 

Supplementary figure 4: Histone H3 acetylation was investigated by western blot analyses. 

4-PBA increased the level of the H3 modification in both Brtl and Amish OBs. 

 

 

 

 

 

 

 

 

 



119 
 

Supplementary materials 

Collagen analysis 

To analyze the effect of 4-PBA on collagen, cells were labelled for 15 hours in absence and 

in presence of 5 mM 4-PBA using 28.57 µCi of 3H-Pro/ml. Collagen extraction from cell 

layer was performed as previously reported [85]. Collagen was resuspended in Laemmli 

buffer (62 mM Tris-HCl, pH 6.8, 10% glycerol, 2% sodium dodecyl sulphate, 0.02% 

bromophenol blue) and the radioactivity (counts for minute, CPM) was measured using a 

liquid scintillation analyzer (PerkinElmer TRI-CARB 2300 TR). Equal amounts of 3H-

labeled collagen were loaded on 6% SDS-Urea-PAGE in non-reducing condition. The gels 

were fixed in 45% methanol, 9% glacial acetic acid, incubated for one hour with enhancer 

(PerkinElmer, 6NE9701), washed in deionized water, and dried. 3H gel radiographs were 

obtained by direct exposure of dried gels to hyperfilm (Amersham) at − 80 °C. The 

radiography films were digitalized by VersaDoc 3000 (BioRad). 
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Chapter 4 

Osteoblasts mineralization and collagen matrix is conserved upon specific Col1a2 

silencing 

COL1A1 or COL1A2 dominant mutations are responsible for classical OI forms, for which 

a definitive cure is not available and gene therapy approach correcting or silencing the 

mutant allele would be required. Since individuals lacking α2(I) chain and synthetizing 

collagen α1(I) homotrimers do not show a bone phenotype, bone specific COL1A2 silencing 

seems a promising strategy for the treatment of these patients.  

As a side project, I collaborated to this work, in which we silenced Col1a2 in vitro in murine 

embryonic fibroblasts (MEFs) and in primary murine OBs, and in vivo in a murine model of 

OI, using Col1a2-silencing RNAs (siRNAs). 

The siRNAs specifically targeted Col1a2 mRNA and strongly reduced α2(I) chain 

expression, in MRFs and in primary OBs, whose anabolic activity was preserved. 

In nude mice transplanted with biphasic calcium phosphate implants loaded with murine 

mesenchymal stem and injected with siRNA, we demonstrated α2(I) chain silencing at 

mRNA and at protein level. Staining with Masson's Trichrome highlighted the presence of 

newly formed collagen in the matrix, thus showing that Col1a2 silencing did not prevent 

collagen matrix formation in vivo.  

In conclusion, we identified an efficient siRNA for specific in vitro and in vivo suppression 

of Col1a2 expression. The optimization of a bone specific delivery system will open a new 

era in the OI gene therapy, at least for those forms with dominant mutations in the COL1A2 

gene. 

I participated to this work as a side project, in particular I took part in the Masson Trichrome 

histological sections preparation and analysis and I contributed to the review and editing 

process of the paper.  
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