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Abstract

Osteogenesis imperfecta, or brittle bone disease, is a congenital disease that primarily causes low
bone mass and bone fractures but it can negatively affect other organs. It is usually inherited in an
autosomal dominant fashion, although rarer recessive and X-chromosome-linked forms of the
disease have been identified. In addition to type I collagen, mutations in a number of other genes,
often involved in type I collagen synthesis or in the differentiation and function of osteoblasts,
have been identified in the last several years. Seldom, the study of a rare disease has delivered
such a wealth of new information that have helped our understanding of multiple processes
involved in collagen synthesis and bone formation. In this short review | will describe the clinical
features and the molecular genetics of the disease, but then focus on how Ol dysregulates all
aspects of extracellular matrix biology. I will conclude with a discussion about Ol therapeutics.
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Introduction

Osteogenesis imperfecta (Ol or brittle bone disease) is an inherited, generalized, connective-
tissue disease that primarily affects the skeleton by lowering bone mass and causing
fractures. It is most often an autosomal dominant condition, although rarer recessive and X-
chromosome-linked forms of the disease also have been identified. Describing a newborn
with numerous fractures in the 1840s, Willem Vrolik coined the term osteogenesis
imperfecta, which in Latin means imperfect bone formation [1, 2]. Several subsequent
studies reported on clinical, hereditary, epidemiological, and social aspects of Ol [3-7].
These studies, along with research progress on collagen biology in the 1970s [8-11], laid the
groundwork for a series of seminal papers that finally associated type | collagen mutations
with autosomal dominant Ol in the early 1980s [12-18].
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While research on Ol continued in the following years, the emphasis on type | collagen
partially shadowed the interest in those Ol cases that had a clear pattern of recessive
inheritance and lacked an association with collagen genes [19-21]. In the 21st century,
progress in genetic technology fueled another round of seminal discoveries in the Ol field.
Starting in 2006, the identification of several genes associated with rarer forms of Ol has
significantly revitalized the field, taught us many new notions about bone formation, and
triggered discussions about what Ol nomenclature to adopt.

Regardless of the underlying genetic mutation, Ol is a disease characterized by significant
alterations in quantity, quality, mineralization and homeostasis of the extracellular matrix
(ECM). This mini-review will describe the clinical features and genetic heterogeneity of the
disease, followed by the role of the ECM in the pathogenesis of Ol and recent progress in Ol
therapeutics.

Clinical features of the disease

Ol is the most common bone-fragility disorder with an incidence of about 1 in 15,000 and an
estimated prevalence in the US of between 25,000 and 50,000 affected individuals [22].

Both genetically and clinically, it is a highly heterogeneous disease [7]. For instance, the
same type | collagen mutation may express very different disease symptoms among
members of a family or of different families [23]. The clinical severity of the disease is
evaluated along a spectrum, ranging from perinatal lethal (Ol type II), to severe (Ol type I11),
to moderate (Ol type 1V), to mild (Ol type 1), as originally classified by Sillence and Rimoin
[5]. An example of this wide range of severity is shown in Figure 1.

The disease primarily affects the skeletal system, and the main clinical manifestations are
generalized low bone mass, recurrent fractures following minor trauma (these can be
detected in utero in severe Ol), bowing of the long bones, vertebral compression, scoliosis,
bone pain, stunted growth, and ligamentous and joint laxity [24, 25]. A number of additional
clinical features can be present or develop during growth or in adult life, sometimes based
on the severity or the underlying genetic mutation. These additional features may include
dentinogenesis imperfecta with poorly mineralized and translucent dentin, dental
malocclusion, basilar invagination of the base of the cranium, blue sclerae, conductory or
sensory hearing impairment/loss, thinning and easily bruised skin, susceptibility to bleeding,
joint contractures, restrictive or obstructive pulmonary disease and cardiovascular
manifestations [25].

With such varied symptoms, the medical management of Ol patients requires a
multidisciplinary team approach at all ages (including adulthood) to provide coordinated and
comprehensive assessments and interventions aimed at maximizing function, independence,
well-being, and, ultimately, quality of life [26]. A recent study on 687 cases of Ol patients
who were followed for more than 35 years in Denmark reported that patients with Ol were at
increased risk of death due to respiratory disease, gastrointestinal disease, and trauma;
compared with the general population, Ol patients had a higher mortality rate throughout
their life [27].
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Genetics of Ol: an evolving story

As mentioned earlier, Ol was associated with type | collagen alterations in the early 1980s. It
is now estimated that about 85% of Ol cases are caused by autosomal dominant mutations in
either the COL1A1 or COL1AZ gene, encoding the a1(l) or a 2(1) chain of type I collagen,
respectively. The remainder of Ol cases are associated with dominant, recessive or X-linked
mutations in a number of genes involved in different aspects of collagen synthesis,
processing or crosslinking, or in osteoblast differentiation and function [25]. Heterozygous
COL 1A1 mutations causing a null allele result in haploinsufficiency and are the most
common type of mutations that result in dominant Ol [28]. They cause a quantitative loss of
a 1(1) chain and, with few exceptions, cause a mild form of Ol (type 1) because the other
allele produces collagen of normal quality and structure [28]. Ol type | patients have
increased susceptibility to fractures, few to no deformities, and short to normal stature [29].

Conversely, other mutations in COL1A1 or COL1AZ, most often glycine substitutions in the
Gly-X-Y collagen repeat, cause structural defects of the collagen triple helix that have a
dominant negative action on the normal collagen chains, and result in moderate, severe or
lethal OI [30]. These structural mutations often cause protracted collagen folding with over-
modification of lysine residues in the endoplasmic reticulum (ER), enlargement of the ER
due to accumulation of misfolded chains, abnormal collagen trafficking, and delayed
secretion in the ECM [29]. A database on osteogenesis imperfecta variants indicates that
more than 1,500 unique COL1A1and COL1AZ2 (combined) DNA variants were reported as
of October 2017 (www.le.ac.uk/ge/collagen/). Genotype-phenotype correlations among the
different structural mutations and the moderate to lethal phenotype spectrum of severity have
been challenging to assess, but some general observations on mutations affecting the triple
helical domain can be taken and are reported elsewhere [23].

The tremendous progress in genetic technologies of the 1990s and the beginning of the 21st
century dramatically accelerated the pace of new medical discoveries, including in the Ol
field. Gene-targeting techniques in rodents, for instance, promoted reverse genetic
approaches to studying the function of poorly understood genes and generating new mouse
models for human diseases [31]. The sequencing of the human genome and the development
of high-throughput DNA sequencing technologies also led to an explosion of forward
genetic studies and made the identification of new genes involved in rare diseases, including
Ol, an easier task [32]. Beginning in 2004, this climate has allowed scientists to identify at
least one new gene associated with a rare form of Ol every year. Although the exact count of
such genes may vary depending on the classification, these number no less than 15 genes (in
addition to COL1A1and COL1A2), most of which cause recessive Ol; this count also
includes one gene that causes dominant Ol and one gene that causes an X-linked form of Ol
[25]. The newly identified genes contribute to about 15% of all Ol cases.

The identification of mutations in PLODZ (encodes Lysyl hydroxylase 2) and CRTAP
(encodes Cartilage-associated protein) enabled a major breakthrough: the discovery that
alterations in collagen post-translational modifications can cause Ol [33-35]. This
advancement quickly led to the identification of mutations in P34 (encodes Prolyl 3-
hydroxylase 1) [36] and PP/B (encodes Cyclophilin B) [37, 38], which, together with
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CRTAP, form the collagen prolyl 3-hydroxylation complex that also acts as collagen
chaperone in the ER [39]. Mutations in two other collagen chaperones, SERPINHI (encodes
HSP47) [40] and FKBP10(encodes FKBP65) [41], that participate in type | collagen
folding, downstream of the prolyl 3-hydroxylation complex, were also identified in
recessively inherited Ol. Interestingly, mutations in the cation channel 7TMEM38B (encodes
TRIC-B) expressed on the ER membrane, cause recessive Ol by dysregulating collagen
post-translational modification and causing ER stress and reduced collagen secretion [42,
43]. The identification of mutations in CREB3L 1 (which encodes OASIS) and MBTPS2
(which encodes S2P) further highlighted the importance of collagen misfolding in the ER,
the ensuing ER stress, and the role of regulated intramembrane proteolysis (RIP) in the
complex cross-talk between the ER and Golgi. CREB3L 1 codes for a putative ER stress
transducer that regulates procollagen | expression [44]. S2P is a site-2 metalloprotease
involved in intramembrane proteolysis that somehow affects type | collagen lysyl
hydroxylation and secretion, and causes the only X-linked form of Ol described so far [45].

The significance of proper collagen processing is also evident in the ECM; mutations in
BMP1 (encodes bone morphogenetic protein 1), the main extracellular protease involved in
procollagen 1 C-propeptide (PICP) excision, cause recessive Ol [46]. Recessive Ol has been
associated with mutations in two genes encoding secreted proteins that bind to type |
collagen in the ECM, SPARC (which encodes SPARC/osteonectin) [47, 48] and SERPINFI
(which encodes PEDF — pigment epithelium-derived factor) [49-51]. The latter is the gene
responsible for what was earlier named Ol type VI; it causes an atypical bone mineralization
defect based on histological observations [20]. PEDF appears to be involved in a poorly
characterized signaling pathway that includes the plasma membrane receptor BRIL, encoded
by IFITM5. IFITM5 mutations cause the only other dominant form of Ol (Ol type V)
through a putative gain of function or neomorphic activity of the most common identified
mutation, which adds 5 amino acid (MALEP) at the N-terminal end of the protein [19, 52—
54].

One of the best-studied anabolic signaling pathways for bone is the canonical WNT pathway
[55]. Thus, it is not surprising that its dysregulation may also cause Ol. In fact, loss of
function mutations in LRP5 (which encodes LDL receptor-related protein 5), a WNT co-
receptor, cause osteoporosis-pseudoglioma syndrome (formerly known as the ocular form of
Ol) [56]. More recently, mutations in WNTZ (which encodes proto-oncogene WNT1) were
also identified in early-onset osteoporosis and Ol [57, 58]. Finally, a mutation in SP7
(encodes SP7/Osterix), an essential transcription factor for murine osteoblast differentiation
[59], can also cause recessive Ol, though the mechanism is still poorly studied [60].

The classification of Ol has been debated in recent years in light of the discovery of several
genes, including non-collagen genes, that can cause the disease. While a strictly genetic
classification has been utilized, with an increasing number of distinct Ol types based on the
underlying genetic mutation [25], the most recent recommendations on the nosology and
classification of skeletal dysplasias is to continue to use the Sillence classification (types I-
IV) for osteogenesis imperfecta. This recommendation is based on the phenotypical features
of the disease and not on its molecular genetics. An Ol type V is also added since this type is
radiologically distinguishable from the other ones [61].
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It is important to realize that the study of a rare bone disease such as Ol has led to more than
the identification of the genes that cause it. The functional studies of the proteins those genes
encode are generating a significant new body of knowledge and increased understanding of
collagen processing, bone mineralization, osteoblast differentiation and matrix homeostasis.
Table 1 provides a list of the genes associated with Ol, classified based on the localization of
the protein they encode.

Bone extracellular matrix in the pathogenesis of Ol

Engineers teach us that the solidity and strength of a building depend on its architectural
design, the amount of building materials used, and the quality of the building materials. The
same is true for our skeleton: the ultimate strength of our bones and their resistance to
fracture depend on how the bones are built (architecture), how much bone is there (bone
mass), and the quality of the bone components (material properties). Furthermore, bones
have a hierarchical structural organization across several length-scales, from macro to micro
to nano, which ensure great energy dissipation within such arrangement [62]. Changes in
any of the above parameters affect bone strength, and Ol is known to negatively impact all of
them and thus cause the severest form of brittle bone disease [63].

While bone mass and architecture can be intrinsically related, and usually an increase in
bone mass results in improved bone architecture, the bone material properties, derived from
the ordered assembly of individual bone matrix components and the mineralization of the
matrix, are usually independent variables. Among the three parameters, the study of Ol has
clearly highlighted the essential role of material properties in bone strength [63]. In fact,
genetic mutations that cause a quantitative reduction of type | collagen essentially reduce
bone mass and affect bone architecture but cause milder forms of Ol disease. This is
contrary to structural mutations of type | collagen, which have a dominant negative action on
the product of the healthy allele, significantly impact the quality of the bone matrix and
result in moderate to lethal forms of Ol. Therefore, at least for what concerns type |
collagen, it can be argued that a poor quality of a main matrix component is less well-
tolerated compared with variations in its amount. Nevertheless, Ol affects the ECM in
multiple ways.

Ol and matrix organic components

The extracellular matrix proteins that are found in bone can be divided into collagen and
non-collagenous proteins. Collagen, primarily type | with smaller amounts of type Il and V
collagen, constitutes about 85-90% of the total bone protein content; the rest is represented
by proteoglycans, SIBLING proteins (small integrin-binding ligand, N-linked
glycoproteins), glycosylated proteins, y-carboxylated proteins, and other serum-derived
proteins [64, 65]. Type | collagen not only plays a major structural role in bone but also
contributes to tissue organization and, given that it is essential for mineralization, to its
mechanical properties [66, 67]. As such, it is not surprising that defects in type | collagen
have dramatic effects on the skeleton. In most Ol cases, whether dominant or recessive, there
is a significant reduction of type I collagen in the matrix produced by osteoblasts and skin
fibroblasts (Fig. 2) [25, 68-70]. This reduction can be due to reduced synthesis (COL1A1
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null alleles) or to a number of alterations in the collagen synthetic pathway that range from
defective procollagen chain association, slowing of the triple helix winding, over-
modification of lysine and proline residues, regional misfolding of the triple helical region,
defective procollagen chaperone activity, or dysregulated intracellular trafficking [29, 34,
71]. These processes can increase the retention of the procollagen in the ER, cause
enlargement of the ER, trigger the ER-associated degradation pathway [72] or autophagy
[73-75], and result in both delayed and decreased collagen secretion. Moreover, the collagen
that is secreted in the matrix can have altered post-translational modification [76] and
glycosylation patterns, which can lead to defective/altered cross-linking and disruption of
proper collagen fibrillogenesis [34]. The latter is likely also a consequence of the reduced
ability of the abnormal collagen to correctly bind to other matrix molecules, including
proteoglycans such as Decorin, which is known to regulate the assembly of collagen fibrils
[77-79]. Notably, type I collagen mutations that localize along triple helical regions
identified as proteoglycan binding sites, are often perinatal lethal [23, 80].

A study comparing steady-state levels of specific matrix proteins secreted by human bone
cells from Ol patients and age-matched controls showed that in addition to reduced collagen,
biglycan (a large chondroitin-sulfate proteoglycan), decorin, and osteonectin were present in
reduced levels in the matrix of Ol cells. Conversely, some other matrix components such as
thrombospondin, fibronectin, and hyaluronan were present in higher amount in the Ol matrix
compared to controls [81]. This is a clear indication that the extracellular matrix
stoichiometry is altered in Ol [81]. Consistent with that study, biallelic mutations in the gene
coding for osteonectin (also known as SPARC, a secreted acidic cysteine-rich glycoprotein)
that affect its binding to type | collagen were shown to cause Ol [47]. Interestingly, it was
suggested that SPARC might be a collagen chaperone and that its loss may lead to defects in
collagen deposition [82]. Therefore, Ol-causing mutations, whether in type I collagen, in
genes affecting its processing or in genes encoding other matrix components, result in both
quantitative and qualitative changes of the bone matrix and can lead to changes in its
material properties [81].

Ol and matrix inorganic components

Mineral in the form of hydroxyapatite, a crystalline complex of calcium and phosphate, is
the most abundant component of bone [64]. Active osteoblasts lay down new ECM on the
bone surface, which is termed osteoid before it mineralizes. The mineralization of osteoid
takes several days [83] and is a process which is actively investigated, yet not completely
understood. Two proteins appear essential in bone mineralization: the first is type I collagen
and the fibrils it forms which constitute the protein scaffold upon which mineral is
deposited; the second is alkaline phosphatase which acts on the surface of osteoblasts to
eliminate pyrophosphate, a strong inhibitor of mineralization, and to modify the
phosphorylation status of osteopontin [67, 84]. Other bone matrix proteins are also known to
regulate the mineralization process such as proteoglycans [85, 86], matrix Gla-protein [87]
and various phosphate-regulating proteins including MEPE (matrix extracellular
phosphoglycoprotein), DMP1 (dentin matrix protein 1) and PHEX (phosphate-regulating
endopeptidase homolog X-linked) [88], among others. Calcium and phosphate ions are
actively concentrated within matrix vesicles, which are 100nm particles secreted by
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osteoblasts in a polarized fashion onto the bone surface, and are where initial formation of
mineral crystals takes place [89]. These vesicles then release the preformed hydroxyapatite
crystals, and these serve as templates for further propagation of the mineralization process,
in the presence of sufficient extracellular Ca2* and PO, 3~ [89]. The calcification of osteoid
is thus the result of a combination of inorganic and organic components, and is regulated by
factors that may promote or inhibit this process.

Because type I collagen is so important in bone mineralization, any changes in its quantity
and/or quality such as those seen in Ol, have negative consequences on this process. Studies
of iliac crest biopsy cores taken from patients affected with different types of Ol have shown
higher average mineralization densities compared to age-matched healthy controls, as
assessed by quantitative backscattered electron imaging (gBEI) [90]. One interpretation is
that the abnormal ECM assembly in Ol results in an increased water fraction that is available
for mineral deposition [90]. Additional studies have demonstrated a higher degree of
mineralization in Ol bones and confirmed the finding of increased bone mineral density
distribution (BMDD) in all types of Ol, including the dominant and some of the recessive
forms of the disease [91-93]. Analyses using small-angle X-ray scattering (SAXS) and
wide-angle X-ray diffraction (WAXD) showed that the high bone matrix mineralization
observed in children with Ol type | is not due to larger mineral particles; rather, the size of
mineral particles was the same or smaller but their packing density is increased compared to
controls [94]. Several other studies utilizing both Raman and Fourier-transform infrared
(FTIR) spectroscopy were conducted on various animal models of Ol, especially in oim
(osteogenesis imperfecta mouse), to investigate mineral composition, crystal size and
alignment, and mineral-to-matrix ratio. These are summarized elsewhere [95]. Most of these
studies agree that the hydroxyapatite crystals are reduced in size and are less-well aligned
along collagen fibrils compared to controls. Conversely, reports of mineral-to-matrix ratio
were less consistent and varied between decreased or increased depending on the Ol mouse
model, the instrumentation used or the group that performed the study [95, 96].

IFITM5 and SERPINFI are two recently identified genes associated with dominant Ol type
V and recessive Ol type VI, respectively, and encode for proteins that directly affect the
bone mineralization process [54]. Histological studies on iliac crest biopsy specimens from
Ol type V described lamellae with irregular organization and a mesh-like appearance [19].
Similar studies on iliac crest biopsies from Ol type VI patients revealed an absence of the
birefringent pattern of normal lamellar bone under polarized light, accompanied with a
“fish-scale” pattern [20]. Although the defective proteins, BRIL and PEDF (respectively),
apparently are not involved in the synthesis of type | collagen, there is evidence for reduced
type | collagen production and increased mineralization in primary osteoblast cultures [97]
and hyper-mineralization of bone tissue [98] similar to other forms of Ol.

Collectively, multiple studies on Ol bones have shown decreased bone mass with increased
bone mineralization, accompanied by hydroxyapatite crystals that are reduced in size, more
densely packed and less-well organized along collagen fibrils. These features lead to
changes in intrinsic bone material properties, including a reduction in bone toughness,
elastic modulus and ultimate strength and in increase in bone brittleness which are typical
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distinguishing features of Ol brittle bone compared to other bone fragility conditions [63,
99].

Ol and matrix-to-cell signaling

The ECM used to be considered a rather static structure providing support to various cells
and tissues. It is now well accepted that the ordered assembly of the various matrix
components is a highly dynamic process [100] and that the final ECM array serves multiple
additional functions, including a reservoir of several growth factors and cytokines, and the
presentation of a number of binding and adhesion sites to receptors expressed on the cell
surface [101]. The overall organization of the matrix can affect cell proliferation,
differentiation, migration, survival, and behavior via the integration of a number of signals
that constitute the matrix-to-cell signaling [101].

The importance of locally retained and local-acting growth factors and cytokines versus their
counterpart detected in serum has been highlighted in elegant studies, including those on
important molecules that regulate osteoclastogenesis and bone resorption [102, 103]. It is
therefore reasonable to think that the pathogenesis of a disease such as Ol, most often

caused by alterations in the most abundant bone matrix component, i.e. type I collagen,
implicates the signaling dysregulation of local-acting growth factors. Indeed, such is the case
for transforming growth factor-beta (TGF-beta) signaling. TGF-beta is secreted as part of a
latent complex that includes the latency-associated propeptide and the latent TGF-beta
binding protein (LTBP) [104]. This complex is targeted to the ECM, where it binds in an
inactive form to small interstitial proteoglycans, such as biglycan, decorin, and
fibromodulin, and other proteins such as fibrillins [105-107]. The activation and release of
active TGF-beta can be mediated by multiple mechanisms, including bone resorption but
also in an integrin-mediated fashion [108, 109].

One study that used two distinct mouse models of Ol showed that excessive TGF-beta
signaling is an important disease mechanism that contributes to the Ol phenotype [110].
Although the precise process that leads to TGF-beta over-activity hasn’t been worked out
yet, it is likely that type I collagen and consequent proteoglycan alterations in Ol cause
inefficient retention of TGF-beta in the matrix [110]. Another pathway, the WNT/beta-
catenin signaling pathway, is strongly anabolic for bone and is mediated by WNT proteins,
which are lipid-modified, hydrophobic and considered short-range acting molecules [111].
As discussed above, the loss of WNT1 also causes Ol [57, 58] and could be interpreted as
another example of defective matrix-to-cell or cell-to-cell signaling.

An important class of cell-surface proteins that mediate cell adhesion to the ECM is
represented by integrins, which function as ap heterodimers and have different binding
affinity for various ECM components [101]. Similar to what was observed for
proteoglycans, type I collagen triple-helical regions that are rich in lethal Ol mutations also
contain binding sites for integrins [23]. The importance of integrin signaling following their
interaction with type | collagen for the survival of mesenchymal stem cells has also been
shown [112]. Interestingly, mutations in /7GB6 (encodes integrin beta 6) are associated with
amelogenesis imperfecta, indicating that tooth enamel formation, a process that is similar to
bone mineralization, appears closely dependent upon cell-matrix interactions [113].
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Furthermore, the relevance of integrin-mediated signaling in bone formation by cytoskeletal
organization and its role in modulating BMP and WNT signaling in osteoprogenitors has
also been recently demonstrated [114]. Finally, bone histomorphometry studies showed that
there is increased bone turnover and decreased bone formation in pediatric Ol patients
compared to healthy controls [70, 115]. While the mechanisms that trigger high bone
turnover in Ol are still unknown it could be hypothesized that osteocytes, the long lived cells
of the skeleton, receive altered matrix feedback regulation or biochemical stimulation; this
could dysregulate their behavior and trigger the production and release of cytokines, e.g.
RANKL, that stimulate osteoclastogenesis and affect bone resorption. Evidence of
dysregulated matrix-to-osteocyte signaling in mouse models of Ol is beginning to emerge
(Roy Morello, unpublished results).

In summary, a reduced quantity of type I collagen and alterations in multiple processes that
contribute to its synthesis, secretion, processing, assembly and interaction with other matrix
components, as shown in Figure 3, result in a poor quality extracellular matrix and various
degrees of bone brittleness and material property changes. These aspects represent major
pathogenetic mechanisms in Ol and the most difficult to treat, as discussed below.

Ol therapeutics

Unfortunately, a cure for osteogenesis imperfecta does not exist yet. Most therapeutic
approaches for Ol are borrowed from those developed and utilized to treat osteoporosis or
other conditions such as osteolytic bone metastases and their complications. As such, their
goal is to increase bone mass and architecture via a bone anti-resorptive or anabolic activity,
but they do not address the underlying matrix defect. It is hypothesized that in Ol, an
increase in bone mass provides a clinical benefit of reducing fracture incidence regardless of
any defective qualities in the bone matrix.

Bone anti-resorptive treatments

The standard of care for newborns with moderate to severe Ol is either oral or intravenous
administration of nitrogen-containing bisphosphonates, such as pamidronate, alendronate,
ibandronate, risedronate, or zoledronic acid. These compounds are analogues of
pyrophosphate, have high-binding affinity for hydroxyapatite and accumulate at sites of
active bone remodeling (for a review see [116, 117]). Bisphosphonates inhibit the bone
resorptive activity of osteoclasts and induce their apoptosis by interfering with the
mevalonate pathway and the synthesis of cholesterol and other isoprenoid lipids [118]. As a
result, it is believed that certain GTP-binding proteins that are critical for osteoclast activity
are not properly post-translationally modified, become misplaced/dysregulated and
ultimately lead to osteoclast cell death [119]. Early bisphosphonates were first tested in a
few cases of Ol in the late 1980s [120, 121], but the effects of the use of intravenous
pamidronate on the treatment of children with severe Ol were reported about ten years later
[122-124]. In most cases there were no adverse effects, and the treatment significantly
increased bone mineral density. Some children had improved mobility, reduced pain and an
overall improvement in their quality of life [122, 124].
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Dr. Glorieux (Shriners Hospital, Montreal, CA) and collaborators developed a treatment
protocol of cyclical pamidronate infusions in children with severe Ol. In these cases, post-
treatment iliac bone histomorphometry studies showed increased cortical width (+88%),
increased cancellous bone (+46%) due to higher trabecular number, reduced bone surface-
based indicators of bone remodeling (-26-75%), and a positive impact on several functional
parameters [125, 126]. Numerous studies testing the use of bisphosphonates in children and
adults with Ol have been published; due to space constraints it is impossible to cite them all,
but excellent reviews on this topic are available [127-130]. A critical issue on the use of
bisphosphonates in Ol, i.e. the reduction of fracture incidence, is still debated, with several
clinical trials showing reduced fractures at certain skeletal sites [122, 124, 131-134] and
others that have not reached similar conclusions [128, 135, 136]. Because bisphosphonates
suppress bone turnover and can persist in the skeleton for years [116, 137], to this day
several questions on their use remain a matter of discussion, including the optimal length of
therapy in children with Ol, the long-term consequences on skeletal remodeling, the
potential delayed healing of osteotomies, and other concerns such, as osteonecrosis of the
jaw or atypical femoral fractures [138].

Two additional approaches were undertaken by the pharmacological industry to inhibit bone
resorption for the treatment of osteoporosis. One of these approaches, the inhibition of
receptor activator of nuclear factor kappa-B ligand (RANKL), is currently being tested for
the treatment of OI. Denosumab is a human monoclonal antibody developed by Amgen that
selectively blocks RANKL, an essential cytokine for osteoclastogenesis [139, 140]. The
results of a large, phase Il clinical trial (FREEDOM trial) in postmenopausal women with
osteoporosis after 10 years of treatment with denosumab were recently published [141] and
showed low rates of adverse events, low fracture incidence, and sustained elevation of BMD
[141]. RANKL inhibition in the osteogenesis imperfecta mouse (oim) model showed some
improvement in bone biomechanical parameters but not a reduction in number of fractures
compared to placebo-treated controls [142]. The first use of denosumab in children was
reported for the treatment of two boys with Ol due to mutations in SERPINF1 (encodes
PEDF) [143]. The results of a first prospective trial on the safety and efficacy of denosumab
in children with Ol indicated a significant increase in lumbar spine aBMD after 48 weeks of
treatment, with no changes in mobility parameters and no serious adverse events [144].
Therefore, in children who do not respond to bisphosphonates therapy, the use of denosumab
instead appears promising so far. However, given the role of RANKL in the maturation of
the immune system in rodents, potential alterations in the response to certain infections may
be a concern [145].

The second approach consists of the inhibition of cathepsin K, a lysosomal enzyme that
osteoclasts secrete for the breakdown of demineralized collagen fibrils [146]. Because
osteoclastogenesis is not affected and mature osteoclasts are still able to adhere to the bone
surface and dissolve hydroxyapatite by creating an acid environment, this strategy had the
advantage of retaining the ability to release factors that couple bone resorption to bone
formation [147], unlike denosumab. Very promising results were reported in phase 11 clinical
trials of Odanacatib, an inhibitor of cathepsin K developed by Merck for the treatment of
postmenopausal women with low BMD [148, 149]. Unfortunately, further development of
this drug was discontinued due to an increased risk of cardiovascular problems [150].
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Bone anabolic treatments

The study of sclerosteosis, a recessive bone dysplasia that causes high bone mass and
skeletal overgrowth, led to the discovery of a new gene named SOST7 and encoding for the
secreted cystine knot-containing protein Sclerostin [151]. Sclerostin is mainly produced by
osteocytes, and its expression decreases following mechanical stimulation of bone [152]. It
binds to the low-density lipoprotein receptor-related proteins 5 and 6 which are co-receptor
for WNT ligands and inhibits canonical WNT signaling and thus bone formation [153, 154].
Importantly, the use of antibodies against sclerostin in animal models showed increased
bone formation but also decreased bone resorption at both modeling and remodeling skeletal
sites [155-157]. Human monoclonal antibodies against sclerostin were developed by
multiple pharmacological companies and tested in clinical trials on postmenopausal women
with osteoporosis [158, 159]. The results demonstrated significant increases in BMD and
reduction in fracture risk compared to the placebo group after only 12 months [158, 159].
Sclerostin-neutralizing antibodies have been tested in multiple mouse models of Ol and have
shown a good anabolic bone response, although this was always less than that of control
mice. In most cases, improvements in bone mass and bone architecture were seen at all ages
tested, with consequent amelioration of certain bone biomechanical parameters but no effect
on bone brittleness [160-163]. Collectively, sclerostin inhibition therapy appears very
promising for osteoporosis and perhaps also Ol, and a new study in adult patients with type
I, I or IV Ol treated with BPS804 (another Sclerostin antibody) sponsored by Mereo
BioPharma (https://clinicaltrials.gov/ct2/show/NCT03118570) has recently been announced.

The old observation that a fragment of the parathyroid hormone (PTH) has anabolic effects
on bone when administered intermittently [164-168], led to the development of recombinant
human PTH aal-34 which is known as Teriparatide and commercialized as Forteo (Eli Lilly
& Co.). Its effects, as once-daily injections, on postmenopausal women with osteoporosis
were well-tolerated and demonstrated a decreased risk of vertebral and non-vertebral
fractures and an increase in vertebral, femoral, and total-body bone-mineral density [169].
The mechanisms that lead to increased bone formation by intermittent PTH administration
were shown to involve a reduction of osteoblast apoptosis in cancellous bone [170] and a
pro-differentiation/pro-survival effect on pre-osteoblasts located on the periosteum [171].
Additional mechanisms, though, are known to contribute to the anabolic effects of PTH on
bone. These mechanisms include, among others, the suppression of sclerostin production
with a consequent increase in WNT signaling [172, 173]. The studies on the use of
Teriparatide in Ol are few and are limited to adults, since it is not approved for use in the
pediatric population. In patients with mild Ol (Ol type I), osteoblasts were shown to have a
preserved anabolic response, although this was somewhat lower compared to that observed
in postmenopausal osteoporotic women treated for the same length of time [174]. In mild
Ol, Teriparatide treatment increased serum levels of markers of bone formation, and
improved hip and spine areal bone-mineral density and estimated vertebral strength [174—
176]. Patients affected with more severe forms of Ol (type Il and 1V), however, showed no
benefits after 18 months of treatment with Teriparatide, indicating that its clinical use in Ol
may be useful only to patients with mild disease [175].
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The effects of TGF-beta signaling on bone homeostasis are complex and have been studied
for several years [177, 178]. It is known that TGF-beta is secreted by osteoblasts and
efficiently stored in an inactive latent complex in the bone matrix, from which it can be
released via multiple mechanisms. Osteoclast activity releases active TGF-beta from bone,
which represents a coupling factor between bone resorption and formation [109]. In cells of
the osteoblast lineage, TGF-beta can repress Runx2 and osteocalcin expression [179, 180],
thus inhibiting osteoblast differentiation while, at the same time, favoring the conversion of
osteoblasts into osteocytes by blocking osteoblast apoptosis [181, 182]. As discussed above,
a recent study on the pathogenesis of Ol identified excessive TGF-beta signaling in both
dominant (Col1a2im1.1Mcbry and recessive (CrtapKO) mouse models of Ol [110].
Importantly, the administration of a pan-TGF-beta antibody for 8 weeks to CriapKO or
Col1a2tm1.IMebr mice resulted in almost complete rescue of bone mass, although the bone
remained brittle [110]. Nonetheless, given the promising results in pre-clinical models, a
phase I clinical trial to assess the safety of TGF-beta inhibition in the treatment of adults
with Ol is now recruiting subjects (https://clinicaltrials.gov/ct2/show/NCT03064074).

Because a single bone anti-resorptive or anabolic treatment may have efficacious but quickly
reversible effects (i.e. rapid bone loss), the latest trend in the treatment of osteoporosis is a
combination therapy in which an anabolic agent (e.g. Teriparatide) is given for several
months and then followed by an anti-resorptive agent (e.g. denosumab or bisphosphonates)
[183-185]. As such, the bone mass that is gained during the treatment with the anabolic drug
should be retained longer because of the suppression of bone turnover caused by the anti-
resorptive drug. This approach likely also will be adopted in the treatment of Ol.

Cell therapy, gene targeting and gene editing

The best treatment for Ol would be a therapy to administer as early as possible during
growth (ideally in utero, to allow healthy bone formation and prevent progressive damage to
the skeleton) and to enable directly repairing the underlying gene defect to yield a normal
bone matrix. One approach has been the allogeneic transplantation of bone marrow, bone
marrow stromal cells, or marrow-derived mesenchymal stem cells (MSCs) to test whether
osteo-progenitor cells that normally reside in the marrow would successfully graft into the
Ol patient marrow and contribute to healthy bone formation. This strategy was supported by
the observation that mosaicism for a type | collagen mutation results in a mild phenotype
[186] and by promising results in a mouse model of Ol [187]. Three toddlers (age range
13-32 months) afflicted with severe Ol received bone marrow transplantation from
compatible siblings and showed small percentage of donor-derived osteoblast cells on bone
biopsies but improved parameters of bone formation, increased total body bone mineral
content, and increased growth velocity about 7 months after the procedure [188]. Follow-up
studies treating mouse models of Ol, including intra-uterine transplantation, with either
human or murine MSCs also showed very positive effects on the skeleton [189-191]. The
most recent studies have performed pre- and post-natal transplantation of fetal allogeneic
MSCs in two fetuses with severe Ol (type Il and 1V) and resulted in improved linear
growth, mobility, and fracture incidence for several months. The second, post-natal
transplantation resumed these positive effects without any toxicity or alloreactivity toward
the donor hMSCs [192, 193]. Although too few patients have been treated with this protocol
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and therefore more experience needs to be accumulated, cell therapy in Ol holds great
promise for the future.

Two different “gene targeting” attempts were also tried ex-vivoto correct the collagen defect
that causes Ol [194-196]. The rationale is that the inactivation of the mutated allele or its
transcriptional silencing (and hence the elimination of its dominant negative action) would
translate to production of only good collagen from the healthy allele and hence in a mild
form of Ol. Chamberlain et al. partially achieved this result by transducing MSCs from Ol
patients with a known COL1AI mutation with an adeno-associated virus carrying a
construct that would target and disrupt the mutant allele [194]. The other two studies
obtained type I collagen allele-specific silencing using small interfering RNAs (siRNAS) in
either human bone-derived cells or mouse fibroblasts from the Br#/mouse [195, 196].
Although partially successful, the clinical translation of these proof-of-concept studies
carries many uncertainties, including safety of the vectors utilized for the delivery of the
construct, possible insertional mutagenesis, duration of effects, and others.

Finally, while gene editing has not yet been attempted in Ol, it clearly holds the most
promise for the future treatment of Ol. The ability to precisely edit any mutation, in an
allele-specific fashion, using the CRISPRs/Cas9 system is likely to revolutionize the way we
think about treating human Mendelian disorders [197, 198]. The treatment of autosomal
dominant conditions utilizing novel /n vivo delivery methods of gene editing Cas9-guide
RNA complexes in animal models has already been shown [199].

Future directions

The study of osteogenesis imperfecta has led to a dramatic progress in understanding its
complex natural history, genetics, and pathogenesis. Although there is no definite cure,
future therapeutic interventions will likely be based on a precision medicine approach based
on individual patients’ mutation and pathway affected. Although good instrumentation tools
exist to study changes in bone architecture and bone mass and these allow some prediction
on their consequences and the inherent susceptibility to fractures, it has been difficult to
analyze how changes in bone matrix components affect the overall ECM composition,
contribute to alter its material properties and ultimately cause bone fragility. More modern
technologies, such as semi-quantitative and quantitative proteomics will be helpful for a
better characterization of the cellular and matrix composition changes caused by single gene
mutations, including in Ol. The recent use of OMICS approaches has already provided
interesting clues about potentially new pathogenetic processes in Ol [200, 201] and may
eventually identify new therapeutic targets.
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- Ol primarily causes low bone mass and skeletal fragility but may also exhibit

- Ol is genetically and clinically heterogeneous. Its study significantly

- Extracellular matrix alterations, affecting organic, inorganic and matrix-to-

- Ol therapeutic approaches have improved but have not addressed the

HIGHLIGHTS

a number of extra-skeletal manifestations

increased our knowledge of skeletal biology

cell signaling components are key features of Ol

underlying matrix defect
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SUPINE 68@3.2 EXTERNAL

UPRIGHT

360 mm

Figure 1.
Radiographic images of lower extremities of patients affected with different types of Ol,

demonstrating the wide range of severity that affects the skeleton in this disease. A. One-
year-old infant diagnosed with severe type 111 Ol. Note the severe bowing of the legs and the
lack of bone modeling in both femurs and tibiae. B. A nine-month-old infant with
moderately severe type 1V Ol. C. A 12-year-old patient with type 1 Ol. Note the relative
constriction of the femur diaphysis and the flaring of the distal metaphysis which is known
as Erlenmeyer flask deformity. Metaphyseal bands due to cyclical bisphosphonate treatment
are also visible. D. Same patient shown in B at 7 years of age and after years of medical and
surgical management. Note the telescoping rods implanted in both femurs and tibiae, a
common surgical procedure in Ol patients that have significant long bone deformities. All
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the radiographic images are a courtesy of Dr. Paul W. Esposito and Maegen Wallace
(University of Nebraska Medical Center).
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Figure 2.
Representative transmission electron micrograph of dermal collagen from WT (A) and

CrtapKO (B) mouse, showing decreased amount of collagen and increased space among
collagen bundles in this murine model of recessive Ol. This translates into skin laxity and
reduced dermal thickness. C = cross section of collagen fibrils; L = longitudinal section of
collagen fibrils; E = empty space.
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Figure 3.
Schematic diagram illustrating essential processes of type | collagen synthesis, its assembly

in the matrix, interaction with other matrix components, and mineralization. Some of the
proteins that regulate these processes and that are mutated in various types of Ol are also
indicated. Alterations of one or more of these key steps in the formation of ECM represent
major pathogenetic mechanisms in Ol.
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