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Abstract 

Osteogenesis imperfecta (OI) is a phenotypically and genetically heterogeneous skel-

etal dysplasia characterized by bone fragility, growth deficiency, and skeletal deformity. 

Previously known to be caused by defects in type I collagen, the major protein of extra-

cellular matrix, it is now also understood to be a collagen-related disorder caused by 

defects in collagen folding, posttranslational modification and processing, bone mineral-

ization, and osteoblast differentiation, with inheritance of OI types spanning autosomal 

dominant and recessive as well as X-linked recessive. This review provides the latest 

updates on OI, encompassing both classical OI and rare forms, their mechanism, and 
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the signaling pathways involved in their pathophysiology. There is a special emphasis on 

mutations in type I procollagen C-propeptide structure and processing, the later causing 

OI with strikingly high bone mass. Types V and VI OI, while notably different, are shown 

to be interrelated by the interferon-induced transmembrane protein 5 p.S40L mutation 

that reveals the connection between the bone-restricted interferon-induced transmem-

brane protein-like protein and pigment epithelium-derived factor pathways. The func-

tion of regulated intramembrane proteolysis has been extended beyond cholesterol 

metabolism to bone formation by defects in regulated membrane proteolysis compo-

nents site-2 protease and old astrocyte specifically induced-substance. Several recently 

proposed candidate genes for new types of OI are also presented. Discoveries of new 

OI genes add complexity to already-challenging OI management; current and potential 

approaches are summarized.

Key Words: osteogenesis imperfecta, collagen synthesis, bone mass, bone mineralization, PEDF, regulated 

intramembrane proteolysis, IFITM5/BRIL, MBTPS2

Graphical Abstract 

Osteogenesis Imperfecta
is a collagen-related syndrome

Mutations in COL1A1 or COL1A2

Altered bone mineralization
IFITM5/ BRIL, SERPINF1 

Impaired osteoblast differentiation
SP7, TMEM38B, WNT1, 

CREB3L1, SPARC, MBTPS2

Collagen processing and 
crosslinking SERPINH1, FKBP10, 

PLOD2, BMP1

Absent prolyl 3-hydroxylation 
complex components 

P3H1, CRTAP, PPIB
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ESSENTIAL POINTS

• Osteogenesis imperfecta (OI) or “brittle bone” disease is a hereditary skeletal dysplasia associated with bone 
fragility, growth de�ciency, and variable secondary features.

• OI is now understood to be a collagen-related disorder, caused by defects not only in collagen structure but also 
in genes that affect collagen folding, posttranslational modi�cation and processing, bone mineralization, and 
osteoblast differentiation.

• Defects directly in type I collagen structure or quantity cause 80% to 85% of cases.
• Defects in processing or structure of type I procollagen propeptides cause distinctive OI forms, including paradoxical 

high bone mass OI from defects in C-propeptide processing.
• The cellular pathways of types V [IFITM5/bone-restricted interferon-induced transmembrane protein-like protein 

(BRIL) 5’ MALEP] and VI (PEDF) OI are revealed to connect by BRIL p.S40L substitution with symptoms, 
histology, and molecular �ndings of pigment epithelium-derived factor de�ciency.

• OI caused by defects in components (site-2 protease, old astrocyte speci�cally induced-substance) of regulated 
membrane proteolysis (RIP) expand the function of RIP beyond cholesterol metabolism to bone development.

• Current pharmacological therapy includes antiresorptive bisphosphonates, with variable results; anabolic 
antisclerostin antibody shows promise in animal models for increasing bone strength without increasing bone 
brittleness.
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Osteogenesis imperfecta (OI) or “brittle bone disease” 
is a rare hereditable skeletal dysplasia with an incidence 
of 1 in 15  000 to 20  000 live births. It is characterized 
clinically by bone fragility, skeletal deformities, and short 
stature. In addition to its bone phenotype, OI affects the 
function of other connective tissues, causing various com-
binations of dentinogenesis imperfecta, hearing loss, joint 
hypermobility, blue sclerae, basilar invagination, and 
cardio/respiratory defects. The classical OI types I  to IV, 
described in the Sillence classi�cation, are dominantly in-
herited disorders caused by structural or quantitative de-
fects in the COL1A1 or COL1A2 genes that encode the 
α1(I) and α2(I) chains of collagen type I, respectively. The 
clinical outcome ranges from mild to moderate to severe 
phenotypes for OI types I, IV, and III, respectively, as well 
as to a perinatal lethal outcome in OI type II.

The unifying feature of OI as a collagen-related disorder 
of connective tissue begins to guide us in diagnosing OI in 
an individual or in assigning defects in a particular gene as 
“OI-causing.” The de�ning features of OI have emerged as 
our understanding of OI genetics has grown. The �eld may 
well be overdue for a consensus conference of the sort con-
ducted periodically for Ehlers-Danlos syndrome, stipulating 
major and minor features for diagnosis. At the present, a 
combination of features in type I  collagen, clinical mani-
festations, bone tissue, and cellular abnormalities in�uence 
our appraisal of which sets of gene defects constitute OI.

First, defects in the structure or quantity of type I col-
lagen is key—including decreased transcripts, decreased 
secretion due to ER retention, altered posttranslational 
modi�cation, propeptide processing or cross-linking, and 
abnormal �brils in tissue. Each type will have some but 
not all of these collagen abnormalities. Second, clinically, 
we �nd bone fragility, manifest as fractures and vertebral 
compressions, as well as bowing deformity, although not 
all affected individuals fracture and many fragility dis-
orders are not OI. Short stature of some degree is gener-
ally part of OI. Many individuals have secondary skeletal 
features such as dentinogenesis imperfecta, conductive 
hearing loss, mild facial dysmorphism, or relative macro-
cephaly. As a generalized connective tissue disorder, ab-
normal function of the respiratory and cardiac systems is 
not rare. Third, bone tissue is characterized by low bone 
mass, with a thin cortex and decreased bone volume/
tissue volume (BV/TV) due to decreased trabecular 
number (TbN) and mineral apposition rate (MAR)/bone 
formation rate (BFR). Whole bone is less stiff and frac-
tures at a lower load, with a key OI feature of brittleness 
or decreased displacement before fracturing. Another key 
feature of OI bone, hypermineralization, underlies its 
brittleness. The almost uniformly low dual-energy X-ray 
absorptiometry (DXA) bone density of OI re�ects a 
phantom-based measurement, while direct measurements 

of bone by quantitative backscattered electron imaging 
(qBEI) or ashing reveal the presence of increased mineral. 
Fourth, at a cellular level, OI bone is almost always high 
turnover, with increased osteoblasts and osteoclasts. The 
osteoblasts display delayed differentiation and increased 
plasticity to adipocytes in culture.

Phenotypic variability, even among patients with the 
identical mutation, is one of the hallmarks of OI and 
other skeletal dysplasias and is still poorly understood. 
Furthermore, this feature obscures attempts to better 
understand the molecular basis of OI to identify novel 
target molecules or pathways as the potential basis of im-
proved treatments.

In recent years, the discovery of collagen-related forms 
of OI led to novel insights into critical pathways involved 
in bone metabolism. Two of these newly identi�ed causa-
tive genes are responsible for dominantly inherited forms 
of OI—IFITM5 and WNT1. The majority of novel OI 
types have recessive inheritance of defects (exceptions 
noted) in genes that are key members of pathways that af-
fect bone mineralization [IFITM5 (dominant inheritance), 
SERPINF1], collagen modi�cation (CRTAP, LEPRE1, 
PPIB), collagen processing and cross-linking (SERPINH1, 
FKBP10, PLOD2, BMP1), and osteoblast differenti-
ation and function [SP7, TMEM38B, WNT1, CREB3L1, 
SPARC, MBTPS2 (X-linked inheritance)] (Table 1). 
Murine OI models have made major contributions to 
understanding OI pathomechanism in both classical and 
newly identi�ed types. Recently, zebra�sh emerged as an 
ef�cient tool in OI phenotyping, with potential for a par-
ticular contribution to drug screening studies.

Current pharmacological therapy of pediatric and 
some adult OI patients involves bisphosphonate (BP) 
administration, which increases bone mass but does 
not improve the material properties of OI bone and has 
equivocal effects on fracture incidence. Teriparatide is an 
option for adult OI patients with type I OI (1,2), in whom 
it induces a bone anabolic effect, although increased 
serum biomarkers of other collagens in addition to type 
I  collagen raise the possibility of a wider alteration in 
extracellular matrix (ECM) composition (3). Recent 
studies of other anabolic agents, such as antisclerostin 
and antitransforming growth factor-beta (anti-TGFβ) 
antibody, in OI mouse models show improvement in 
both bone mass and bone strength and may ameliorate 
the phenotype of OI patients in the future (4).

Collagen Defects and Their Mechanism

Helical Mutations

The most frequent type of mutation found in classical dom-
inant OI results in substitution of one of the glycine residues 
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that occurs invariably at every third residue along the hel-
ical portion of the collagen alpha chain by an amino acid 
with a bulky or charged side chain. These substitutions 
disrupt the folding of the collagen triple helical domain 
(5) (Fig. 1, Table 1). Slow collagen folding in turn leads 
to overmodi�cation of the collagen helix by enzymes such 
as lysyl hydroxylase 1 (LH1) and prolyl 4-hydroxylase 1 
(P4H1) and, in some cases, to intracellular retention of the 
misfolded collagen. The enzymes responsible for hydroxyl-
ation of proline residues are P4H1, which is critical for triple 
helical stabilization and which normally modi�es about 
50% of proline residues in the collagen helical region (6), 
and prolyl 3-hydroxylase 1 (P3H1), which selectively modi-
�es 1 proline on each alpha chain of type I collagen in bone. 
Hydroxylation of the P3H1 substrate prolines is important 

for collagen cross-linking and structural organization in 
bone (7). Lysyl hydroxylases modify residues in the collagen 
helix and telopeptide. Many of the hydroxylysine residues 
are subsequently mono- or diglycosylated. LH1 hydroxyl-
ates lysine residues in the triple helical domain, while lysyl 
hydroxylase 2 functions on C- and N-telopeptides, and lysyl 
hydroxylase 3 has both hydroxylation and glucosylation ac-
tivity. Following procollagen processing in the pericellular 
space, collagen molecules assemble into �brils. During 
�brillogenesis, lysine and hydroxylysine residues in N- and 
C-telopeptides are oxidatively deaminated by lysyl oxidase, 
which is a critical step for establishing covalent intra- and 
intermolecular cross-links in collagen �brils (Fig. 1A). These 
cross-links contribute to the mechanical strength of collagen 
in tissue (8).

BMP1

A

ADAMTS2
Actin filaments

Microtubules

3-OH complex

P4H

LH1

HSP47

KDEL receptor

Figure 1. Collagen structure, folding, modification and processing in OI. (A) Procollagen is a heterotrimer consisting of two proα1 (I) and one 

proα2 (I) chains, which undergo posttranslational modifications of proline and lysine residues during helix folding by prolyl-4-hydroxylase and 

lysyl hydroxylase 1, respectively. The prolyl 3-OH complex (P3H1, cartilage-associated protein, and peptidylprolyl isomerase B) serves as a folding 

chaperone; the modification of substrate P986 residue finetunes collagen alignment for cross-linking. The triple helix is further stabilized by 

Hsp47, an ER chaperone. Once secreted into extracellular space, N- and C-propeptides of procollagen are cleaved by ADAMTS-2 (a disintegrin and 

metalloproteinase with thrombospondin motifs) and BMP1 enzymes, respectively, and mature type I collagen is released and incorporated into 

extracellular matrix. A newly discovered OI-causing gene KDELR2, encodes KDEL receptor 2 that together with Hsp47 facilitates intracellular recyc-

ling of ER-resident proteins. (B) In OI pathophysiology, mutations cause misfolding and overmodification of procollagen chains that may increases 

protein accumulation in the ER, resulting in ER stress. ER stress causes alterations in cytoskeleton proteins (actin filaments, microtubules), induction 

of UPR pathways [PERK (especially), inositol requiring enzyme 1, ATF6] to accommodate the chronic stress. For some mutations, ER stress cap-

acity is exceeded, and mutant collagens are labeled with autophagy proteins for lysosomes degradation via microautophagy process at the ER exit 

sites (ERES). Mutations in KDELR2 unable binding of Hsp47 to KDEL receptor 2, thus Hsp47 remains bound to collagen molecules extracellularly 

disrupting collagen fibers formation.
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How different substitutions lead to the broad range of 
clinical severity in OI remains incompletely understood. 
Null mutations in 1 COL1A1 allele result in quantita-
tive abnormalities of collagen and a fairly uniform mild 
phenotype that overlaps with osteoporosis. Generally, 
substitutions of glycine residues to residues with charged 
or branched side chains have more detrimental effects. 
Genotype-phenotype modeling indicates that the par-
ticular substitution, the chain in which it is located, and its 
position along the chain all contribute to clinical outcome. 
Substitutions on the α1(I) chain more often have a severe/
lethal outcome than those in α2(I), with the highest con-
centration of lethal cases in the major ligand binding re-
gion on the collagen triple helix. In the α2(I) chain, severe 
mutations are concentrated in clusters along the length of 
the chain that correlated with proteoglycan binding site 
on the higher order collagen �bril. It is clear that clin-
ical severity does not correlate with the extent of collagen 
overmodi�cation. Slow folding of the helix begins a cas-
cade of events including intracellular and extracellular 
factors. There is a variable extent of collagen retention in 
the ER and some ER stress inside the cell, while extracel-
lular factors such as impaired binding of noncollagenous 
proteins (NCPs), cross-talk with osteoclasts, cell-matrix 

interactions, and matrix hypermineralization all contribute 
to pathology. It is currently not possible to predict the clin-
ical outcome of a glycine substitution from �rst principles, 
although the previously cited factors and consultation with 
the Osteogenesis Imperfecta Variant Database (https://
oi.gene.le.ac.uk) database of known collagen mutations 
are useful to learn the range of outcomes for a particular 
mutation. Collagen structural mutations and the cellular 
and matrix pathway contributions, as previously cited, 
have been covered in detail elsewhere.

The Brittle mouse model (Brtl+/−), containing an α1(I)
Gly349Cys substitution in 1 COL1A1 allele, has proved to 
be quite useful for investigating classical OI, as it mimics 
clinical features of dominant OI and, importantly, shows 
phenotypic heterogeneity as found among OI patients. One 
third of Brtl+/− newborn mice die on postnatal day 1 due to 
respiratory distress, while surviving mice exhibit a moder-
ately severe OI phenotype (9). Comparison of proteomics 
and cell signaling pathways of these phenotypically distinct 
mice with an identical mutation reveals potential modi-
fying factors in pathways related to cytoskeletal compo-
nents, cell stress, energy metabolism, signal transduction, 
and apoptosis. One of the most surprising �ndings is that 
homozygous Brtl/Brtl mice have a normal bone phenotype 

BMP1

IRE1

AFT6

PERK

ERES

ADAMTS2
Normal

Mutant
BMP1ADAMTS2

Actin filaments

Microtubules

3-OH complex

P4H

LH1

HSP47

Lysosome

KDEL receptor

B

Figure 1. Continued.
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compared to Brtl+/− mice (10). One possible cause of res-
cued bone brittleness and hypermineralization in homozy-
gous mice is the stabilization of essentially all mutant α1(I) 
collagen chains by disul�de (S-S) bonds formed between 
cysteines in the same heterotrimer. However, the com-
position of ECM also differs between heterozygous and 
homozygous mice, in that all alpha 1 chains are mutant 
in homozygous mice while heterozygous mice have ma-
trix heterogeneity, with homodimers in 25% of collagen, 
1 mutant chain in 50% of collagen, and no mutant chains 
in 25% of collagen. In addition, there is relative secretory 
selection in heterozygotes, in which heterotrimers with one 
mutant chain are partially retained intracellularly, con-
tributing to moderate matrix de�ciency (11). It is still un-
clear which mechanism underlies the rescued phenotype in 
homozygous Brtl mice.

ER Stress, Cytoskeletal Changes

Collagen, the most abundant protein in the ECM, is initially 
synthesized as procollagen chains that are transported to the 
endoplasmic reticulum (ER) for posttranslational modi�ca-
tion and proper folding before release to the extracellular 
space. Improperly folded collagen is often secreted more 
slowly from cells or may be partially retained in the ER. 
Retention of mutant collagen triggers induction of pathways 
that are necessary for the cell to manage the stress caused 
by accumulation of misfolded protein (Fig. 1B). Published 
studies point to the dif�culty of determining whether these 
pathways modify the phenotypic outcome for the identical 
mutation. In skin cells of lethal Brtl+/− mice, galentin-7, asso-
ciated with apoptosis and proteasomes are increased, while 
maspin, involved in cell-matrix interactions, was reduced 
compared to both surviving Brtl+/− and wild-type (WT) pups. 
However, the levels of maspin and proteasomes in calvarial 
bone of lethal pups relative to WT and surviving mutant 
mice were opposite to those found in skin (12). In calvarial 
osteoblasts of lethal mice, increased expression and protein 
levels of ER stress-related protein growth arrest- and DNA 
damage-inducible gene 153/Chop again points to dif�culty 
managing ER stress and impeding apoptosis (13). Even with 
a focus on bone studies, differences in bone type throughout 
the skeleton will necessitate validation of calvarial bone as a 
surrogate for axial long bones.

ER stress could potentially affect cell survival by 
disrupting the cytoskeleton organization (Fig. 1B). The 
cytoskeleton is a dynamic network of 3 main sets of pro-
teins—intermediate �laments, microtubules, and actin 
�laments—involved in maintenance of cell integrity by 
regulating cell shape and mechanics under applied extracel-
lular forces. Changes in expression of cytoskeletal compo-
nents are found in lethal Brtl+/− mice. Vimentin, which has 

a crucial role in cell integrity as an intermediate �lament, 
is reduced in bone and skin cells from lethal mice (12). 
The microtubule component stathmin and actin �lament 
co�lin-1 play roles in cytoskeletal dynamics by depoly-
merizing of microtubules and actin �laments, respectively. 
Both stathmin and co�lin-1 are increased in bone, skin, and 
lungs of lethal Brtl+/− mice, raising the possibility that these 
factors contribute to respiratory distress in nonsurviving 
mice. The cytoskeleton also plays an important role in cell 
proliferation and differentiation, potentially contributing 
to reduced deposition of bone collagen. Moreover, in 2 
pairs of patients who had identical collagen mutations but 
divergent phenotypic outcomes of lethal types II or severe 
type III OI, cytoskeletal disruption was demonstrated in 
�broblasts from the 2 lethal, but not the 2 severe, OI pa-
tients, suggesting that further investigating the role of the 
cytoskeleton in the variability of OI phenotypic severity at 
the bone level is warranted (14).

Misfolded protein accumulation in the ER activates 
the unfolded protein response (UPR) and its 3 pathways 
regulating ER-resident signaling components: inositol re-
quiring enzyme 1 (IRE1), eukaryotic translation initiation 
factor 2 alpha kinase 3 (PERK), and activating transcrip-
tion factor 6 (ATF6) (Fig. 1B). Old astrocyte speci�cally 
induced-substance (OASIS), a member of 3′,5′-cyclic ad-
enosine 5′-monophosphate (cAMP) responsive element-
binding (CREB)/activating transcription factor family, 
shares similar structure with ATF6 (15). It was shown 
in osteoblasts-like cell line overexpressing OASIS that, 
once exposed to ER stress, OASIS is cleaved and translo-
cated in the nucleus (15). However, it is not clear whether 
OASIS provides an alternative pathway in the instance of 
collagen misfolding. In cells of OI patients, UPR PERK 
and IRE1 pathways are evidently upregulated as a re-
sponse to mutant collagen misfolding or retention in the 
ER. However, if the UPR exceeds its capacity to restore 
function of misfolded proteins, another protective mech-
anism, autophagy, is activated. Autophagy is a lysosomal 
self-digestion pathway that contributes to the mainten-
ance of cell homeostasis by removal of damaged cell com-
ponents. One of the most common marker genes used in 
detection of autophagy, microtubule-associated protein 
1A/1B-light chain 3 (LC3-II), contributes to formation of 
the autolysosome and is elevated in OI patient �broblasts, 
which also express higher levels of cleaved caspase 3 and 
annexin V, markers of apoptosis. The application of chem-
ical chaperone 4-phenylbutyric acid (4-PBA) to �broblasts 
of OI patients, potentially facilitating collagen folding to 
increase collagen secretion, increased general protein secre-
tion and autophagy (16).

The extent to which ER stress and the UPR contribute 
to the severity of the OI phenotype remains a controversial 
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topic that merits additional investigation. The moderate 
UPR pathway changes, and some degree of ER swelling 
on electron microscopy images in cells with collagen struc-
tural defects is also consistent with an adaptive response 
but is not necessarily the driver of bone pathology. It is 
worth noting that in type XIV OI, in which the absence 
of transmembrane protein 38B (TMEM38B) triggers ER 
stress along the same calcium transport system routinely 
used experimentally in a wide array of cellular systems to 
induce ER stress, that the OI skeletal phenotype is mild to 
moderate in severity (see also section on TMEM38B de-
fects). Even in classical OI with collagen structural defects, 
many collagen mutations do not result in ER retention of 
collagen. The extent to which mutant collagen is retained 
and/or general protein secretion is decreased needs exam-
ination in more phenotypically relevant cells, osteoblasts 
and osteocytes. Osteoblasts have been available almost 
entirely from murine models; detailed studies in patient 
osteoblasts and relevant controls are lacking. Effects on 
cellular differentiation, such as those caused by ER stress, 
are important but could also be in�uenced by cell matrix 
and collagen-NCP interactions, since the OI bone matrix 
contains not only mutant collagen but also abnormal pro-
portions of NCPs. Murine bone matrix containing only 
mutant collagen, such as Brtl/Brtl or Brtl/mov mice, have a 
milder or near normal phenotype, supporting the import-
ance of matrix composition. The hypermineralization of 
mutant matrix, in addition to its quantity, is critical to the 
brittleness of OI bone and has not been connected directly 
to ER stress. Fortunately, murine models provide easy ac-
cess to bone to explore the relative contributions of ER 
stress, general protein secretion, matrix composition, and 
cell-matrix interactions prior to their validation in patient 
bone samples.

Another OI murine model that shows involvement 
of ER stress as a contribution to mechanism is a mouse 
with a Gly610 to cysteine substitution in the triple helical 
domain of the collagen α2(I) chain. This mouse exhibits 
mild to moderately severe OI in heterozygotes and peri-
natal lethal OI in homozygotes. Due to intracellular ac-
cumulation of misfolded procollagen, there is induction 
of nonconventional UPR in osteoblasts with increased 
phosphorylation of eukaryotic initiation factor 2α (EIF2α) 
but with no change in expression of UPR components 
heat shock protein family A  (Hsp70) member 5 (BiP) 
and spliced X-box binding protein 1 (Xbp1). Osteoblasts 
show reduced mineralization with lower expression of 
osteoblasts differentiation marker genes (17). Recently, a 
noncanonical autophagy route that may contribute to OI 
pathophysiology was identi�ed in osteoblasts from the 
COL1A2 G610C mice. Using live-cell microscopy, it was 
found that mutant collagen at ER exit sites (ERESs)  is 

labeled with autophagy proteins for lysosomal degrad-
ation through a microautophagy-like mechanism that can 
remove excess procollagen from cells (18) (Fig. 1B). When 
autophagy is induced, osteoblasts achieve reduction in ac-
cumulation of misfolded procollagen and improvement of 
collagen matrix deposition (17). Additionally, these mice 
have induced ER stress in hypertrophic chondrocytes of 
growth plate, causing growth plate abnormalities and, con-
sequently, growth de�ciency (19). However, therapeutic in-
duction of autophagy for OI treatment, however, was not 
supported by results from α2(I)G610C OI mice that were 
administered rapamycin to promote autophagy. Although 
trabecular bone mass was improved by rapamycin treat-
ment in the α2(I)G610C OI mouse, bone mechanical prop-
erties were not rescued, and bone brittleness and growth 
were actually worsened (20). While these off-target effects 
of rapamycin represent a signi�cant limitation, a different 
approach of stimulating autophagy could be more effective 
in rescuing OI bone phenotype.

One common feature for OI patients is reduced muscle 
strength; however, it is unknown whether it re�ects muscle 
pathology or decreased physical activity. G610C mice show 
that hindlimb muscles strength is comparable to WT, and 
mice were able to complete an 8-week treadmill regimen. 
The exercises did improve bone stiffness; however, other 
biomechanical properties remained unchanged (21). 
G610C mice bred on different backgrounds show alter-
ations in bone structure and geometry, making this model a 
useful tool in exploring different genetic factors that could 
potentially modify the bone phenotype (22).

Z-Fish Models

Zebra�sh models of OI have recently emerged as an additional 
tool for investigating the molecular basis of OI phenotypic 
variability. Characteristics including lower-cost mainten-
ance, short developmental time, ease of mutation induction, 
small size, and large offspring number make zebra�sh models 
useful in drug screening studies that would require consid-
erably more time if conducted in mice. However, although 
osteogenesis is highly conserved, the structure of type I col-
lagen in zebra�sh models is different than mammals and con-
sists of α1, α3, and α2 chains encoded by col1a1a, col1a1b, 
and col1a2 genes, respectively (23).

The zebra�sh Chihuahua (Chi/+) model with a hel-
ical defect in type I collagen carries a heterozygous single 
nucleotide mutation causing a typical glycine substi-
tution (G574D) in the α1(I) chain of type I  collagen. It 
strongly reproduces the phenotypic features of dominant 
OI (24). Chi/+ mutants show growth delay and rib frac-
tures, as well as vertebral compressions similar to OI pa-
tients. Interestingly, while murine OI models do not have 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/e
d
rv

/a
rtic

le
/4

3
/1

/6
1
/6

2
7
8
0
5
8
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u

s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



70  Endocrine Reviews, 2022, Vol. 43, No. 1

spontaneous vertebral compressions, zebra�sh showed 
fused and misshapen vertebrae. Whether these vertebral 
anomalies have a comparable etiology to vertebral com-
pressions in patients due to mechanical loading remains to 
be demonstrated (25).

Low bone quality as well as a low BFR contribute to 
Chi/+ skeletal deformities. At the cellular level, Chi/+ �sh 
have intracellular retention of mutant collagen and ER 
enlargement. Heat shock protein 47 (Hsp47), a collagen-
speci�c chaperone that binds to and stabilizes the folded 
con�guration of procollagen to prevent unfolding or ag-
gregation to facilitate its secretion, was shown by whole-
mount immunostaining to be expressed at a higher level in 
mutant tail �n fold, skin, and intersomitic space compared 
to WT. The increased expression of Hsp47 could be a result 
of its effort to facilitate synthesis and secretion of collagen 
(25). At the bone tissue level, nanoindentation revealed 
reduced bone stiffness and toughness. Fourier transform 
infrared spectroscopy (FTIR)  identi�ed reduced collagen 
maturity and mineral crystallinity in Chi/+ �sh, addition-
ally affecting bone material quality. Finally, OI zebra�sh 
bone quality re�ects impaired mineralization, with in-
creased mean calcium concentration (CaMean) by qBEI, 
as in OI patients (26). OI zebra�sh models with different 
mutations in collagen type I show a broad range of skel-
etal phenotype, which is most likely due to intergenotype 

variability as seen in OI patients. Study of these models 
may contribute to better understanding of mechanisms 
underlying OI phenotypic variability (27).

C-Pro Cleavage Site and Bone Morphogenetic 

Protein Defects

Cleavage site defects and hypermineralization

Type I  collagen is synthesized as the promolecule, 
procollagen, consisting of the collagen triple helical do-
main plus both N- and C-propeptides. Following synthesis, 
2 proα1 and 1 proα2 chains align with each another at the 
C-propeptide and initiate association and folding toward 
the N-terminus. The resulting procollagen heterotrimer 
is secreted into the pericellular space. To release mature 
collagen molecules required for formation of collagen �-
brils, N- and C-propeptides are each enzymatically pro-
cessed by a speci�c metalloproteinase, a disintegrin 
and metalloproteinase with thrombospondin motif 2 
(ADAMTS-2) and bone morphogenetic protein 1 (BMP1)/
tolloid-like proteinases, respectively (Fig. 1A).

Impaired C-propeptide processing was �rst described 
in 2 children with substitutions in residues comprising 
the cleavage site, proα1(I) p.Asp1219Asn and proα2(I) 
p.Ala1119Thr, respectively. They had dominantly inherited 
OI with relatively mild OI symptoms and a paradoxically 

Figure 2. Wnt and Bmp signaling pathways disrupted in osteogenesis imperfecta. (Left) BMP ligand binds to BMPRI and BMPRII receptors and in-

duces phosphorylation of SMAD 1/5/8. Terminal nucleotidyltransferase 5A (FAM46A) binds to phosphorylated SMAD 1/5/8 and protects it from ubi-

quitination. Together SMAD 1/5/8, FAM46A, and SMAD4 form a complex that translocates to the nucleus where it induces transcription of BMP target 

genes. (Right) Wnt signaling is activated by binding of WNT1 ligand to the Frizzled receptor and LRP5/6 co-receptors, which stabilizes β-catenin levels 

by inhibiting the degradation complex consisting of axin, adenomatous polyposis coli (APC), and glycogen synthase kinase 3 (GSK3). Subsequently, 

β-catenin migrates to the nucleus where it activates transcription of Wnt target genes. The recently proposed causative gene for OI, MESD, is an ER 

chaperone that facilitates maturation and trafficking of LRP5/6 co-receptors.
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high bone mass on DXA. Their high bone mass is charac-
terized by increased bone mineralization on qBEI, as well 
as increased mineral-to-matrix ratio on FTIR spectroscopy. 
Histomorphometry revealed increased osteoid seams, ele-
vated BFR and increased TbN in the child with proα1(I) 
substitution, due to inef�cient cleavage of 2 proα1(I) 
chains. In contrast, in the patient with a proα2(I) substitu-
tion, proα1(I) chains are mostly cleaved and thinner osteoid 
seams were found, along with elevated TbN (28). A subse-
quent study demonstrated the same �ndings in a broader 
age range (2.5-75 years old) of patients with similar muta-
tions (29). These data supported a critical, and previously 
unappreciated, role for C-propeptide cleavage in bone min-
eralization. The mechanism of high bone mass OI is cur-
rently under investigation in a murine model.

BMP1 defects in patients and mice

BMP1 was �rst discovered in bone extracts based on its 
ability to induce ectopic bone formation (30) (Table 1). 
There are 4 BMP1-like proteinases: BMP1 and its alter-
native splice variant mammalian tolloid (mTLD) encoded 
by the same gene, Bmp1, and mammalian tolloid-like 
1 and 2 (mTLL-1 and mTLL-2, respectively). The main 
role of BMP1 like proteinases involves its procollagen 
C-proteinase (pCP)  activity, which is responsible for 
cleavage of C-terminal propeptides from procollagens types 
I, II, and III (31-33). Other functions involve processing of 
small leucine-rich proteoglycans (decorin, biglycan, and 
osteoglycin) (34-36); activation of lysyl oxidases, an enzyme 
important for cross-linking of collagen molecules (37); pro-
cessing of dentin matrix protein 1 (DMP1)  required for 
bone mineralization (38); and activation of TGFβ1, one of 
the major signaling molecules for bone remodeling (39).

Homozygous Bmp1 null mice die during embryonic 
development due to failure of ventral body wall closure, 
whereas embryonic lethality of homozygous Tll1 mice is 
caused by cardiovascular defects (40,41). Conditional 
knockdown of Bmp1 and Tll1 (BTKO) has been created by 
inducing postnatal ablation of both genes to create surviving 
double homozygous mice. BTKO mice have increased bone 
fractures and brittleness, with reduction of cortical and tra-
becular BV/TV, and increased osteoid seams. The bones are 
highly remodeled, consistent with increased osteoblast and 
osteoclast number. Osteocytes show decreased maturation 
with reduced sclerostin and abnormal cell morphology. 
Bmp1-null or Bmp1/Tll1 null embryos have “barbed-wire” 
collagen �brils with barb-like projections on �bril surfaces 
indicative of incorporation of pC-collagen (42).

Children with homozygous or compound heterozygous 
mutations in BMP1 range in phenotype from mild to se-
vere. In most cases, the impaired processing of the type 
I procollagen C-propeptide leads to high bone mass OI and 

abnormal organization of collagen �brils (43-45) (Fig. 1B). 
High bone mass in this context refers to results of bone 
densitometry studies, with Z scores of up to +3 compared 
to normal population and high bone matrix mineralization 
shown by bone mineral density distribution (BMDD) ana-
lysis, rather than the elevation of BV/TV that is found in 
other high bone mass situations. The administration of BPs 
to patients with high bone mass may increase bone stiff-
ness and brittleness.

Adult patients with autosomal recessive OI due to novel 
heterozygous missense and frameshift mutations in BMP1 
have short stature, frequent fractures, and rhizomelic short-
ening of long bones. In patient �broblasts, processing of 
procollagen as well as prodecorin, important for collagen 
�brillogenesis, were defective. Immuno�uorescent staining 
revealed impaired collagen assembly in vitro. Fibrils in 
dermal ECM were irregular and intra�brillar spaces were 
�lled with amorphous deposits on electron microscopy 
(46).

Defects in modulator of bone morphogenetic protein 

signaling

The bone morphogenetic protein (BMP)/TGFβ signaling 
pathway, distinct from the BMP procollagen pro-
cessing function, may also be contributory to OI syn-
dromes. FAM46A is a member of the superfamily of 
nucleotidyltransferase fold proteins, whose functions are 
largely unknown (47). In Xenopus development, Fam46a 
physically interacts with SMAD family member 1/SMAD 
family member 4 and is a positive modulator for induc-
tion of BMP-target gene transcription (48) (Fig. 2, Table 
1). FAM46A is expressed strongly in murine fetal skel-
eton and in human osteoblasts indicating a possible role 
in bone development (49,50). FAM46A variants have been 
previously associated with autosomal recessive retinitis 
pigmentosa (51). Interestingly, homozygous mutations in 
FAM46A, detected in children originally thought to have 
Stüve-Wiedemann syndrome, have been reported to cause a 
severe form of autosomal recessive OI diagnosed in the �rst 
years of life, with congenital bowing of lower limbs, frac-
tures, dental abnormalities, and blue sclerae (50). Further 
con�rmation of these mutations as OI-causative await 
�broblast biochemical studies and bone tissue analyses. An 
N-ethyl-N-nitrosourea  (ENU)–induced mouse model for 
recessive defect in FAM46A has elevated serum alkaline 
phosphatase, small size, and fragile bones with reduced tra-
becular volume and cortical thickness (49).

Defects in the C-propeptide

The C-propeptide of procollagen type I is critical for chain 
recognition and association. Although mutations in this re-
gion are not incorporated into the ECM, they cause OI with 
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phenotype severity from mild to lethal. Both premature ter-
mination codons (PTCs) and amino acid substitutions have 
been reported. The severity of OI caused by C-propeptide 
defects is in�uenced by the PTC location. When the PTC 
leads to nonsense-mediated messenger RNA decay (NMD), 
the production of mutant proα1 (I)-collagen chains is re-
duced and OI outcome is milder; the absence of NMD leads 
to incorporation of mutant chains into procollagen, which 
affects both folding and overmodi�cation of procollagen, 
leading to a severe or lethal OI phenotype (52).

Now, the crystal structure of C-propeptide trimer from 
human procollagen III heterotrimer (CPIII) provides a more 
reliable tool for predicting OI severity. The C-propeptide 
is �ower-shaped and consists of a stalk, a base, and 3 
pedals. C-propeptide mutations resulting in mild to mod-
erate OI phenotypes often involve surface-located residues 
in the regions not participating in interchain interactions, 
which makes them unlikely to interfere with folding or 
trimerization. Mutations with more severe and lethal out-
comes are located near C-terminus, at the interface be-
tween the petal and the base. Mutations in this region are 
involved in intrachain disul�de bonding, interchain inter-
actions, or stabilization of the hydrophobic core. The struc-
tural model of the C-propeptide can be seen in prior studies 
(52-54). The intrachain disul�de bonds are important for 
initial stages of collagen assembly. Mutations affecting di-
sul�de bonds delay chain association and secretion of mu-
tant chains (55). New evidence shows that the proteostasis 
network engages directly with the misfolded mutant C-pro 
domain, determining secretion vs retention of procollagen. 
Retained mutants are targeted to ER-associated degrad-
ation (56).

Patient �broblasts with C-propeptide structural defects 
exhibit increased levels of BiP, an ER chaperone, which 
may be a response to retention of mutant procollagen 
in the ER and ER stress (57). BiP has been shown by 
coimmunoprecipitation to bind directly to abnormal 
procollagen in OI �broblasts but not in control cells (58). 
C-propeptide mutations, which disrupt trimer assembly, in-
duce degradation of procollagen chains via the proteasomal 
ER-associated degradation pathway (59). However, the 
importance of ER stress in OI caused by C-propeptide 
mutations remains unclear. Recent �ndings indicate that 
C-propeptide defects in OI patients induce mislocalization 
of procollagen in the ER lumen vs the normal location at 
the ER membrane, which may limit exposure of the chains 
to enzymes involved in posttranslational modi�cation. 
Moreover, cleavage of the propeptide is impaired both in the 
pericellular space and in vitro, suggesting that the mutations 
indirectly disturb the 3D structure of the cleavage site (54).

The Aga2 mouse is an ENU-induced mouse model af-
fecting the C-propeptide region of type I  collagen. The 

induced mutation is a novel T to A transversion within in-
tron 50 of Col1a1, which generates a novel exon 39 splice 
acceptor site, ultimately leading to a frameshift with a pre-
dicted termination codon beyond the endogenous stop. 
Mice show severe to lethal phenotypes with increased 
bone fractures and decreased bone mass. Intracellular ac-
cumulation of misfolded collagen induces ER stress with 
upregulation of BiP, Hsp47, and growth arrest- and DNA 
damage-inducible gene Gadd153/Chop, as well as activa-
tion of caspase-3 and -12 and apoptosis of osteoblasts (60). 
Aga2 perinatal lethal mouse show cardiac and pulmonary 
defects due to reduction in collagen and loss of ECM in-
tegrity. These results are validated in a pediatric OI patient 
cohort with types III and IV (61) (see also the section on 
treatment approaches to OI).

Types V and VI OI

Type V Patients and Mice

Type V OI is caused by a recurrent autosomal dominant 
mutation in the 5’-UTR of the interferon induced trans-
membrane protein 5 (IFITM5), encoding bone-restricted 
interferon-induced transmembrane protein-like protein 
(BRIL) (62,63) (Fig. 3, Table 1). BRIL is localized to the 
osteoblast plasma membrane, although it is also expressed 
to a lesser extent in �broblasts. The IFITM5 c.-14C>T mu-
tation creates a new start codon, resulting in addition of 5 
residues (MALEP) to the cytoplasmic N- terminus of BRIL. 
The BRIL MALEP mutation is distinctive among OI types, 
both as the only disease-causing mutation located on the 
5’-UTR and for creating a new start codon upstream of the 
normal translation start (62). BRIL is attached to the cell 
membrane on the cytoplasmic side by palmitoylation of 
cysteines 50 and 51 (64). BRIL is also known to interact 
with FKBP prolyl isomerase 11 (FKBP11) on or within 
the extracellular face of the plasma membrane. Binding of 
BRIL to FKBP11 interferes with the interaction of cluster 
of differentiation 9 (CD9)  with cluster of differentiation 
81 (CD81)-FKBP11 complex, which, in turn, regulates the 
expression of interferon-induced genes. These interactions 
may connect the immune system to OI type V pathophysi-
ology (65).

OI type V was �rst delineated clinically in 2000 by 
Glorieux et  al as a dominantly inherited condition that 
was not associated with a mutation in type I collagen (66). 
It is generally a moderate form of OI, similar in severity 
to type IV OI, although height and bone mineral density 
vary widely. A triad of �ndings were �rst noted: (1) history 
of formation of hyperplastic callus after fractures or fol-
lowing surgery; (2) calci�cation of the interosseous mem-
brane of the forearm; and (3) a hyperdense metaphyseal 
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band in the forearm that develops even in infants. Radial 
head dislocations are also a frequent �nding. Examination 
of bone from type V patients under polarized light reveals 
a mesh-like pattern of lamellation in essentially all pa-
tients. There is a striking variability of phenotype among 
patients with type V OI, in terms of combinations of char-
acteristic clinical and radiographic �ndings. Hyperplastic 
callus or scoliosis are present in about 2/3 of cases, while 
most patients have radial head dislocation and ossi�cation 
of the interosseous membrane. Patients do not exhibit blue 
sclera or dentinogenesis imperfecta (62,66,67). Some pa-
tients are not suspected of having type V OI prior to DNA 
sequencing.

The hypertrophic callus and dense metaphyseal bands of 
type V OI, as well as the mutation structure with elongation 
at the N-terminus of the protein, suggested that the causa-
tive BRIL mutation results in a gain of function (62,68) 
(Fig. 3). The elongated BRIL protein is stable in cells but 
does not display changes in topology, palmitoylation, 
or membrane localization, all providing additional evi-
dence that the type V OI mutation is gain of function (68). 
Osteoblasts from patient bone samples cultured in vitro 

exhibit increased levels of transcripts for osteoblast matur-
ation markers such as osteopontin (secreted phosphopro-
tein 1), alkaline phosphatase (ALPL), and integrin-binding 
sialoprotein  (IBSP), suggestive of alteration of middle 
stages of differentiation (69). These data are in agreement 
with elevation of patient serum alkaline phosphatase levels 
during active hyperplastic callus formation (66), and chron-
ically in some patients (70).

Bone tissue in type V OI patients is highly mineral-
ized on qBEI, similar to classical collagen-based OI (71). 
As in collagen-based OI, trabecular bone mass (BV/TV) is 
decreased in type V OI bone, while BFR, usually elevated 
in collagen-based OI, is decreased in iliac crest biopsies 
of type V OI (66). Type V OI bone also has a striking in-
crease of osteocyte number and size (71). These data pose a 
paradox between the expected low BV of trabecular bone 
in type V OI and the exuberant extraosseous bone forma-
tion of hypertrophic callus and interosseous membrane 
calci�cation. Since the exuberant ossi�cation involves the 
outer surface of bone, it has been speculated that it repre-
sents dysregulated periosteal proliferation that simply uses 
the extraosseous structures as a guide (67). Alternatively, 

Nucleeus

SERPINF1

50 51

Collagen type 1

S40L

S40L

MALEP-5' extention

Golgi

Osteoblast
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B
R
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? ?
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Figure 3. Defects in BRIL and PEDF, altering bone mineralization, cause OI. BRIL has an important role in the regulation of SERPINF1 transcription in 

the nuclei and resultant production of the protein PEDF. In a normal osteoblast, BRIL is attached to the cell membrane by palmytoilation sites. In the 

mutation causing Type V OI, 5 aa resides are added to the 5’ end of BRIL. This in turn increases the transcription of SERPINF1 and its protein PEDF. In 

the presence of a BRIL Serine40Leucine substitution, the palmytoilation process is impaired, and BRIL is trapped in the Golgi apparatus. Clinically, 

BRIL S40L patients have features of severe type VI OI (type atypical VI OI) rather than type V OI. PEDF binding to collagen in matrix is critical for its 

anti-angiogenic function. Osteoid is increased in PEDF null bone tissue by an unknown mechanism.
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the BRIL mutation may impair formation of orderly la-
mellar bone during remodeling, as the same con�guration 
as type V exuberant bone is seen in periosteal bone appos-
ition during normal skeletal development (71). Further in-
vestigation of patient osteoblasts and murine models may 
illuminate the mechanism of the BRIL MALEP mutation at 
osseous and extraosseous sites.

IFITM5 knock-out (KO) mice do not display a skeletal 
dysplasia. However, mice in which the corresponding BRIL 
mutation was introduced by clustered regularly interspaced 
short palindromic repeats (CRISPR) are embryonic lethal. 
These pups showed skeletal deformities, including wavy 
ribs, bent long bones, and hypermineralized skulls (72). 
Interestingly, their long bones were �led with hypertrophic 
chondrocytes (72).

Type VI and Atypical VI OI Patients and 

Murine Models

Type VI OI is a severe recessive bone dysplasia caused 
by mutations in Serpin family F member 1 (SERPINF1). 
SERPINF1 encodes pigment epithelium-derived factor 
(PEDF), a 50 kDA secreted glycoprotein, which was al-
ready well-known as a potent antiangiogenic factor 
(Table 1). In type VI OI, the causative mutations are gen-
erally null mutations and result in an absence of serum 
PEDF that is unique to this type. PEDF is known to bind 
to type I collagen and it is intriguing that mutating res-
idues on PEDF that are critical to collagen binding abro-
gates its anti-angiogenic effect (73) (Fig. 3). In cultured 
osteoblasts, addition of PEDF reduced expression of 
sclerostin (SOST)  in a dose-dependent manner, which 
contributes to the osteogenic effect of PEDF, and sup-
pressed expression of genes associated with osteocytes 
in bone tissue, including SOST, matrix extracellular 
phosphoglycoprotein  (MEPE), and DMP1 (74). In add-
ition, PEDF is highly expressed in adipocytes where its 
role in adipogenesis is inhibitory; conversely, PEDF ex-
pression is decreased during adipogenesis (75). The PEDF 
KO mouse has a 50% increase in total body adiposity 
(75). PEDF binds to adipose triglyceride lipase  (ATGL), 
suppresses peroxisome proliferator-activated receptor 
gamma  (PPARγ), and, consequently, platelet glycopro-
tein 4  (CD36), itself a fatty acid–traf�cking protein 
(76). Overall, PEDF increases osteogenesis and inhibits 
adipogenesis, consistently favoring differentiation of mes-
enchymal stem cells into osteoblasts vs adipocytes (75).

Type VI OI was �rst delineated in 2002, with recessive 
inheritance of a severe bone dysplasia resembling type III 
OI. Distinct from type III OI, type VI patients are generally 
not identi�ed at birth but present with frequent fractures 
after 1  year of age (77). Other unique clinical identi�ers 

for type VI OI include persistently elevated alkaline phos-
phatase in childhood and absence of serum PEDF. The bone 
tissue of type VI OI is also distinctive; the combination of 
increased unmineralized osteoid and �sh-scale lamellae 
under polarized light was critical to the original clinical de-
lineation (77).

The SERPINF1−/− null mouse model is characterized 
by reduced BV/TV and elevated osteoid, as found in clin-
ical type VI OI (78). In vitro, mineral deposition was in-
creased and the mineral to matrix ratio was elevated in 
calci�ed nodules (78). Treatment studies involving this 
mouse yielded con�icting results. Delivery of PEDF via 
helper-dependent adenoviral vector injection into the tail 
vein of 2-month-old SERPINF1−/− mice did not improve 
bone phenotype (79). In contrast, intraperitoneal injec-
tion of PEDF-containing microspheres into 19-day- and 
6-month-old SERPINF1−/− mice was reported to improved 
bone mass and mechanics (80). The different outcomes 
may re�ect the different PEDF modes or sites of delivery, 
local vs liver production of PEDF, or ages of treated mice. 
Replacement therapies will need to be further investigated 
to validate the best treatment option.

IFITM5/BRIL S40L (c.119 C>T) is a special mutation 
that occurs in the gene causing type V OI but results in a 
pattern of OI �ndings that resembles type VI OI (Fig. 3, 
Table 1). The index patient with this mutation has bone 
dysplasia more severe than even typical type VI OI, ele-
vated serum alkaline phosphatase in childhood that re-
turned to normal at skeletal maturity, and a �sh-scale 
lamellar pattern with appearance similar to �sh scales ra-
ther than normal appearance of parallel lines when bone 
was viewed under polarized light (81). Serum PEDF was 
normal but cultured �broblasts and osteoblasts had nearly 
absent secretion of PEDF. This patient, and the additional 
8 independent patients reported with the same mutation 
(81-88), do not have the distinctive clinical and radio-
graphic �ndings of type V OI. Both the S40L substitution 
of atypical type VI OI and the MALEP insertion of type 
V OI are heterozygous, supporting dominant inheritance 
of the de novo mutation. The S40L BRIL mutation occurs 
near the palmitoylation sites at S50 and S51 (64) (Fig. 
3). In mouse, the corresponding mutation occurs at S42, 
and substitution with leucine leads to poor palmitoylation 
of BRIL at S52 and S53 and its entrapment in the Golgi 
(68). Differentiation of osteoblasts in vitro from type V 
OI and BRIL S40L patients shows a reciprocal relation-
ship between these mutations: cells with the MALEP mu-
tation have increased mineralization in culture, as well 
as increased SERPINF1 expression and PEDF secretion, 
while osteoblasts with S40L have reduced mineralization 
in culture and reduced SERPINF1 expression and PEDF 
secretion. Interestingly, both mutations result in reduced 
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Figure 4. OASIS, RIP, and TRIC-B role in bone formation. The ER serves as a major storage site for intracellular Ca+2. Type I collagen is synthesized 

within this compartment and Ca+2 is a cofactor for many enzymes involved in collagen folding and modification. Upon receiving extracellular stimuli, 

the ER lumen releases Ca+2 to the cytoplasm through IP
3
R. TRIC-B is involved indirectly in the kinetics of Ca+2 entry and released from the ER by 

mediating K+ flux; this maintains the electroneutrality through the ER membrane. When TRIC-B is deficient, altered Ca flux interferes with multiple 

Ca+2 binding chaperones such as BiP and modifying enzymes such as LH1, thus disrupting the synthesis and secretion of collagen. Subsequent to cell 

stress, regulatory proteins in the ER membrane, such as OASIS, are transported from the ER to the Golgi membrane for RIP. After sequential cleavage 

by S1P and S2P, transmembrane proteases in the Golgi, the released N-terminal portion of OASIS can then translocate into the nucleus and activate 

transcription of a set of matrix-related genes, including collagen type I alpha/alpha 21 chain.

collagen expression during osteoblast differentiation 
(69,81).

A murine model for atypical type VI OI was re-
cently generated with an I�tm5 S42L mutation. This is 
a dominant mutation, as in the patients, and mice ex-
hibit a mutation dosage effect. Heterozygous mice have  
fractures and reduced DXA compared to their WT 
littermates, and homozygous mice display a more severe 
phenotype (89).

The mechanism of the implied connection between 
BRIL and PEDF generated by the IFITM5 S40L substi-
tution is unclear. BRIL and PEDF do not interact directly 
with each other, and neither has a function related directly 
to collagen processing, synthesis, folding, or cross-linking, 
although each affects osteoblast mineralization and differ-
entiation in a complementary way.

Type XIV OI—TMEM38B Defects

Calcium Flux Defect in a Distinctive OI Form

Calcium signaling is important for the body; release of cal-
cium from the sarcoplasmic reticulum (SR) and ER is cru-
cial for diverse cellular roles (90). The process involves 2 
key activities: calcium release that creates counter move-
ment of ions across SR/ER to stabilize the transport of 
negative potential on the luminal side and calcium move-
ment from intracellular stores through calcium release 
channels to the plasma membrane (91,92) (Fig. 4). Ca2+ 
acts as a secondary messenger and interacts with many pro-
teins, among which is type I collagen. The role of Ca2+ in 
collagen metabolism is both direct, in that Ca2+ binds to the 
procollagen C-propeptide and stabilizes the disul�de bonds 
and interchain hydrogen bonds essential for procollagen 
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trimerization and folding (53), and indirect, in that Ca2+ 
is a critical cofactor for multiple enzymes involved in 
procollagen posttranslational modi�cation.

Yazawa et  al reported the discovery of 2 trimeric intra-
cellular cation (TRIC) channels which are differentially ex-
pressed on intracellular membranes and have roles as counter 
ion channels in synchrony with ryanodine receptor/inositol 
1,4,5-trisphosphate  (RyR/IP3)–mediated Ca+2 release (93) 
(Table 1). The ER membrane is rich in TRIC channels (94). 
TRIC-A is encoded by TMEM38A and is expressed in the SR of 
muscle cells, including cardiac muscle, and functions coordin-
ately with ryanodine receptor-mediated Ca2+ release. TRIC-B, 
encoded by TMEM38B, is ubiquitously expressed in the ER 
and operates in synchrony with inositol 1,4,5-trisphosphate 
receptor (IP3R) (93,95,96) (Fig. 4). TRIC-A and TRIC-B are 
coexpressed in many tissues, including the heart, and may 
overlap in some functions, making it dif�cult to distinguish 
the role of each channel separately (97). In bone, TRIC-B is 
the key player, where its role is to regulate the transmembrane 
�ux of K+ to maintain electroneutrality across the ER mem-
brane in coordination with IP3R channel mediated release of 
Ca2+ from the ER (93,95,96).

Patients and Mice

Type XIV OI is autosomal recessive form of OI caused by 
null mutations in TMEM38B (Table 1). A founder muta-
tion in TMEM38B was �rst reported simultaneously in 
Bedouin families with OI in Israel and Saudi Arabia (98,99). 
Subsequent cases with different recessive defects in TRIC-B 
were reported in Albania, Pakistan, China, Egypt, Spain, 
and Turkey (85,100-103). Although these mutations are all 
null mutations, the extent of phenotypic variability among 
type XIV OI patients is striking, spanning from asymptom-
atic individuals to severe OI. Also, patients exhibit various 
combinations of clinical features such as coxa vara, frac-
tures, and bowed long bones (101). Generally speaking, 
most patients with type XIV OI exhibit moderate OI se-
verity, in the range of type IV OI, including osteoporosis, 
bowed limbs, wormian bones, and increased bone fragility 
(99). The onset of the �rst reported fracture among patients 
with the Bedouin founder mutation ranged from prenatal 
to 6  years of age (98). Distinct from other OI dominant 
and recessive types, the reduced BV/TV of type XIV OI is 
not associated with high bone turnover but rather with low 
bone resorption and reduced to normal numbers of osteo-
blasts (101). They also lack the bone hypermineralization 
found on qBEI in almost all OI types.

Fibroblasts and osteoblasts lacking TRIC-B exhibit 
impaired ER calcium in�ux kinetics. Since Ca+2 is a crit-
ical cofactor for multiple enzymes involved in procollagen 

assembly, folding, and modi�cation, this leads to a global 
dysregulation of collagen synthesis. Posttranslational 
modi�cation of collagen type I is uniquely altered in type 
XIV OI osteoblast and �broblast cells, opposite to the 
overmodi�cation of the collagen helix found in classical 
types II, III, and IV and recessive defects in procollagen 
prolyl 3-hydroxylation in types VII, VIII, and IX OI. In 
type XIV OI, collagen helical lysyl hydroxylation is re-
duced, due to LH1 dysfunction, despite attempted com-
pensation though increased PLOD1 transcription and 
increased LH1 protein levels (Fig. 4). There is a moderate 
increase in telopeptide lysine hydroxylation of patient 
procollagen that occurs due to increased lysyl hydroxylase 
2 (LH2) levels, even though PLOD2 transcripts and FKBP 
prolyl isomerase 65 protein are reduced. Notwithstanding 
the increased levels of protein disul�de isomerase (PDI) 
protein found in patient cells, disul�de catalysis by PDI, 
critical to the assembly of trimeric procollagen, is likely 
also compromised since procollagen assembly is delayed. 
Cyclophilin B protein  (CyPB), a component of the 
procollagen proline 3-hydroxylation complex in the ER 
which also binds to both BiP and PDI, is decreased in 
TMEM38B null cells, resulting in modest reduction of col-
lagen α1(I) P986 3-hydroxylation to levels seen in carriers 
of 3-hydroxylation defects (Fig. 4). CyPB  is also the major 
collagen cis-trans isomerase and the peptidylprolyl isom-
erase  (PPlase) for LH1, but collagen in TMEM38B null 
cells does not have delayed folding. A signi�cant portion of 
the resulting misfolded procollagen is degraded intracellu-
larly in TRIC-B null cells, causing reduced cellular collagen 
secretion (104).

Tric-b knockout mice die shortly after birth due to re-
spiratory failure (93,95). The impaired IP

3R-mediated 
calcium release from the ER in alveolar epithelial cells re-
sults in intracellular store overload in these mice (95). Tric 
double knockout (Tric-a/Tric-b) mice suffer from cardiac 
dysfunction due to deformed cardiac myocytes with im-
paired intracellular calcium management; these mice are 
embryonic lethal (93). The Tric-a knockout mouse model 
was essential to the discovery that the Tric-b channel is able 
to function as a monovalent cation channel to deliver K+ 
ions to the SR in response to loss of positive charge during 
acute phase of calcium release. (97). TRIC-B is vital for the 
ability of osteoblasts to deposit suf�cient quantities of col-
lagen in bone (105). Tric-b knockout mice display impaired 
bone mineralization and impaired ossi�cation due to insuf-
�ciency of collagen deposited in ECM secondary to inhib-
ition of collagen transport from ER to Golgi in osteoblasts 
(105). In patients, intracellular retention and degradation 
of procollagen similarly result in a marked decrease in col-
lagen secretion by �broblasts and osteoblasts (104).
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Wnt Family Member 1 Defects—Type XV OI

Wnt/β-catenin signaling is one the major regulatory path-
ways in bone development. Human and murine studies 
showed that loss or gain of function of Wnt coreceptor 
low-density lipoprotein receptor-related protein 5 (LRP5) 
induced low or high bone mass phenotype, respectively, 
emphasizing the role of Wnt in bone formation (106-
110) (Table 1). The Wnt/β-catenin pathway is activated 
by binding of Wnt ligand to the frizzled  (Fz)/LRP5 or 
low-density lipoprotein receptor-related protein 6 (LRP6), 
which enhances β-catenin stability by inhibiting its phos-
phorylation by the degradation complex consisting of axin, 
adenomatous polyposis coli (APC), and glycogen synthase 
kinase 3 (GSK3). β-catenin then accumulates in the nucleus 
where it interacts with T cell factor/lymphoid enhancer-
binding factor (TCF/LEF) and induces target gene expres-
sion (111) (Fig. 2).

In humans, mutations in Wnt family member 1 (WNT1) 
can cause either autosomal dominant or recessive type XV 
OI. Homozygous mutations in WNT1 were found to cause 
recessive OI, characterized by short stature, multiple verte-
bral compression fractures, kyphoscoliosis, and severe long 
bones fractures, with phenotypic severity ranging from 
moderate to progressive deforming (112-122). Intriguingly, 
heterozygous mutations in WNT1 cause dominantly in-
herited early-onset osteoporosis (113,115,123,124). 
Patients with recessive type XV OI have scleral hue ranging 
from white to bluish gray to blue. No dentinogenesis im-
perfecta was reported. Two features atypical for OI were 
also noted, in that the BMDD of patient bone was normal 
and bone histology showed low turnover. In either inherit-
ance pattern, the mutated Wnt1 protein has reduced ability 
to activate the Wnt/β-catenin pathway, implicating its role 
in regulation of osteoblast function and bone homeostasis 
(113,115,124) (Fig. 2). Using crystal structure models, re-
cessive p.Gly177Cys and dominant p.Arg235Trp substi-
tutions in WNT1 were inferred to unfold Wnt1 segments 
important for binding to LRP5/6 or Fz receptors, respect-
ively (113).

In the murine Wnt1−/− model, early postnatal lethality 
occurs due to disruption in midbrain and cerebellar devel-
opment (125). In patients, Wnt1 mutations have a more 
consistently skeletal impact, but emerging information 
points to a signi�cant neurological component in type XV 
patients as well. About half of patients with WNT1-related 
OI have neurological or brain abnormalities, including di-
lated ventricles with cerebral atrophic changes, cerebellar 
hypoplasia with short midbrain, or type I Chiari malfor-
mation, and about 40% have severe intellectual disability 
or developmental delay (122). One striking feature has 
been the asymmetry of cerebellar hypoplasia seen in some 

patients, a rare feature among genetic types of cerebellar 
hypoplasia and one that raises the possibility of prenatal 
hemorrhage (126). Also, all patients with developmental 
delay or neurological defects exhibited bilateral ptosis, a 
unique �nding that may facilitate the WNT1-OI diagnosis 
(122). Since some cases with central nervous system �nd-
ings had consanguineous parents or an affected sibling 
without neurological defects, their neurological �ndings 
cannot be de�nitively attributed to the Wnt1 mutations, 
although the high percentage of affected children with a 
neurological abnormality makes mutation causality likely 
(114,115,120-122,126,127).

Further insight into mechanism of mutations in the 
Wnt1 pathway comes from the Swaying mouse (Wnt1sw/sw),  
which carries a spontaneous single nucleotide deletion in 
Wnt1 at the same site as reported in a patient, causing 
a frameshift and premature termination. Wnt1sw/sw mice 
survive postnatally; they have growth de�ciency, spontan-
eous fractures, and osteopenic bone caused by a decrease 
in osteoblastic activity resulting in reduced collagen con-
tent in bone matrix. Their femora are weaker and break 
at lower ultimate load, but they are less brittle than WT, 
opposite to �ndings in classical and most recessive forms 
of OI. Wnt1sw/sw femora have reduced collagen mineral-
ization, as evaluated by Raman spectroscopy, which is 
again atypical for OI (128). Both Wnt1 null and Wnt1sw/sw  
mice show cerebellar defects; central impacts on  
bone fragility could also contribute to the skeletal pheno-
type (129).

Wnt1 expression has been traced to an osteocyte popu-
lation in bone and to brain and femur in mouse (115). 
Murine models with cell-speci�c defects supported osteo-
cytes as a source of WNT1, suggesting their role in regula-
tion of bone formation was mediated through mammalian 
target of rapamycin complex 1 (mTORC1) signaling (130). 
Wnt1 signals from mesenchymal precursor cells were 
shown to act in juxtacrine manner and induce osteoblast 
differentiation and bone formation, while decreasing bone 
resorption (131).

Recently, mutations in MESD, a gene that encodes an 
endoplasmatic reticulum chaperone for the Wnt recep-
tors LRP5 and LRP6, have been proposed to cause reces-
sive OI (132) (Fig. 2, Table 1), although further data are 
needed to know whether these defects are better classi�ed 
with OI or LRP5/6. Five independent individuals homo-
zygous for truncation or frameshift mutations in the �nal 
exon of low-density lipoprotein receptor-related protein 
chaperone MESD (MESD) have a progressive deforming 
skeletal dysplasia, with recurrent fractures. Two individ-
uals died in infancy of respiratory insuf�ciency. Bluish 
sclerae were present in the youngest patients. Older pa-
tients have oligodontia, a feature that could place these 
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patients with LRP6 loss-of-function mutations. Intellectual 
disability was present in 3 patients. Since the MESD muta-
tions in patients are located downstream of the chaperone 
domain and upstream of the ER-retention domain in the 
protein, the investigators hypothesized that they are likely 
hypomorphic. Another recent paper reported compound 
heterozygous frameshift mutations in MESD exon 2 and 
exon 3 causing stillbirths (133). Three stillbirths presented 
with multiple intrauterine fractures and severe skeletal de-
formities. Histological analysis revealed uncoupled bone 
remodeling. Newly formed bone showed enlarged osteo-
cytes and thickened canaliculi, with irregularly mineralized 
matrix. BMDD analysis indicated inhomogeneous, im-
paired mineralization of newly formed bone. The more se-
vere phenotype may be related to the loss of the chaperone 
domain of MESD located in exon 2, leading to a complete 
protein loss of function and implying a role of MESD in 
early skeletal development.

Deletion of the MESD gene in mice causes embryonic 
lethality (134) and inhibits LRP5 and LRP6 traf�cking 
(135). In patient �broblasts, as well as cells transfected 
with MESD constructs, mutant MESD has the ability to 
chaperone and traf�c LRP5, but is not retained in the ER. 
BP administration was not effective in these patients, likely 
related to low turnover status of bone. However, agents 
that enhance Wnt signaling such as antisclerostin antibody 
could potentially have therapeutic ef�cacy (132).

Types XVI and XVIII OI—Defects in RIP in Bone

Patients and Mice With OASIS Defects

Oasis (old astrocyte speci�cally induced-substance) is a 
transmembrane basic leucine zipper (bZIP) transcriptional 
factor that belongs to the CREB/ATF family, and was �rst 
identi�ed by differential expression in long-term cultured 
murine astrocytes (136) (Table 1). When astrocytes are ex-
posed to ER stressors such as thapsigargin or tunicamycin, 
OASIS is transported to the Golgi membrane and cleaved 
by the regulated intramembrane proteolysis (RIP) system, 
releasing the N-terminal cytoplasmic domain, which is then 
translocated into the nucleus to induce target gene tran-
scription (137-139) (Fig. 4). Generation of OASIS−/− mice 
revealed the importance of this protein for bone formation 
(15). OASIS−/− mice have osteopenic bones, with decreased 
trabecular thickness (TbTh) underlying their decreased BV/
TV. They are subject to spontaneous fractures and show 
growth retardation. Bone tissue, but not skin, has decreased 
type I collagen content, and decreased mineral density. This 
matrix insuf�ciency is based on the direct binding of OASIS 
to a UPR element-like sequence in the promoter of Col1a1, 
increasing collagen transcription. Oasis also promotes the 
secretion of bone matrix proteins, such as osteocalcin. 

Osteoblasts de�cient in OASIS had enlarged ER with evi-
dent accumulation of procol(I)α1 and osteocalcin. When 
OASIS was overexpressed in osteoblast-like MC3T3-E1, 
exposure of the cells to ER stress led to cleavage of OASIS 
and its translocation into the nucleus, suggesting OASIS 
is activated by ER stress in osteoblasts. Stimulation of the 
same cells with bone morphogenetic protein 2 (BMP2), a 
bone formation regulator, induced mild/physiological ER 
stress and processing of OASIS was by RIP. This opens the 
testable concept that BMP regulation bone formation could 
involve induction of ER stress and activation of OASIS 
(15). Additionally, osteopenia and decreased expression of 
type I collagen, as well as expansion of enlarged ER, were 
rescued by osteoblast-speci�c overexpression of OASIS. 
Although growth retardation in OASIS−/− mice was not 
rescued by overexpression of OASIS, it was improved by 
treatment with growth hormone, implying OASIS−/− mice 
may have an impaired growth hormone/insulin-like growth 
factor 1 axis (140).

To date, defects in CREB3L1/OASIS have been re-
ported in only 5 families or individuals with OI. A Turkish 
family had two severely affected children with in utero 
fractures of ribs and long bones and bowed limbs who 
were homozygous for deletion of the entire cAMP respon-
sive element binding protein 3-like 1 (CREB3L1) gene. 
The �rst child lived 9  months without signs of immune 
de�ciencies and died of cardiac insuf�ciency; the sibling 
was terminated in utero. No quantitative or structural de-
fects of intracellular or secreted type I collagen were de-
tected (141). Second, in a Lebanese family, an in-frame 
deletion of the codon for a single residue (p.Lys312del) 
caused a mild phenotype with blue sclerae and several 
childhood fractures in heterozygotes, while 3 homozy-
gous infants had a severe lethal phenotype with marked 
rhizomelia, rib fractures and thin calvarium. The mu-
tant OASIS was unable to bind to the UPR element-like 
sequence in the COL1A1 promoter. Additionally, OASIS 
was shown to be important for expression of coat pro-
tein complex II (COPII) component Sec24 homolog D, in-
volved in collagen protein traf�cking (142). This impact 
of OASIS on the cellular collagen secretory machinery 
was also noted in cells from a terminated Turkish fetus 
with a homozygous missense mutation, associated with 
decreased transcription of Sec23 homolog A  and Sec24 
homolog D (143). Fourth, an 11-year old Somali boy had 
severe OI with blue sclerae, tooth agenesis, severe long 
bone fractures and lumbar spine DXA z-score = -6.1. He 
was homozygous for a PTC in OASIS. Marked decrease of 
type I collagen transcripts was noted in bone tissue, but 
not in skin, similar to �ndings in the Oasis-/- mouse (144). 
Most recently, the �rst adults with an OASIS defects were 
reported in an Indonesian pedigree. They have progressive 
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deforming OI of long bones and spine, but do not have 
blue sclerae or dentinogenesis imperfecta associated with 
their homozygous deletion, which is expected to produce 
a frameshift at p.Pro458. Cells were not available to deter-
mine the stability of the resulting OASIS transcript (145).

Patients With Defects in Site-2 Protease (Type 

XVIII OI) or Site-1 Protease

RIP signaling is an evolutionarily important process of 
cellular signal transduction, a mechanism which has been 
conserved from bacteria to humans. It has been impli-
cated in processes of growth, differentiation, and ER 
stress response but is best known for its role in cholesterol 
metabolism (146,147). In addition to OASIS/CREB3L1, 
other substrates such as ATF6, one of the major trans-
ducers of UPR pathway (148), and sterol regulatory 
element-binding protein (SREBP), which regulates chol-
esterol metabolism (149), are processed by Class 2 RIP, 
a 2-stage cleavage reaction completed sequentially by 
site-1 and site-2 proteases (S1P and S2P, respectively). 
S1P is a serine protease with a single membrane-crossing 
helix and an active site with its catalytic triad (aspar-
tate, histidine, serine) located in the lumen. S2P has mul-
tiple membranous domains and is a highly hydrophobic 
metalloprotease that contains an HEXXH zinc-binding 
motif important for its function (147) (Table 1). In re-
sponse to retention of unfolded proteins in the ER, OASIS 
and other substrates are translocated from the ER mem-
brane to the Golgi membrane, where they are sequen-
tially cleaved by S1P and S2P. Their N-terminal fragment 
then translocates to the nucleus and regulates production 
of collagen and matrix components (138,139).

Type XVIII OI is also the �rst X-linked type. Moderately 
severe X-linked recessive OI was reported in 2 inde-
pendent pedigrees from Thailand and Germany, caused by 
missense mutation in the MBTPS2 gene that encodes S2P 
(150). The resulting substitutions are located in or near the 
S2P NPDG motif critical for S2P metal ion coordination. 
These patients have short stature, pre- and postnatal long 
bone and rib fractures, bowing, barrel chest, and vertebral 
compressions. Interestingly, substitutions elsewhere in 
S2P have been associated with cholesterol-related derma-
tological conditions ichthyosis follicularis, atrichia, and 
photophobia  (IFAP); BRESEK/BRESHECK syndrome; 
and keratosis follicularis spinulosa decalvans  (KFSD) 
(151-153). The OI patients do not share these symptoms; 
conversely, IFAP patients do not have a skeletal dys-
plasia. Affected OI �broblasts and osteoblasts showed im-
paired, but not totally absent, cleavage of RIP substrates: 
OASIS, ATF6, and SREBP. Mass spectroscopy analysis of 
bone tissue collagen from 1 of the affected OI patients 

had less than half the normal level of hydroxylated ly-
sine (K87), important for collagen cross-linking. This col-
lagen �nding is consistent with elevation of the urinary 
lysyl pyridinoline to hydroxylysyl pyridinoline ratio in 2 
affected children. These data provide evidence that RIP is 
involved in regulation of bone homeostasis (150).

Interestingly, the sole patient associated with recessive mu-
tations in the MBTPS1 gene, encoding S1P, does not have OI, 
although the child does have features of a skeletal dysplasia. 
The patient shows growth retardation, kyphoscoliosis, and 
dysmorphic facial features, as well as elevated blood lyso-
somal enzymes. Chondrocytes in patient induced pluripo-
tent stem cell teratomas displayed increased lysosomes and 
enlarged ER. S1P also proteolytically activates the cAMP 
responsive element binding protein 3-like 2 transcription 
factor (BBF2H7), which regulates expression of genes coding 
for proteins that form large collagen-secreting vesicles, such 
as Tango1. Impaired cleavage of BBF2H7 may be the cause 
of the collagen accumulation and increased apoptosis seen 
in patient cells. The patient also displayed elevated levels of 
urinary N-telopeptides, suggesting ECM degradation due to 
elevated levels of serum lysosomal enzymes might contribute 
to the skeletal phenotype (154).

S1P Deficient Mice

Cartilage-speci�c S1P knockout mice (S1Pcko) were gener-
ated before the patient with compound S1P mutations was 
reported. S1Pcko mice develop severe chondrodysplasia and 
die shortly after birth, possibly due to respiratory distress 
caused by their small chest cavity. Bone histology shows 
lack of endochondral ossi�cation. S1Pcko bone sections 
show abnormal deposition of collagen �brils and selective 
entrapment of type II collagen in chondrocytes. Electron 
microscopy of S1Pcko tibia revealed enlarged ER, sug-
gesting that S1P is important for ER stress induction by 
chondrocytes, necessary for cartilage synthesis, and plays 
an important role in bone development by regulating 
endochondral bone formation (155). When S1P was ab-
lated by osterix promotor Cre-driven deletion, the mutant 
mice survived and developed an osteochondrodystrophy 
and variable scoliosis. Their bones have severe osteopenia 
with reduced mineral density, mineral apposition, and 
BFRs. S1P directly regulates skeletal development by regu-
lating the pool of mesenchymal progenitors and osteo-
blastic differentiation (156).

Recently Proposed Candidate Gene for OI

Homozygous loss-of-function mutations in CCDC134 
have been recently identi�ed as causative of a severe 
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recessive bone fragility syndrome in 3 Moroccan cases 
(157) (Table 1). CCDC134 encodes a secretory protein 
responsible for inhibition of mitogen-activated protein 
kinase (MAPK) phosphorylation of extracellular signal-
regulated kinase (ERK) or mitogen-activated protein kinase 
8  (JNK) (158). Patients have short stature, multiple frac-
tures, bowed long bones, pseudarthroses, and scleral hue 
ranging from white to grey, without dentinogenesis imper-
fecta. Histomorphometry yielded decreased Tb BV/TV but 
increased cortices, with normal MAR and BFR, an unusual 
pattern for OI. Increased Erk1/2 phosphorylation, de-
creased COL1A1 and OPN expression, as well as decreased 
type I collagen were found in patient �broblasts and osteo-
blasts, underlying reduced in vitro mineralization. Murine 
data supports a role for Ccdc134 during embryonic devel-
opment, perhaps functioning as a cytokine (159). KO mice 
were embryonically lethal and smaller than WT littermates. 
These reports suggest a role for CCDC134 in bone forma-
tion through the MAPK/ERK signaling pathway, activating 
ERK1/2 phosphorylation and decreasing osteoblast dif-
ferentiation as in neuro�bromatosis 1 (160) and classic 
“dripping candle wax” melorheostosis (161). Further in-
vestigation of patient bone tissue will reveal whether 
coiled-coil domain-containing protein 134 (CCDC134) de-
fects should be grouped with these conditions rather than 
recessive OI.

The latest gene discovered to be associated with OI is 
KDEL ER protein retention receptor 2 (KDELR2) (162) 
(Table 1, Fig. 1). Bi-allelic KDELR2 variants were reported 
in 6 cases with multiple fractures beginning in childhood, 
long bone bowing, chest deformity, and short stature, given 
the diagnosis of progressive deforming OI (162).

KDELR2 encodes KDEL ER protein retention receptor 2, 
a member of the KDEL receptor family, localizes to the ER, 
Golgi complex, and intermediate ER-Golgi compartment 
(163). One KDELRs function is to facilitate the recovery 
of ER resident proteins from the acidic environment of the 
Golgi back to the neutral-pH ER using PH-dependent rec-
ognition by KDEL receptors of the c-terminus KDEL motif 
(Lys-Asp-Glu-Leu) (164). Among the proteins that contain 
the KDEL motif is the ER resident chaperone BiP (165).

Type I procollagen was reduced in media and cells of pa-
tient �broblasts, as were intracellular levels of both FKPB65 
and HSP47, which contain the KDEL motif (162). In add-
ition, collagen �brils were thin and imperfectly folded and 
an increase in HSP47 bound to monomeric and multimeric 
collagen molecules was revealed using electron microscopy. 
These defects in KDELR2, resulting in defective reverse 
transport, are a novel presumptive cause of recessive OI, 
given the known relationship of HSP47 to collagen func-
tion and regulation and the demonstrated defects in col-
lagen in KDELR2 patients (162).

Material Properties and Mineralization of 

OI Bone

The increased fragility of OI bone is due to abnormalities 
in bone material properties as well as low bone mass (166). 
Both dominant and recessive OI-causing mutations affect 
bone tissue at multiple scales. The most notable changes 
involve the cross-links that give strength to bone and the 
mineralization that determines its brittleness (167,168).

Type I  collagen, organized in heterotypic �brils with 
types III and V collagen, comprises the major organic com-
ponent of bone matrix. NCPs and proteoglycans interact 
with collagen at speci�c binding sites (169). Reduced 
collagen content of OI bone is associated with thin cor-
tices and lower trabecular BV/TV on histomorphometry 
of both type I OI, caused by a quantitative defect in col-
lagen without abnormality in the primary structure or 
posttranslational modi�cation of type I  collagen, and OI 
types II, III, and IV with defects in the primary structure 
of a collagen alpha chain and in posttranslational modi-
�cation of the collagen triple helix (170). Both types of 
collagen defects are associated with increased osteoblasts 
and osteoclasts, supporting a high turnover bone metab-
olism. The proposed mechanism is that an increase in the 
microdamage occurring in bone matrix as a result of the 
impaired mechanical resistance may be the cause of the in-
crease in remodeling. This also suggests that remodeling in 
OI patients is not effective since it is not improving the bone 
quality, but depositing new matrix that is still as impaired 
as the old matrix that was removed (171). The MAR, but 
not the mineralization lag time, was also reduced in both 
groups, pointing to a decreased osteoblast matrix produc-
tion but a normal mineralization process (170).

On mechanical testing in femora of murine models, OI 
bone (types I-IV, VI, VII, VIII, IX, XIII) is generally less 
stiff, has a lower yield point (the deformation at which 
bone cannot resume its prebending con�guration), frac-
tures at a lower ultimate load, and is more brittle (reduced 
postyield displacement) than normal bone (78,172,173). 
Correlating these whole bone defects in strength with 
particular molecular defects is dif�cult. Complex factors 
such as increased bone microcracks and altered collagen 
cross-link patterns have adverse effects on bone strength. 
Cross-links between collagen monomers are formed by 
lysyl oxidase and lysyl hydroxylase. Trivalent collagen 
cross-links measured as biomarkers result from collagen 
resorption (174). In the oim/oim mouse, the decrease 
in enzymatic collagen cross-links and 30% increase in 
nonenzymatic collagen cross-links, also called advance 
glycation end products, contribute to decreased bone 
toughness, resulting in minimal resistance to microcrack 
propagation (175).
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Hypermineralization of bone tissue is a cardinal uni-
fying feature of almost all OI types. This is the major 
tissue property underlying OI bone brittleness, which re-
fers to its susceptibility to fracture by snapping when bent 
or displaced beyond the yield point. This discovery of OI 
bone hypermineralization, �rst made by Boyde et al (176) 
in 1999, came as a surprise because DXA bone density 
is almost always decreased in OI. The source of this ap-
parent paradox lies in the imaging technique; DXA is a 
2D-imaging modality that relies on comparison of patient 
bone with a phantom and is dependent on both mineral 
quantity and organization, while BMDD can be deter-
mined directly on bone sections using qBEI. BMDD allows 
direct determination of different parameters such as mean 
calcium concentration (CaMean), obtained from integrated 
area under BMDD curve; peak calcium content (CaPeak), 
is the most frequently measured calcium concentration; the 
width of calcium content distribution (CaWidth), which re-
�ects variation in mineralization density; the highly min-
eralized area of bone (CaHigh), which is measured as the 
percentage of mineralized bone area above the 95th per-
centile; and the area of bone with low amounts of mineral-
ized bone  (CaLow), which is measured as the percentage 
of mineralized bone area below the 5th percentile (177). 
Patients with either qualitative or haploinsuf�ciency muta-
tions in type I collagen show a similar increase in mean and 
peak calcium content of bone on BMDD (166). Similarly, 
the mineral particle width, determined with combined 
small-angle X-ray scattering (SAXS), which provides data 
on mineral crystal orientation and shape in bone, and 
wide-angle X-ray diffraction  (WAXD), which character-
izes structural parameters of hydroxy appetite crystals 
(178), has an equivalent increase in the packing density 
of normal width crystals in bone with collagen structural 
or haploinsuf�ciency defects. This similarity of mineral-
ization quantity and organization between OI types is 
counterintuitive, in that it does not correlate with either 
the severity of OI phenotype or the procollagen struc-
tural changes. Factors other than the collagen itself have 
been proposed as responsible for the hypermineralization 
of OI bone (179,180), and this proposal is supported by 
the occurrence of bone hypermineralization in reces-
sive forms without primary defects in collagen struc-
ture (167,168,181). Interestingly, processing of the 
procollagen C-propeptide also affects bone mineralization. 
Mutations in the procollagen C-proteinase cleavage site 
(28) lead to OI with uniformly moderate severity. Bone 
hypermineralization on BMDD (28) is shifted further to the 
right of the collagen-based OI curve, with calcium levels 
higher than any other forms of OI. Histomorphometry 
showed increased trabecular volume and cortical thickness 
with hyperosteoidosis (29), as well as normal to elevated 

L1-L2 DXA values. Correspondingly, recessive mutations 
in the C-proteinase, BMP1, have a similar outcome to the 
dominant mutations in the cleavage site and cause type 
XIII OI, with hyperosteoidosis and hypermineralization on 
BMDD similar to cleavage site defects in most cases (182).

Bone hypermineralization is also evident in types VII 
and VIII OI, which have recessive defects in the compo-
nents of the procollagen prolyl 3-hydroxylation complex. 
These patients have normal collagen primary structure 
and absence/reduction of α1(I)Pro986 3-hydroxylation. 
They also have full overmodi�cation of collagen helical 
lysines (183-185). Both type VII patients and Crtap−/− mice 
have hypermineralization of bone, with notable increase 
of highly mineralized area of bone (167,183). In patients 
with type VIII OI caused by recessive defects in P3H1, 
the enzymatic component of the complex, mean and peak 
mineralization were indistinguishable from type VII, but 
amount of CaLow area was increased in both cortical and 
cancellous bone in conjunction with a patchy increase in 
osteoid (181).

Patients with types V and VI OI have normal collagen 
primary structure and posttranslational modi�cation yet 
share the characteristic OI hypermineralization. Both cor-
tical and cancellous bone material from type V OI, caused 
by a gain-of-function mutation in the transmembrane pro-
tein BRIL, is hypermineralized. In addition, osteocyte la-
cunar size and density were increased in type V OI bone 
compared to age-matched controls (71). In type VI OI bone, 
Fratzl-Zelman et al reported areas of hypermineralization 
exceeding that found in collagen-based OI bone, which co-
exist with areas of abnormally low mineralization, as well 
as a smaller mineral particle size than in collagen-based 
OI bone (168). Interestingly, types V and VI OI each have 
other abnormalities of mineralization. Type V OI is charac-
terized by active mineralization of the interosseous mem-
brane of the forearm and a dense metaphyseal band, while 
type VI OI bone has prolonged mineral lag time and broad 
osteoid seams (66,77).

The issue of bone hypermineralization is still unsettled 
for the OI types in which RIP is impaired. Bone tissue was 
not available for BMDD on the �rst patients reported with 
missense mutations in MBTPS2 (type XVIII OI) (150). 
A child with recessive OASIS de�ciency due to a premature 
stop codon in CREB3L1 was reported to have increased 
mineralization by BMDD; however, this child had been 
treated with BP since age 3 months, so it is not possible 
to draw a clear conclusion from a biopsy obtained at age 
11 years (144).

Types XIV and XV OI, caused by mutations in 
TMEM38B and WNT1, respectively, are exceptions to the 
general rule that OI bone is hypermineralized. BMDD of 
types XIV and XV OI patient bone is normal (101,186). 
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Osteoblasts cultured from Tric-b knockout mice deposit 
less mineral and collagen in vitro (105). Bone from type 
XV patients with WNT1 defects showed low turnover, in 
contrast to the high turnover found in most OI types (123). 
MC3T3 cells stably expressing WNTC218G and WNTS295,* 
mutations deposit less mineral in culture (115). The 
swaying mouse model (Wnt1sw/sw) exhibits reduced bone 
strength associated with lower bone mineral and collagen 
content by Raman spectroscopy (128).

Treatment Approaches to OI

Nonpharmacological

The broad clinical range of OI between and within OI types 
prevents a one-size-�ts-all strategy to clinical management. 
Nonetheless, common features lead to a general approach 
to patients who have symptoms including bone fragility, 
muscle weakness, the secondary features of OI and quality-
of-life (QOL) issues. A multidisciplinary team is the best 
approach for integration of these issues.

Physical rehabilitation and therapy are a mainstay of OI 
management from the time of diagnosis and throughout 
adult life (187). Acute issues such as recovery of ambu-
latory or upper limb function after a fracture should be 
dealt with expeditiously. However, self-care functions and 
QOL require ongoing periodic intervention to maintain 
joint range of motion and use of ambulatory aids and op-
timum mobility devices. A special focus of physical therapy 
across the OI types is muscle weakness (188). Careful peri-
odic evaluation of the strength of individual muscle groups 
and targeted at-home and professional physical therapy are 
critical to obtaining and maintaining independent living. 
Physical rehabilitation is also a useful adjunct to pharma-
cological therapy. The range of activities in which individ-
uals with different types of OI can safely engage is best 
determined in consultation with a physiatrist with experi-
ence treating OI patients.

Orthopedic management of OI encompasses lower and 
upper extremity, as well as spine surgery. For patients with 
ambulation potential, corrective surgery followed by phys-
ical therapy should be undertaken as the child becomes 
otherwise ready to walk. This generally involves cutting or 
breaking of long bones to allow realignment and insertion 
of an intramedullary rod to provide stabilization and some 
strength. While an open osteotomy may be required de-
pending on the extent of long bone deformity, the percutan-
eous procedures involving the Fassier-Duval elongating rod 
have now become the approach of choice for both lower 
and upper extremities (189,190). The elongating rods 
allow a greater interval between surgeries vs straight rods 
but have an equivalent complication rate of rod migration. 

Rod diameter should be chosen to provide suf�cient sup-
port for the particular bone but should not represent the 
maximum diameter that can be reamed into the medullary 
cavity, as this will result in diaphyseal atrophy from weight 
unloading. Prolonged postoperative immobilization should 
be avoided. The use of plates and screw should be avoided 
if at all possible for cases more severe than type I  OI. 
Experience has shown that the junction of the plated and 
nonplated bone is at high risk for fractures and the plated 
portion does not �ll in around screws or residual screw 
holes resulting in a nonfunctional bone material looking 
like Swiss-cheese. Scoliosis in OI does not respond to ex-
ternal bracing, such as the Milwaukee brace, and surgery 
should be undertaken before a 60-degree curve is attained. 
Spinal fusion with Harrington rod placement can provide 
stabilization but will not fully correct the curve. Newer 
approaches utilize pedicle screw �xation systems with bio-
mechanical advantages but long-term effectiveness is not 
yet known (191,192). As the OI population ages, osteo-
arthritis is an emerging issue. Hip and knee arthroplasties 
are most successful in this population with custom implants 
based on computer-assisted design (193).

The secondary features of OI vary among the OI 
types. Dentinogenesis imperfecta (DI) breeds true in OI 
pedigrees. Dentinogenesis imperfecta may manifest as 
a greyish translucency of the dentin layer or as yellow-
brown teeth with a propensity to crumble. Dental mani-
festations (194) are more severe in childhood than with 
permanent teeth; hence, early attention to teeth with an 
OI-experienced professional is warranted to prevent cav-
ities and provide appropriate restoration. Pulmonary 
complications are the leading cause of morbidity and 
mortality in OI (195). Scoliosis over 60 degrees contrib-
utes to the pulmonary de�ciency of OI patients, associ-
ated with development of obstructive pulmonary disease 
(196). It is also becoming clear that there is an intrinsic 
component to the pulmonary disease of OI, likely based 
on the presence of type I  collagen in lung parenchyma. 
Children with types III and IV OI in a longitudinal nat-
ural history study have been shown to have decreasing 
pulmonary function throughout childhood, even in the 
group without scoliosis, while the rate of decline is greater 
in those who also have scoliosis (61). Parenchymal lung 
defects have also been reported in the Aga2 mouse, with a 
collagen defect, and in the CRTAP KO mouse, suggesting 
this may be an issue for recessive types of OI as well 
(61,197). The most commonly reported cardiac defects 
are aortic root dilatation and left-sided valvular regur-
gitation; aortic dissection occurs rarely (198). Patients 
should have echocardiography periodically starting in 
childhood to detect these features early. Similarly, hearing 
loss is a relatively common secondary feature of OI with 
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functional manifestation between the second to fourth 
decades of life (199,200). However, about 5% of patients 
develop hearing loss requiring hearing aids or even coch-
lear implants during childhood and periodic audiology 
should begin during the school years (201). Likewise, 
skull base abnormalities, including platybasia, basilar in-
vagination  (BI) or basilar impression can have serious 
consequences and monitoring should begin in childhood 
(202,203). Patients with height z-score < −3 may be par-
ticularly at risk. Occurrence of BI is not prevented by BP 
treatment (204).

QOL of individuals with OI is an increasing subject of 
focus. Decreased physical functioning and environmental 
barriers can impede independence and life satisfaction. 
Young adults with OI increasingly take advantage of op-
portunities for college education, independent living, and 
careers. The impact of pharmacological therapy on OI 
QOL is unclear.

Pharmacological Approaches

BPs such as alendronate, pamidronate (most commonly), 
and zolendronic acid are widely administered to treat 
OI types with collagen defects and some recessive forms 
(205,206). These antiresorptive drugs act to inhibit bone 
resorption by osteoclasts; they are directly deposited on 
the bone surface where their endocytosis by osteoclasts in-
duces apoptosis. Although the mutant collagen would still 
be deposited in bone matrix, inhibiting bone resorption 
will result in an overall increase in bone mass. Conversely, 
prolonged treatment may alter the material properties of 
bone, potentially causing cellular adynamic bone, with 
increased potential for microcrack propagation into 
fractures.

Disagreement has continued about the effects of 
long-term usage of BP focusing on bene�ts vs detrimental 
effects, dosing, and duration of treatment. Most children 
with OI who were treated with BP have experienced in-
creased areal bone density z-score of about 1.5 SD in the 
�rst year and relief of vertebral compressions (207,208). 
In addition, bone microarchitecture is improved. However, 
controlled trials are equivocal about fracture reduction. 
Two Cochran reports and a separate meta-analysis (209-
211) did not support a statistical improvement in fracture 
occurrence. Although these analyses have been challenged 
by supporters of BP treatment, the effect on fractures in 
pediatric OI is not as robust as originally hoped. Cochran 
report analyses also did not support improved pain or mo-
bility status of treated patients. Another expected outcome 
of BP treatment was that relief of vertebral compressions 
would decrease the scoliosis of OI, which would, in turn, 
limit serious secondary pulmonary defects due to thoracic 

deformity. Unfortunately, careful analyses revealed that the 
incidence and extent of scoliosis was unchanged with BP 
treatment, although a modest delay in curve development 
may occur in progressive deforming OI (212). Anecdotal 
reports of fractures at the junction of BP-treated/untreated 
bone have been the basis of a proposal to treat children 
until epiphyseal closure (213); similar fractures have not 
been seen in children who have received lower cumulative 
doses of BP.

Bone-building, rather than antiresorptive, drugs hold 
some promise for modifying the fragility of OI bone without 
increasing brittleness. Antibodies to sclerostin, a negative 
regulator of bone formation in the Wnt pathway, have been 
approved for treatment of postmenopausal osteoporosis. 
These antibodies have been tested in various OI murine 
models (214-217) and have shown improved bone stiffness 
and strength. Bone brittleness was not further impaired and 
Raman spectroscopy suggested that elevated bone mineral-
ization might be improved in newly formed bone during 
treatment. Another antibody therapy, anti-TGFβ antibody 
improved trabecular and cortical bone mass and strength in 
Crtap−/− mice, as well as lung ultrastructure (218). A safety 
trial with this antibody is underway in the OI Brittle Bone 
Consortium. Both antibody therapies are relatively short-
acting, and bone gain would require a small dose of BP to 
solidify gains after treatment (219,220).

Gene and Cell Therapy

The most promising future treatment prospects of OI 
caused by defective collagen structure seek to emulate 
the 2 mechanisms by which mutations are mitigated in 
nature—namely, silencing a mutant allele and cellular 
mosaicism. Various gene-silencing techniques (ribo-
zymes, small interfering RNA, and short hairpin RNA) 
have been investigated in vitro, to copy the situation in 
type I OI in which the mutant allele is silent (221). This 
approach would result in a milder OI, rather than cure 
the condition. Although these approaches can result in 
near complete silencing in the test tube, the silencing is 
generally not complete in cells, and the duration of the 
effect is limited.

Cell transplantation mimics the situation in mosaic 
parents of OI children, who have 2 populations of cells 
(mutant and nonmutant) and rarely come to clinical at-
tention prior to the birth of their child. The challenge for 
this approach has been uptake of cells into bone. Studies 
in murine models using stem cells reported improved bone 
mechanics despite cell uptake less than a few percentage 
points (222,223). More recently (224) higher levels of cell 
transplantation have been attained with local transplant-
ation, and cells tagged with green �uorescent protein (GFP) 
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have been retransplanted to a secondary recipient, sup-
porting their viability. A clinical trial currently underway 
in Europe is transplanting fetal mesenchymal stem cells 
during the �rst months after birth or in utero.
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