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Osteogenesis imperfecta (Ol) is a heritable bone dysplasia characterized by bone fragility and
deformity and growth deficiency. Most cases of Ol (classical types) have autosomal dominant
inheritance and are caused by mutationsin the type | collagen genes. During the past several years,
a number of noncollagenous genes whose protein products interact with collagen have been
identified as the cause(s) of rare forms of Ol. This has led to a paradigm shift for Ol as a collagen-
related condition. The majority of the non-classical Ol types have autosomal recessive inheritance
and null mutations in their respective genes. The exception is a unique dominant defect in IFITM5,
which encodes Bril and leads to hypertrophic callus and interosseous membrane ossification. Three
recessive Ol types arise from defects in any of the components of the collagen prolyl 3-hydroxy-
lation complex (CRTAP, P3H1, CyPB), which modifies the collagen a1()Pro986 residue. Complex
dysfunction leads to delayed folding of the procollagen triple helix and increased helical modifi-
cation. Next, defects in collagen chaperones, HSP47 and FKBP65, lead to improper procollagen
folding and deficient collagen cross-linking in matrix, respectively. A form of Ol with a mineral-
ization defect is caused by mutations in SERPINF1, whose protein product, PEDF, is a well-known
antiangiogenesis factor. Defects in the C-propeptide cleavage enzyme, BMP1, also cause recessive
Ol. Additional genes, including SP7 and TMEM38B, have been implicated in recessive Ol but are as
yet unclassified. Elucidating the mechanistic pathways common to dominant and recessive Ol may
lead to novel therapeutic approaches to improve clinical manifestations. (J Clin Endocrinol Metab

98: 3095-3103, 2013)

steogenesis imperfecta (OI), commonly known as
0 “brittle bone disease,” is a clinically and genetically
heterogeneous connective tissue disorder associated with
skeletal fragility, deformity, and growth deficiency. It has
an etiology related directly or indirectly to type I collagen,
the most abundant protein of bone extracellular matrix
(ECM). Type I collagen is a triple helical molecule syn-
thesized as procollagen from 2 genes, COL1A1 and
COL1A2.1tis assembled as a heterotrimer, composed of
two proal(I) and one proa2(I) chains, which undergo ex-
tensive post-translational modifications (ie, hydroxyla-
tion, glycosylation) in the endoplasmic reticulum during
chain synthesis and helix formation. The central helical
domain is composed of uninterrupted repeats of the trip-
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eptide Gly-X-Y, where X and Y are often proline and
hydroxyproline, respectively. The procollagen triple heli-
cal domain is flanked by globular N- and C-propeptide
domains that undergo cleavage before secretion into the
extracellular space. Defects in either type I collagen struc-
ture or synthesis can give rise to Ol.

Currently, a molecular genetic classification of OI con-
tains 12 types that display either autosomal-dominant or
autosomal-recessive patterns of inheritance and exhibit
broad variations in clinical severity (Table 1). The major-
ity of OI cases (types I-IV) are dominantly inherited. OI
phenotypes were originally classified by Sillence in 1979
based on clinical and radiological criteria (1). The classical
OI types I-IV are caused by mutations in COL1A1 or

Abbreviations: BMP1, bone morphogenetic protein 1; CRTAP, cartilage-associated protein;
CyPB, cyclophilin B; ECM, extracellular matrix; EDS, Ehlers-Danlos syndrome; ER, endo-
plasmic reticulum; FKBP, FK506-binding protein; IFITM5, interferon-induced transmem-
brane protein 5; LH2, lysyl hydroxylase 2; NMD, nonsense-mediated mRNA decay; Ol,
osteogenesis imperfecta; PEDF, pigment epithelium-derived factor; P3H1, prolyl 3-hydrox-
ylase 1; PPlase, peptidyl prolyl cis-trans isomerase; PTC, premature termination codon.
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Table 1. Classification of Ol Types

Ol Type

Gene Defect

Phenotype

Dominant inheritance
Classical Sillence types
I
I
Il

COLTAT null allele
COLTAT or COL1A2
COL1AT or COL1A2

Mild, nondeforming
Lethal perinatal
Progressively deforming
Moderately deforming

v COL1AT or COL1A2
COL7-mutation negative
\Y% IFITM5

Recessive inheritance
Mineralization defect

\Y SERPINF1
3-Hydroxylation defects

VI CRTAP

VIl LEPRET

IX PPIB
Chaperone defects

X SERPINH1

Xl FKBP10
C-Propeptide cleavage defect

Xl BMP1

Unclassified

Zinc-finger transcription factor defect SP7
Cation channel defect TMEM38B
WNT signaling pathway defect WNTT

Distinct histology

Distinct histology

Severe to lethal
Severe to lethal
Moderate to lethal

Severe
Progressive deforming, Bruck syndrome 1

Severe, high bone mass case
Moderate

Moderate to severe
Moderate, progressively deforming

COL1A2,leading to defects in type I collagen synthesis or
structure. In 2000, type V OI was defined based on his-
tological and clinical findings (2), and in 2002, type VI OI
was delineated based on histological findings (3). These
additions to the nosology were made before molecular and
genetic discoveries showing that the mutations responsi-
ble for these OI types are contained in noncollagenous
genes. More recently, additional OI cases lacking COL1
gene mutations have been discovered to arise from muta-
tions in noncollagenous genes whose protein products in-
teract with type I collagen for modification and/or folding.
These cases have been subsequently classified into con-
secutive types VII-XII OI (Table 1) based on distinct clin-
ical and bone histological features, inheritance pattern,
and genetic findings.

Autosomal Dominant Ol

Classical Sillence types: types I-IV Ol

The phenotypes of types I-IV OI (Table 1) are classified
as mild, nondeforming type I; perinatal lethal type IT; pro-
gressively deforming type III; and moderately deforming
type IV (1). Type I O, the mildest form, exhibits the triad
of features first described by Van der Hoeve and de Kleyn
(4)—fractures, blue sclerae, and hearing loss. These indi-
viduals typically have near normal stature, minimal bone
deformation, and fractures that typically lessen in fre-
quency after puberty. Type IT OI, the most severe form, is
generally perinatal lethal. Fractures are typically detected

in utero. Infants who survive the perinatal period often
succumb in the first year of life, most commonly due to
cardiopulmonary causes. Type III Ol is progressively de-
forming and the most severe nonlethal form. Patients gen-
erally exhibit gray or blue sclerae and extreme short stat-
ure and sustain frequent fractures; they often have
dentinogenesis imperfecta. About half of the individuals
with type III OI exhibit radiographic “popcorn” calcifi-
cations at the distal femoral growth plates (5). Patients
with type IV, moderately severe OI display a broad range
of phenotypes and may or may not exhibit dentinogenesis
imperfecta. Individuals typically achieve ambulation but
incur frequent long bone fractures; final stature is typically
comparable to the prepubertal height of unaffected chil-
dren (6).

Dominant types I-IV OI are caused by mutations in
either of the 2 type I collagen genes, COLIA1 or
COL1A2. Mutations can be divided into 2 categories:
quantitative defects, in which type I collagen is structurally
normal but synthesized in about half the normal amount,
and structural defects. The matrix insufficiency of type I
Ol is due to mutations causing premature termination
codons (PTCs) in COL1A1, which activates nonsense-
mediated mRNA decay (NMD) of defective transcripts.
Because most transcripts from the mutant COL1A1 allele
are degraded, only about half the normal amount of ma-
trix is deposited, and it contains almost entirely structur-
ally normal collagen with a1(I) chains from the normal
COLI1AT1 allele. The resulting matrix insufficiency is re-
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sponsible for the mild phenotype of type I OI. Interest-
ingly, homozygosity for null mutations in COL1A2 tran-
scripts does not cause OI; these mutations lead to the
formation of a1(I) homotrimers resulting in mild Ehlers-
Danlos syndrome (EDS) with hypermobility and cardiac
valve disease (6).

Types II-1V Ol are caused by mutations that alter type
I collagen structure. Over 80% of these mutations are
single base pair changes resulting in substitutions of gly-
cine residues (7). Glycine substitutions in either a1(I) or
a2(I) lead to a delay in helix folding, causing post-trans-
lational overmodification (7). Phenotypic severity can
range from mild to lethal. Only one-fifth of glycine sub-
stitutions in a2(I) are lethal, whereas nearly one-third of
all glycine substitutions in a1(I) are lethal. Glycine sub-
stitutions by branched nonpolar or charged amino acids,
specifically glutamate, aspartic acid, arginine, and valine,
are most detrimental (7). In the a1(I) chain, lethal substi-
tutions were identified in the major ligand-binding regions
(MLBR2 and MLBR3), indicating the importance of in-
teractions between the collagen monomer and noncollag-
enous proteins, such as integrins, matrix metalloprotei-
nases, fibronectin, and decorin (6, 7). Clusters of lethal
glycine substitutions along the a2(I) chain largely align
with known regions for proteoglycan binding sites on the
collagen fibril (7). Non-glycine substitutions occurring at
X- and Y-positions along the collagen triple helical do-
main have also been described to cause OI/EDS condi-
tions. Arginine to cysteine substitutions at the Y-position
can induce a significant register shift along the length of
the helix, which impedes N-propeptide processing and
causes a range of phenotypes including mild OI, hyperex-
tensibility, and Caffey disease (6).

The second most frequent type of mutation altering
type I collagen structure is splice site mutations, which can
lead to exon skipping, intronic retention, or activation of
cryptic splice sites from intronic or exonic sequences (7).
Often, splice site mutations introduce frameshifts that lead
to PTCs and result in a mild phenotype; most mutations
are not lethal (7).

Mutations at the propeptide domain cleavage sites can
disrupt the processing of procollagen to collagen. Exon 6
of procollagen a-chains contains the N-proteinase cleav-
age site. Deletion of exon 6 and consequent elimination of
N-propeptide processing leads to EDS VII with hyperex-
tensibility of large and small joints and inexorable scoli-
osis (8). Interference with N-propeptide processing may
lead to combined OI/EDS. Glycine substitutions within
the first 85 helical residues of a1(I) collagen (a region with
high local melting temperature that serves as an anchor for
stabilizing collagen folding at the amino end of the triple
helix) are associated with the combined OI/EDS pheno-
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type (8). The helical location of these glycine substitutions
leads to OI symptoms, including bone fragility, growth
deficiency, and intensely blue sclerae, whereas the unfold-
ing of the N-propeptide cleavage site causes EDS symp-
toms similar to EDS VIIL Incorporation of pN-collagen
into fibrils results in decreased fibril diameter and ECM
with compromised mechanical strength (9). Substitutions
at the procollagen C-terminal cleavage sites do not signif-
icantly alter collagen post-translational modification but
do cause incorporation of uncleaved pC-collagen into fi-
brils. Incorporation of pC-collagen into fibrils leads to
increased mineral deposition, resulting in a high bone
mass phenotype, with increased mineralization detected
by Fourier transform infrared spectroscopy and bone min-
eral density distribution analyses (10).

Autosomal dominant type V Ol (IFITM5)

In2000, a group of COL1 mutation-negative Ol patients,
originally characterized as type IV OI, were reclassified as a
novel Ol group, type V. Type V OI, much like the classical OI
types, exhibits a dominant pattern of inheritance, yet the
affected individuals exhibit distinguishing clinical features
not observed in other OI types. Individuals with type V OI
have a moderate to severe skeletal phenotype with variable
scleral hue and a typical triad of findings: calcification of the
forearm interosseous membrane, a radiodense metaphyseal
band at growth plates of long bones (2), and a tendency to
form hyperplastic callus after surgical intervention or frac-
ture (11). Over 85% of patients also experience radial-head
dislocation (12). In the original report, the definitive feature
of type V Ol was based on histological observations. Specif-
ically, there is an irregular “mesh-like” pattern of lamellar
bone unique to type V OI (2).

The etiology of type V OI was recently demonstrated to
be a unique defect in the gene encoding interferon-induced
transmembrane protein 5 (IFITMS), alternatively called
bone-restricted ifitm-like protein (Bril) (Table 1 and Fig-
ure 1). In 2012, two independent research groups utilized
whole exome sequencing to identify a heterozygous de
novo mutation in the 5'-untranslated region of IFITMS
located 14 base pair (bp) upstream from the translation
initiation codon (c.-14C>T) (13, 14). In several reports
and unpublished data, all type V OI patients exhibit the
same defect in the causative gene, a feature that is unique
among OI types. This mutation causes an in-frame alter-
native initiation codon upstream of the annotated trans-
lation initiation codon and is predicted to add 5 residues
to the amino terminus of the protein.

IFITMS is a 14.8-kDa transmembrane protein. Similar
to all members of the IFITM family, it contains 2 trans-
membrane domains, an intracellular domain and amino-
and carboxyl-terminal sequences that are positioned in the
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ENDOPLASMIC RETICULUM

HSP47

- FKBP65

Molecular Chaperones

CRTAP
P3H1

(-

3-Hydroxylation Complex

peptidyl-prolyl cis-trans isomerase ac-
tivity, with an implication of a func-
tional role in protein folding. IFITMS5
truncation mutants were used to localize
the binding domain of IFITMS to
FKBP11 to the first transmembrane do-
main and intracellular region. Interest-
ingly, mice with defects in Fkbp11 show
increased bone density (15). It is not yet
known whether IFITMS and FKBP11
have cooperative or independent roles
with respect to bone formation.

PERICELLULAR SPACE
PEDF

Extracellular

IFITM5

BMP1: C-propeptide

’ cleavage

Autosomal Recessive Ol

Mineralization defects—type VI
Ol (SERPINFT)

Type VI OI was originally delin-
eated as a mineralization defect in a

Intracellular

group of COLT mutation-negative
individuals, based on unique histo-
logical features (3). To date, 16
patients have been reported with

Figure 1. Defects in noncollagenous proteins causing Ol have been identified. Top, Recessive Ol

SERPINF1-deficient OI (17, 18).

is caused by defects in CRTAP, P3H1, and CyPB [forming the ER-resident, collagen prolyl 3-
hydroxylation complex responsible for the modification of a1(l) proline 986], as well as HSP47
and FKBP65 (ER-resident collagen chaperones primarily involved in proline isomerization required
for collagen helix folding). Bottom, Defects in IFITM5 (implicated in regulating mineralization),
PEDF (a well-known inhibitor of angiogenesis), and BMP1 (responsible for procollagen C-
propeptide cleavage) have recently been found to cause Ol. HSP47, heat shock protein 47.

Previously, diagnosis required assess-
ment of iliac crest biopsy samples,
which display undermineralization
and a loss of lamellar orientation, as
well as a “fish-scale” pattern distinct

extracellular space (Figure 1). IFITMS is a known osteo-
blast marker; it is most highly expressed during early min-
eralization and is thought to play a critical role in bone
formation. Skeletons of Ifitm5 knockout mice displayed
stunted growth, particularly smaller long bones as com-
pared to heterozygous and wild-type littermates, but no
significant difference in bone morphometric parameters
(15). This suggests that loss of Ifitm5 expression does not
alter osteoblastogenesis or osteoclastogenesis (15). In
mouse embryos, IfitmS$ transcripts were reported to be
restricted to skeletal tissue, particularly in long bones (16),
and were first observed at embryonic day 14.5 when undif-
ferentiated cells differentiate into osteoblasts and begin to
form mineralized structures (15, 16). Inmunohistochemical
reactivity for IFITTMS localized it to regions of endochondral
and intramembranous ossification (15). In addition, Ifitm5
expression declined in rodents after 8 months of age (16).
These studies implicate a role for IFITMS in early mineral-
ization. However, the mechanism by which IFITMS5 regu-
lates collagen mineralization is not known.

IFITMS coprecipitates with FK506-binding protein 11
(FKBP11) (15). As a member of the FKBP family, FKBP11 has

from other OI types when assessed
under polarized light (3). In addition, quantitative histo-
morphometric analysis of type VI OI trabecular bone
shows significantly elevated osteoid volume with de-
creased bone formation parameters including mineraliz-
ing surface, adjusted apposition rate, and osteoblast sur-
face (3). Individuals with type VI OI have a moderate to
severe skeletal phenotype (17).

In 2011, whole exome sequencing was used to identify
SERPINFT1 as the causative gene for type VI OI (Table 1
and Figure 1) (17). SERPINF1 encodes pigment epitheli-
um-derived factor (PEDF), a member of the serine pro-
tease inhibitor serpin superfamily. In reported patients,
SERPINF1 mutations led to PTCs resulting in NMD of
mRNA transcripts and subsequent loss of SERPINF1 ex-
pression (17). Type I collagen secretion and post-transla-
tional modification was reported to be normal in OI pa-
tients with SERPINF1 mutations (17). Recently, the
determination of serum PEDF levels was proposed as a
diagnostic tool for type VI OI. Patients diagnosed with
type VI OI have undetectable levels of circulating PEDF,
while all other tested groups, including healthy con-
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trols, patients with type I, III, and IV OI, and patients
with hypophosphatemic rickets, have measurable PEDF
levels (18).

The mechanism by which loss of PEDF results in un-
dermineralized bone ECM is as yet unknown. PEDF is a
50-kDa secreted glycoprotein and one of the strongest
known inhibitors of angiogenesis (17, 18). It is expressed
in a variety of tissues and binds to ECM components in-
cluding collagens and glycosaminoglycans. In vitro studies
elucidated the ECM-binding sites on PEDF and demon-
strate that binding to type I collagen was due mainly to
ionic interactions (19). Importantly, loss of collagen bind-
ing in PEDF leads to loss of antiangiogenic properties (20).
In bone, PEDF binds to type I collagen with high affinity
and is highly expressed in osteoblasts in regions of active
bone formation, indicating an important functional role
of PEDF in bone angiogenesis and matrix remodeling (21).
Interestingly, a skeletal phenotype was not reported in
Serpinf1 knockout mice (22), but it remains to be deter-
mined whether the mice have a subtle phenotype.

Collagen 3-hydroxylation defects—types VII, VIII,
and IX Ol (CRTAP, LEPRE1, PPIB)

Recessive types VII, VIII, and IX OI are caused by
defects in cartilage-associated protein (CRTAP), prolyl
3-hydroxylase 1 (P3H1), and cyclophilin B (CyPB), re-
spectively (Table 1 and Figure 1). These 3 proteins are
components of an endoplasmic reticulum (ER)-resident
complex, the collagen prolyl 3-hydroxlyation complex, in
a 1:1:1 ratio. The 3-hydroxylation complex modifies a
limited number of helical proline residues, most signifi-
cantly proline 986 of collagen a1(I) and a1(IT) and proline
707 in o2(I) (6). The biological significance of these hy-
droxylation events remains to be elucidated.

Beyond prolyl 3-hydroxylase activity, the 3-hydroxy-
lation complex functions as a peptidyl prolyl cis-trans
isomerase (PPlase) and molecular chaperone for collagen.
In addition, CRTAP, P3H1, and CyPB may also serve im-
portant functional roles independent of complex activi-
ties. Within the 3-hydroxylation complex, CRTAP is con-
sidered to be a helper protein. CRTAP is expressed in a
variety of tissues. In mouse, immunohistochemical anal-
yses showed CRTAP to be highly expressed at growth
plates in proliferating chondrocytes and to be largely re-
stricted to intracellular regions, often colocalizing with the
ER; low expression levels were observed in the matrix
(23). In a cell-based assay, up to 12% of total CRTAP
protein was detected in conditioned media after 24 hours
of culture, indicating a potential role in the ECM (24).
CRTAP shares a high degree of homology with the P3H
family of proteins (P3H1, P3H2, P3H3), predominantly at
the N-terminal region.
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The enzymatic 3-hydroxylase activity for the complex
isharboredin P3H1.P3H1, encoded by LEPRET1 (leucine-
and proline-enriched proteoglycan 1) was originally iden-
tified as the matrix proteoglycan leprecan. P3H1 contains
both an RGD cell attachment motif and a KDEL ER-re-
trieval signal, implying its dual role in the extracellular
matrix and the ER/Golgi circuit, respectively (25). Studies
on fibroblasts from patients with type VII and type VIII OI
show that protein levels of CRTAP and P3H1 are reduced
or negligible in cells containing null mutations for either
gene. However, transcript levels of CRTAP and LEPRE1
were normal in LEPRET- or CRTAP-null cells, respec-
tively, indicating mutual stabilization of CRTAP and
P3H1 (24). The third component of the 3-hydroxylation
complex, CyPB, is transcribed from the PPIB gene (pep-
tidyl-prolyl cis-trans isomerase B). CyPB is ubiquitously
expressed and independent of CRTAP or P3H1 levels.
Conversely, CRTAP and P3H1 protein levels are moder-
ately decreased in PPIB-null cells, indicating a role for
CyPB in 3-hydroxylation complex stabilization, although
not absolutely required for complex stability (24, 26). In
addition to its well-studied function as a PPlase, CyPB is
thought to serve as a chaperone for proteins destined for
the plasma membrane (26).

The association between OI and the members of the
3-hydroxylation complex was discovered due to a con-
vergence of findings. In 2002, a form of recessive OI with
rhizomelia in a First Nations people in Northern Quebec
was mapped to chromosome 3p22 (27). Incidentally, this
chromosomal region includes CRTAP, but its importance
was not appreciated at that time. Four years later, in par-
allel investigations, Crtap-null mice were discovered to
exhibit recessive chondro-osseous dysplasia with rhi-
zomelia and severe osteopenia (23). Also, CRTAP was a
candidate gene for screening individuals with severe OI
without collagen mutations, but with overmodified col-
lagen because it had been identified in the 3-hydroxylation
complex (23, 28, 29).

In humans, the phenotype of type VII OI (CRTAP de-
ficiency) overlaps Sillence types II and III but has distinc-
tive features. CRTAP deficiency causes severe to lethal
osteochondrodysplasia with rhizomelia, neonatal frac-
tures, broad undertubulated long bones, frail ribs, and
relatively normal head circumference. Sclerae are white or,
rarely, light gray. Individuals who survive into childhood
have severe growth deficiency and exhibit “popcorn” cal-
cifications of epiphyses, which are also observed in about
half of type III OI patients (25). Most mutations causing
type VII Ol lead to a loss of CRTAP transcripts by NMD.
Interestingly, the mutations causing almost all reported
cases occur in the first or fourth exon (or adjacent intronic
sequences) (25). Absence of CRTAP abolishes 3-hydroxy-
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lation complex function and results in the absence of a1(I)
Pro986 hydroxylation. An additional consequence of
CRTAP deficiency is overmodification of the type I col-
lagen helix by lysyl hydroxylase and prolyl 4-hydroxylase.
The extent of overmodification is comparable to that
caused by C-terminal collagen structural defects and im-
plies that folding of the collagen helix is delayed (28).

Individuals with types VII and VIII Ol exhibit a similar
phenotype due to the mutual stabilization between
CRTAP and P3H1 (24). Similar to type VII OI, type VIII
OI(LEPRE1 deficiency) is caused by homozygous or com-
pound heterozygous mutations that lead to null alleles in
most cases. In addition, type I collagen synthesized by
LEPREI1-null cells is overmodified. An unexpected con-
sequence of LEPRET deficiency is increased collagen pro-
duction. LEPRE1-null fibroblasts from type VIII OI in-
dividuals displayed a slight delay in collagen secretion
rate, yet total collagen secretion was increased up to 50%
as compared to control cells (30). Mutations in LEPRE1
causing type VIII Ol have been identified in 13 of 15 exons
or surrounding intronic regions. However, the most com-
mon LEPRE1 mutation is a splice site defect in intron 5
(c.1080+1G>T) resulting in § alternatively spliced tran-
scripts, each of which contains a PTC. All individuals re-
ported to carry this mutation are African American or of
West African descent. Haplotype analysis shows this is a
founder mutation that originated in West Africa about
600-900 years ago and was brought to the Americas via
the Atlantic slave trade (31).

The phenotype of the small number of individuals re-
ported with type IX OI (PPIB deficiency) is variable. Sev-
eral reported cases describe phenotypes that largely over-
lap types VII and VIII, except without rhizomelia (32).
Two moderately severe cases have also been reported (26).
The more severe phenotypes had mutations predicted to
lead to truncated proteins, which might lead to negative
interactions within the complex (32). The patients with
the most severe phenotypes of type IX OI have decreased,
but not absent, 3-hydroxylation of a1(I)P986 (about 30%
of normal levels) (32). In addition, collagen secreted from
cells of individuals with a severe phenotype exhibit de-
layed gel migration indicating overmodification of helical
lysine and proline residues similar to types VIl and VIITI O],
consistent with 3-hydroxylation complex dysfunction
(32). However, in 1 case with a moderate phenotype, the
PPIB mutation affected the start codon and led to unde-
tectable CyPB levels and normally modified collagen (26).

Isomerase activity is known to be the rate-limiting step
for collagen helix formation due to the necessity of cis-
proline conversion to trans-proline for proper helical fold-
ing. The collagen overmodification observed in some
CyPB-deficient cells may be caused by the absence of the
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functional role of CyPB as a PPlase. However, not all cases
of type IX OI exhibit collagen overmodification (26), in-
dicating that CyPB may not be the sole PPlase contributing
to collagen folding. Mutation location on the PPIB gene
may determine whether CyPB is expressed as a dysfunc-
tional protein or is absent altogether, potentially allowing
a secondary PPIase to provide isomerase activity.

Collagen chaperone defects—types X and Xl Ol
(SERPINH1, FKBP10)

Defects in genes SERPINH1 and FKBP10 cause types
X and XI OI, respectively (Table 1 and Figure 1). These
genes were excellent candidate genes for recessive OI be-
cause their protein products, HSP47 and FKBP6S5, respec-
tively, exhibit collagen chaperone activity essential in the
proper folding of triple helical procollagen molecules. It
has been postulated that HSP47 and FKBP6S5 form an ER
resident complex, although no evidence has been pre-
sented. In addition to chaperone function, FKBP635 also
exhibits PPlase activity (6).

An HSP47 defect was first characterized in dachshunds
using homozygosity mapping. Affected dogs were ho-
mozygous for a missense mutation (c.977T>C) that re-
sulted in expression of mutant mRNA and predicted to
alter 3-dimensional protein structure (33). A year later, in
2010, the only report of a type X OI patient, a child
with severe progressive OI who died at 3 years of age,
delineated a recessive missense mutation (c.233T>C,
p.Leu78Pro)in SERPINH1 (34). The mutation resulted in
stable mutant transcripts, but proteosomal degradation of
HSP47 protein. Type I procollagen modification was nor-
mal in patient cells, including Pro986 3-hydroxylation
(34). In addition, the amount of collagen secreted by pa-
tient cells was similar to controls, but secretion rate was
slightly delayed. Type I procollagen localized predomi-
nantly in the Golgi in SERPINH1-mutant cells, whereas
control cells distribute type I procollagen in both ER and
Golgi. Procollagen secreted from SERPINHI-mutant
cells is susceptible to protease digestion at discrete sites
within its helical region (34). Also, studies on Serpinhl
knockout mice show abnormal processing of collagen.
Taken together, these data suggest improper helical fold-
ing in the absence of normal HSP47.

In 2010, the first FKBP10 mutations were identified as
the cause of moderately severe type XI Ol in a group of
consanguineous Turkish families and a Mexican-Ameri-
can family (35). All affected Turkish individuals were ho-
mozygous for the same mutation in FKBP10, indicating a
founder mutation within the population. The mutation
consists of a 33-bp deletion (c.321_353del) that is pre-
dicted to result in the deletion of 11 amino acids in the first
PPlase domain of FKBP6S, as supported by truncated

220z ¥snbny 0z uo isenb Aq 2zz€€82/560€/8/86/31011E/WaD(/Wod dno-olwapese//:sdiy woly papeojumoq



doi: 10.1210/jc.2013-1505

mRNA transcripts in patient cells. In the Mexican-Amer-
ican family, affected individuals were homozygous for an
insertion mutation (¢.831_832insC) in FKBP10 leading to
a translational frameshift and a null allele (35). The range
of type XI OI phenotypes broadened when several indi-
viduals with Bruck syndrome I, a recessive condition with
severe Ol and congenital contractures, were demonstrated
to have FKBP10 mutations (36). However, both unrelated
individuals and siblings with the same mutation may or
may not have contractures, indicating that contractures
are a variable manifestation of the same allele (36). Inter-
estingly, an FKBP10 mutation that does not cause a null
allele (deletion of a conserved tyrosine in the third PPlase
domain) was found to cause Kuskokwim syndrome
among the Yup’ik people of Alaska. This syndrome is
characterized predominantly by congenital contractures
and osteopenia, but not OI (37). Therefore, the pheno-
typic range for FKBP10 defects includes OI, OI plus con-
tractures, and contractures without OI.

In cell-based assays, collagen secreted from FKBP10-
defective cells displayed normal Pro986 3-hydroxylation
and helical post-translational modifications, indicated by
normal electrophoretic migration of a-chains (35). Col-
lagen deposition in matrix of FKBP10-mutant cells is
drastically reduced (38). In normal dermal fibroblasts, col-
lagen C-telopeptide lysine residues are typically approxi-
mately 60% hydroxylated, while collagen from mutant
cells showed less than 1% hydroxylation. Furthermore,
the lack of telopeptide hydroxylation in collagen was ver-
ified in bone tissue (39). Telopeptide lysyl hydroxylation
is known to be catalyzed by lysyl hydroxylase 2 (LH2), not
the isomerase FKBP65. Two possible explanations have
been proposed regarding impaired telopeptide hydroxy-
lation and the role of FKBP65. FKBP65 may be required
to allow LH2 access to the collagen substrate by isomer-
izing nearby proline residues, or alternatively, FKBP65
may be required for activity or stabilization of LH2 (38,
39). Further investigation is needed to understand the in-
teraction between LH2 and FKBP6S.

C-Propeptide cleavage enzyme defect—type XllI Ol
(BMP1T)

Recently, a mutation in BMP1 (bone morphogenetic
protein 1) was identified as a cause of recessive OI; in the
genetic nosology, this is classified as type XIIT OI (Table 1
and Figure 1). Homozygosity mapping and sequencing
analysis revealed a homozygous missense mutation
(c.747C>G) in BMP1 in 2 affected children of a consan-
guineous Egyptian couple (40). The skeletal phenotype
included severe generalized deformities in all long bones,
with hyperextensibility of elbows, wrists, and interpha-
langeal joints (40). BMP1 is a known protease, which
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cleaves the C-propeptide of type I procollagen. The mu-
tation identified in type XII OI leads to an amino acid
substitution within the catalytic peptidase domain of
BMP1. Cell culture studies indicate a reduction in procol-
lagen T C-propeptide peptidase activity in homozygous
mutant fibroblasts as compared to control cells (40). An
additional mutant BMP1 allele, a homozygous missense
mutation (¢.34G>C), has been reported. The causative
mutation is located within the BMP1 signal peptide and
leads to increased bone mineral density and recurrent frac-
tures (41). Interestingly, this recessive condition comple-
ments the high bone mass phenotype observed in domi-
nant cases of OI with mutations in the type I procollagen
C-propeptide cleavage site (10). However, BMP1 has
other substrates in addition to type I collagen, and it is
reasonable that a more severe phenotype would result
from the recessive conditions (BMP1 absence or dysfunc-
tion) than from the corresponding dominant substrate
mutations in the type I procollagen C-propeptide.

Unclassified Ol types (SP7, TMEM38B, and WNTT)

A homozygous frameshift mutation (c.1052delA) in SP7
was reported as the cause of recessive Ol in 1 Egyptian child
born to consanguineous parents (42). The mutant SP7 allele
is predicted to synthesize a truncated protein product lacking
the final 81 normal residues and, instead adding 18 novel
residues including a premature stop codon within the final
exon. The mutant transcript is predicted to escape NMD.
SP7 encodes the protein osterix, a zinc-finger transcription
factor that is important in the regulation of osteoblast dif-
ferentiation (42). The mechanism by which this mutation
causes OI symptoms is yet unknown.

Two recent reports identified a single mutant allele of
TMEMS38B as a cause of recessive OI. The identical mu-
tation occurs in all affected individuals in 3 consanguin-
eous families from Saudi Arabia (43) and 3 consanguin-
eous Bedouin families in southern Israel (44). Because the
affected individuals have a shared haplotype in the 2 MB
region containing the TMEM38B mutation, it is likely a
founder mutation originating from the Arabian Peninsula
(44). The mutation (¢.455_542del) results in complete loss
of TMEM38B exon 4 and would presumably lead to a
truncated protein (p.Gly152Alafs*5) (43). In the Israeli
study, TMEM38B mRNA transcript levels were signifi-
cantly reduced (44). TMEM38B encodes a ubiquitously
expressed monovalent cation channel protein, TRICB (tri-
meric intracellular cation channel type B), important for
regulating the release of calcium from the ER/sarcoplas-
mic reticulum, and could represent a novel O mechanism
(43, 44).

Mutations causing OI have recently been identified in
WNT1 (45-47). The genetic variability of reported mu-
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tations is broad, including a variety of homozygous (mis-
sense, nonsense, deletion, splice-site, frameshift) and
heterozygous (missense and compound) mutations. The
phenotype associated with these mutations is primarily
moderately severe and progressively deforming, although
early-onset osteoporosis is also described. The presump-
tion of 2 inheritance patterns has left open the question of
mechanism. Functional studies in transfected cells have
shown a failure to activate the canonical LRP5-mediated,
WNT-regulated, B-catenin signaling pathway, but still
lack direct demonstration of Wnt1 expression in normal
osteoblasts (45).

Conclusions

Since 2006, a series of exciting discoveries has revealed
multiple new genes responsible for rare forms of OI. The
protein products of these genes interact with collagen
post-translationally for folding, modification, or cross-
linking, resulting in a collagen-related paradigm for OI.
Comparison of the mechanistic pathways in recessive and
dominant types of OI will guide investigators to critical
common pathways that can be targeted with novel ther-
apeutic approaches.
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