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Summary Osteogenesis imperfecta (OI) is an extremely
heterogeneous group of heritable connective tissue dis-
orders. Most of the affected patients carry autosomal
dominant mutations in the genes encoding for collagen
type I, the most abundant protein of the bone extracellu-
lar matrix. The resulting phenotypes are extremely broad
and have been classified by Sillence and colleagues
into four groups according to clinical, radiological and
genetic criteria.

More recently, proteins have been described that
interact directly or indirectly with collagen biosynthesis
and their deficiency result in rare forms of mostly auto-
somal recessive OI sharing phenotypic features of ‘clas-
sical’ types but lacking primary defects in type I colla-
gen. Consequently the Sillence classification has been
gradually expanded to include novel forms based on
the underlying mutations. The goal of this article is to
revisit the actual OI classification and to outline current
approaches in categorizing the disorder.
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Klassifikation der Osteogenesis imperfecta

Zusammenfassung Osteogenesis imperfecta (OI) ist
eine duflerst heterogene Gruppe von erblichen Erkran-
kungen des Bindegewebes. Die meisten der betroffe-
nen Patienten sind Trdger dominanter Mutationen in
den Genen fiir Kollagen Typ I, dem hiaufigsten Protein
der extrazelluldren Matrix. Die sich daraus ergebenden
Phénotypen sind sehr vielféltig und wurden von Sillence
und Kollegen in vier Gruppen entsprechend klinischen,
radiologischen und genetischen Kriterien eingeteilt.

In den letzten Jahren wurden neue Proteine beschrie-
ben, die direkt oder indirekt mit der Kollagenbiosynthese
wechselwirken. Sehr seltene Mutationen, die Stérungen
in diesen Proteinen hervorrufen, fithren in der Regel zu
autosomal-rezessiven Sonderformen mit einem &hnli-
chen klinischen Bild wie in den ,klassischen“ Formen
von OI, aber ohne primdren Kollagendefekt. Deshalb
wurde die Sillence Klassifikation schrittweise erweitert,
um auch diese neuen Formen zu beriicksichtigen, die
durch ihre Mutation definiert sind. Das Ziel dieses Arti-
kels ist es, den derzeitigen Stand der OI Klassifikation zu
prasentieren und zu diskutieren.
Schliisselworter Osteogenesis imperfecta - Klassifika-
tion - Geschichtlicher Hintergrund

Introduction

Many new forms of osteogenesis imperfecta (OI) or ‘brit-
tle bone disease’ have been discovered in the last decade.
The hallmarks of the disease are bone fragility, spine and
limb deformities as well as chronic pain depending on
severity. The traditional nomenclature, due to Sillence,
defines OI types according to the severity of the disease.
The newly discovered forms and especially the growing
knowledge about the diverse genetic backgrounds of the
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disorder have been challenging this classification. The
Sillence nomenclature has been substantially enlarged
with a gradual paradigm shift from a phenotypic to a
genotypic classification. The aim of this article is to revisit
the OI classification from a historical perspective and to
highlight the most recent discoveries in the area.

From single observations to one disease

Starting at the end of the seventeenth century, reports
on conditions associated with abnormally fragile bones
began to appear.

In 1788, Olof Jakob Ekman, a Swedish military sur-
geon described a family in which four generations suf-
fered from a hereditable bone fragility condition that he
called ‘osteomalacia congenita’ [1]. Some decades later,
the French pathologist Lobstein reported in his ‘Traité
d’anatomie pathologique générale’ (1833) on three chil-
dren from one family affected by ‘fragilitas ossium’ that
he termed as ‘osteopsathyrosis idiopathica! Remarkably
he also noted that more organs were affected without
however giving further details.

In 1849, the Dutch anatomist Wilhem Vrolik depicted
an infant with shorten and deformed extremities who
died 3 days after birth: ‘In the skeleton is manifest injury
by a multitude of fractures, which no one rib nor any of
the long bones spared: several, indeed, even display two
or three fractures ... Undoubtedly, this singular condition
of the skeleton is attributable to imperfect ossification’ [2,
3]. So middle of the nineteenth century, a disease called
‘Osteogenesis imperfecta congenita’ was defined as a
condition inherently different from rickets or the postna-
tal acquired ‘English Disease’ which was spreading over
the century of the industrial revolution and where bones
fragility was a secondary effect due to ‘Britain’s gloomy
skies and dark winters’ [4].

For about half a century, ‘osteopsathyrosis idiopath-
ica’ and ‘osteogenesis imperfecta congenita’ remained
two different diseases until the Swiss pathologist Emil
Looser provided 1906 histological evidences that both
entities were manifestations of the same disorder. He
recognized that OI was a rare systemic condition of
unknown aetiology characterized by ‘imperfect devel-
opment of bone’ and made the very first classification
into two types according to the time point when the first
fracture occurred: congenita (type Vrolik) with fractures
already in the perinatal period and tarda (type Ekman-
Lobstein) when the fractures occurred after the first year.
This very first classification of OI was later on modified
by Seedorf who subclassified OI tarda into OI tarda gravis
when the first fractures occurred within the first year of
life because of subsequent development of severe skel-
etal deformities and OI tarda levis when the fractures
occurred later [1].

Secondary features associated with this form of
bone fragility were gradually recognized

Eddowes suggested 1900 that sclera and bone abnormal-
ities might be linked since ‘the framework of both organs
are formed by fibrous tissues. Peters, a German ophthal-
mologist first described blue sclerae as an ‘inherited
anomaly due to thinness of fibrous tissue’ and afterward,
he realized that these patients also suffered from abnor-
mal bone fragility (1913). Hearing impairment and
deafness as well as, hypermobility and hyperlaxity of
the joints and finally dental abnormalities (dentinogen-
esis imperfecta) causing teeth discoloration and tooth
decay and loss were subsequently described to be also
associated with the disease (reviewed by [1]).

Four distinct syndromes called Ol

The advances in molecular and radiological diagnosis
achieved during the following decades allowed a deeper
understanding of the genetic underpinning OI. The dis-
ease became defined very similar as it is today: a heredi-
tary, highly variable disorder characterized by osteopenia
and increased bone fractures caused by molecular abnor-
malities in type I collagen, the main component of the
organic bone matrix. Moreover, it appeared clearly that
abnormalities manifested in all tissues where the princi-
pal matrix protein was type I collagen: dentin, sclera and
ligaments. Radiological evaluation allowed documenting
size, shape of the bones as well as number of fractures.

Based on the observations of 180 affected patients, the
Australian physician David Sillence [5] suggested in 1979
a new classification reflecting the broad spectrum of the
mode of inheritance, as well as the clinical and radiologi-
cal manifestations of OI.

The original Sillence classification

OI type I: dominantly inherited OI with blue sclera
OI type II: lethal perinatal with radiographically crum-
pled femora and beaded ribs
OlI type III: progressively deforming OI
OI type IV: dominantly inherited OI with normal sclera.
The Sillence classification has received wide accep-
tance and is still currently used as a grading of clinical
severity of OI. However, the criteria used for the original
classification were modified since then. The main reason
therefore is that the Sillence nomenclature was proposed
4 years before the genetic origin of OI was identified. In
fact, 1983 appeared the very first evidence on a colla-
gen defect leading to OI [6]. Many more collagen-gene
defects were rapidly identified and up to now more than
1500 causative mutations have been reported [7]. These
findings led to the definition of OI as collagen-related
disorder [7, 8]:
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e Olis mostly associated with mutations in COL1A1 and
COLI1A2 the genes encoding for the type I collagen
chains.

e All mutations are transmitted as autosomal dominant
traits.

e In the vast majority of the cases, the mutations led to
abnormalities in the primary structure of the collagen
type I molecule. The phenotypic consequences are
extremely variable encompass the wide spectrum of
clinical severity from mild to lethal forms.

e A small group of mutations led to a decreased quantity
of otherwise normal type I collagen. The phenotypic
consequence is the mildest form of the disease.

The hallmark of all mutations is decreased bone mass
and increased bone fragility. Accessory characteristics
like spine and limb deformities, growth impairment and
chronic pain were used for the:

The actualized Sillence classification (reviewed by

[8))

OI type I: mild form. Patients have no bone deformities,
normal or near normal stature.

Ol type II: extremely severe form is perinatal lethal.

OI type III: most severe form in children surviving the
neonatal time, severely deforming, extreme short stature.
OI type IV: intermediate form between type I and type
IIT: mild to moderate bone deformities and variable short
stature.

Ofnote, the Sillence classification is gradual, describes
a continuum spectrum of severity with many overlaps.
Moreover, secondary features like hearing impairment,
blue (or grey) sclera, tooth abnormalities (dentinogen-
esis imperfecta), Wormian bones (accessory skull bones
surrounded by suture lines) are extremely variable and
may not always represent reliable classification criteria
[9, 10].

A further limitation of the Sillence classification is
that in about 10 % of patients having a clinical diagnosis
of OI with no mutations in the genes encoding for col-
lagen could be identified. Moreover, in many of these
cases there was strong evidence for an autosomal reces-
sive inheritance because of recurrence of OI in pedigrees
from unaffected parents. So, additional causes of OI were
suspected for a couple of years.

The expanded Sillence classification

That the Sillence classification would not cover the com-
plete range of the disease was confirmed in 2000-2002 by
the group of Francis H. Glorieux and colleagues from the
Shriner’s hospital in Montreal, Canada. They presented
three groups of patients with clinical diagnosis OI hav-
ing distinctive skeletal and bone histological features in
comparison to the patients classified previously by Sil-
lence. The underlying genetic defect remained unknown

at that time, but it was clear that none of these individu-
als showed evidence for a collagen primary sequence
defect. Moreover, in two of the three clinical entities an
autosomal recessive inheritance was found. To clearly
underline the difference to the ‘classical’ forms of OI
with collagen-gene defects, these additional groups were
defined as ‘new’ forms of OI, with intact primary struc-
ture of collagen type I and categorized as OI type V, type
VI and type VII corresponding to the chronological order
when the cases were reported. Consequently, in 2004, an
expanded Sillence classification was suggested [11].

The remarkable point of the expanded Sillence clas-
sification is that the ‘new forms’ of OI are not anymore
defined according to clinical severity but according to a
still unexplained aetiology.

Discovery of new pathways leading to Ol
The discovery of new pathways leading to OI are inti-
mately linked with the progress in understanding the

complex molecular biology of collagen synthesis [7, 12, 13]
(Fig. 1). Basically, type I collagen is a triple helical

single procollagen type | chains

o

post-translational modification
and folding to triple helix

collagen type | molecule

3

collagen assembly to fibrils — cross linking
— e e B

Fig. 1 Overview of collagen formation and modification:
Single proCOL1A1 and proCOL1A2 polypeptide chains are
synthesized and transported into the endoplasmic reticulum
where the chains become assembled, folded and extensively
modified. Subsequently, the procollagen molecule is secreted
into the pericellular space and the terminal propeptides are
removed by specific proteinases. The mature triple helical
procollagen molecule becomes incorporated and stabilized
into the matrix by formation of covalent crosslinks. Moreover
the collagen fibrils bind also to growth factors and cytokines
forming a functional scaffold supporting matrix mineralization
[7,17]
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molecule, a heterotrimer consisting of two alpha 1 and
one alpha 2 chains, that are first synthesized as single
chains and post-translational become folded and exten-
sively modified. During these intracellular processes,
numerous amino acids are hydroxylated and glycosyl-
ated by specific enzymes. In addition, these events are
‘assisted’ by so called ‘molecular chaperones’ control-
ling the proper collagen folding or inducing specific cel-
lular responses—termed endoplasmic-reticulum (ER)
stress—to misfolded proteins (reviewed by [14, 15]). Sub-
sequently, a procollagen molecule consisting of the core
triple helical domain of 1014 amino acids and flanked
at each end by globular propeptides is secreted into the
pericellular space where the terminal propeptides are
removed by specific extracelluar proteinases leading to
fibril assembly and the formation of enzymatic cross-
links. Finally, the mature collagen fibril becomes incor-
porated in the bone matrix and mineralized (see Fig. 1).
In principle, each of these steps are highly controlled
processes and any defect or malfunction may resultin OI.

This means that the aforementioned phenotypic char-
acteristics are not necessarily caused by mutations in the
collagen molecule itself. In fact, an OI phenotype can
also result from defects in proteins involved in the post-
translational modification of collagen, from malfunction
of collagen chaperones, or from alteration in signalling
proteins responding to intracellular ER stress and leading
to dysfunctional osteoblast. Moreover some rare forms of
OI are originated by deficiencies of proteins involved in
the extracellular cleavage of the collagen propeptide dur-
ing final fibril assembly, in the formation of cross-linking
bonds between fibrils and in the regulation of the miner-
alization process [16, 17].

The first evidence therefore came in 2006 when Roy
Morello reported that recessive OI type VII was caused
by a defect in the gene encoding for cartilage associated
protein (CRTAP) [18]. CRTAP was identified as a part
of an enzymatic complex involved in the intracellular
processing of the collagen type I triple helix: the prolyl
3-hydroxylation complex. This complex is located intra-
cellularly within the endoplasmic reticulum and plays an
important role in the post-translational modification of
specific proline residues in the unfolded collagen chains
[19]. Moreover, the prolyl 3-hydroxylation complex was
found to consist of three subunits that assemble in the
ratio 1:1:1, where CRTAP is the helper protein, prolyl
3-hydroxylase 1 (P3H1) the proper enzyme and cyclo-
phylin B (CyPB) a chaperone for collagen synthesis
(reviewed by [17]). These proteins are crucial for a proper
collagen folding and mutations in each unit were identi-
fied to cause OI. The latter two variants were termed as Ol
type VIII and OI type IX respectively [20-23].

OI type X and OI type XI were subsequently identified
and found to be caused by other proteins interfering with
intracellular collagen processing and extracellular cross-
linking [24], reviewed by [17, 25]).

The list of the discovery of new genes leading to new
rare forms of Ol is since then continuously growing (see

a short overview in Table 1) raising many new questions
about the underlying molecular mechanisms [26].

Ol classification: quo vadis?

Itis obvious that the discussion of an actual classification
of OI became immensely complicated by the discovery
of new genes, leading to OI. Actually there is a confus-
ing coexistence between the Sillence classification into
four groups based on clinical characteristics and inheri-
tance pattern versus a continuously expanding classifica-
tion based on the addition of the many causative genes
having important clinical overlap with the ‘classical’ Sil-
lence forms. Different approaches are currently under
discussion.

Plotkin [27] suggested in 2004 to define as OI only
cases caused by mutations in the genes encoding type I
pro-collagen whereas mutations in other genes would
lead to ‘syndromes with congenital brittle bones resem-
bling OI'

Van Dijk [28] suggested in 2010 to adopt a revised
Sillence classification from OI type I to OI type VI but
removing the forms which have clinical and radiographi-
cal features indistinguishable from OI Type II, III and
IV. This concept is basically in line with the advice of an
international expert group delineating a ‘Revision of the
Nosology and Classification of Genetic Skeletal Disor-
ders’ that agreed to retain the Sillence classification as
the prototypic and universally accepted way to classify
the degree of severity in OI and to free it from any direct
molecular reference [29].

However, more recently, Van Dijk and Sillence himself
proposed to add OI type V to the four groups of the origi-
nal classification and to include again coloured sclerae as
a classification criteria [8]:

OI type 1: mild form, non-deforming OI with blue
sclera. Patients have low bone mass, increased bone fra-
gility and susceptibility to hearing impairment. Autoso-
mal dominant inheritance.

OI type 4: moderate or variable form. Patients have
recurrent fractures, variable degrees of bone deformities,
but normal sclerae and mostly no hearing impairment.
Either autosomal dominant or recessive inheritance.

OI type 3: Progressively deforming. Bone fractures
already at birth or as infants, severe osteopenia, deform-
ing, growing impairment, progressive kyphoscoliosis and
hearing loss during adulthood. Sclera might be blue at
birth and becomes less blue with age. Either autosomal
dominant or recessive inheritance.

Ol type 2: perinatal lethal. Either autosomal dominant
or recessive inheritance.

OI type 5: OI with calcification in the intraosse-
ous membranes. (The causative mutation in BRIL was
very recently discovered [30].) Autosomal dominant
inheritance.

An alternative OI categorization based on connected
metabolic mechanisms allowing an accurate genetic
counselling and possibly in the future therapy options, is
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Table 1 Overview of classified and unclassified Ol forms

0l type

Classical forms of Ol
Type |, IV, I, Il

Defective gene

COL1A1 COL1A2

Defective protein

1(l) collagen/
2(]) collagen
reviewed by [7]

New forms of Ol (classified and unclassified)

Type V

Type VI

Type ViI

Type VIl
Type IX

Type X

Type XI

Un- Classified

IFITM5

SERPINF1

CRTAP

LEPRET
PPIB

SERPINH1

FKBP10

PLOD2

BMP1

C-propeptide
cleavage site

SP7/0SX
WNT1

TMEM38B

CREBL1

PLS3

Bone-restricted ifitm-like protein
(BRIL) Autosomal dominant inheri-
tance! [33]

Pigment epithelium derived factor
(PEDF) [34]

Cartilage-associated protein
(CRTAP) [18, 20]

Prolyl 3-hydroxylase (P3H1) [21]

Peptidyl-prolyl cis-trans isomerase
B (PPIB)

(also called cyclophylin B, CyPB)
[22, 23]

Heat-shock protein 47 (HSP47) [35]

FKBP65 [36, 37]

Lysyl hydroxylase 2 (LH2) [37]

Bone morphogenic Protein 1
(BMP1) [38]

C-propeptide cleavage site [34]

SP7/0sterix [39]
WNT1 [40]

TRIC-B

(Integral membrane cation channel
in the endoplasmic reticulum
involved in intracellular Ca?*re-
lease) [41]

Endoplasmic reticulum stress
transducer

(OASIS)

(old astrocyte specifically induced
substance) [42]

Actin-binding protein plastin 3 [32]

Biochemical effects on collagen
biosynthesis

Abnormalities in the primary struc-
ture or decreased amount of type |
collagen chains

BRIL is an osteoblast specific small
transmembrane protein that might
regulate early mineralization steps

PEDF is produced and secreted by
osteoblasts, binds to collagen (and
circulates in serum).

Potent anti-angiogenic factor!

Intracellular collagen processing
of the collagen type | triple helix:
3-Hydroxylation defect

Chaperone activity:

Together with PPIB binds and stabi-
lize the folded procollagen molecule
in the endoplasmic reticulum

Chaperone activity:

Insufficient telopeptide hydroxylation.

Delayed and decreased collagen
synthesis, defective collagen
crosslinking

Hydroxylation of collagen telopeptide
lysine. Critical for collagen cross-
linking into matrix

Extracellular collagen processing:
Protease cleaving the C-propeptide
from type | procollagen

Extracellular collagen processing:
Defect in C-propeptide cleavage site

Osteoblast maturation defect

WNT interacts with cell surface
LRPS5. Different forms of bone
fragility

Defective collagen processing:
affects calcium regulated collagen-
specific chaperones and modify-

ing enzymes in the endoplasmic
reticulum

Decrease transcription of COL1A1

Not clear

Phenotype

Autosomal dominant inheritance

Low bone mass and increased bone fra-
gility, Wide spectrum of clinical severity
from mild to lethal forms

Mild to moderate. Moderately deform-
ing,

Short stature; mineralised interosse-
ous membrane, dislocation of radial
head; hyperplastic callus; in histological
sections: “mesh-like” pattern of lamellar
bone

Moderate to severe. Scoliosis; in
histological sections: accumulation
of osteoid in bone tissue, fish-scale
pattern of bone lamellation

Severe to lethal.
Moderately deforming; Mild short stat-
ure; short humeri and femora; coxa vara

Severe to lethal
Moderate to lethal

Severe to lethal

Very variable spectrum: Ol, Bruck
syndrome, Kuskokwim syndrome:
joint contractures at birth, short stature

Variable spectrum: Ol, Bruck syndrome
Severe

Severe.
High bone mass Ol!

Relatively mild, high bone mass

Moderate

Moderately severe and progressively
deforming.
Early onset osteoporosis?

Moderate to severe
Progressively deforming

Severe

Osteoporosis, bone fragility
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currently discussed by Joan C. Marini et al. [31] (see also
Table 1):

e Autosomal dominant mutations leading to a decrease
in quantity of type I collagen (OI type I)

e Autosomal dominant mutations leading to a defect in
the structure of type I collagen (OI types II, III, IV)

e Mutations leading to abnormal matrix mineraliza-
tion: autosomal dominant type V, autosomal reces-
sive type VI (abnormally high accumulation of osteoid
observed in histological sections)

e Autosomal recessive mutations leading to defects in
collagen modification: mutation in the 3-hydroxyl-
ation complex (OI types VII, VIII, IX)

e Autosomal recessive mutations leading to defects in
collagen chaperones and foldases. (OI types X, XI).

e Defects in extracellular collagen processing (cleaving
the C-propeptide from type I procollagen: mutations
in BMP1 and mutations in C-propeptide cleavage
site).

e Defects in osteoblast development: autosomal reces-
sive mutations in SP7/Osterix, WNT1, TRIC-B, OASIS,
PLS3 [25, 32] (see Table 1).

In conclusion, it can be stated that the genetic discover-
ies of the last years have generated a shift in paradigm
where osteogenesis imperfecta is in the great majority
of the cases an autosomal dominant inherited disease
caused by mutations in the genes encoding for collagen
type I, while rare mostly recessive forms are caused by
defects in proteins interacting directly or indirectly post-
translationally with collagen. The amazing dynamic of
successive discovery of novel genes and associated novel
pathways leading to OI and to OI-like syndromes under-
mines a traditional static classification. Hopefully, the
increasing knowledge in pathophysiology will help in
the near future to develop new therapeutic approaches
beyond any formal categorization.
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