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Abstract

Summary We detected disease-causing mutations in 585 of
598 individuals (98 %) with typical features of osteogenesis
imperfecta (OI). In mild OI, only collagen type I encoding
genes were involved. In moderate to severe OI, mutations in
12 different genes were found; 11 % of these patients had
mutations in recessive genes.

Introduction Ol is usually caused by mutations in COLIA1 or
COL1A2, the genes encoding collagen type I alpha chains, but
mutations in at least 16 other genes have also been associated
with OI. It is presently unknown what proportion of individ-
uals with clinical features of OI has a disease-causing muta-
tion in one of these genes.

Methods DNA sequence analysis was performed on 598 in-
dividuals from 487 families who had a typical OI phenotype.
Ol type [ was diagnosed in 43 % of individuals, and 57 % had
moderate to severe OI, defined as OI types other than type I.
Results Disease-causing variants were detected in 97 % of
individuals with OI type I and in 99 % of patients with mod-
erate to severe Ol. All mutations found in OI type I were
dominant and exclusively affected COLIAI or COLIA2. In
moderate to severe Ol, dominant mutations were found in
COLIAI/COLIA2 (77 %), IFITM5 (9 %), and P4HB
(0.6 %). Mutations in one of the recessive Ol-associated gene
were observed in 12 % of individuals with moderate to severe
OL The genes most frequently involved in recessive Ol were
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SERPINFI (4.0 % of individuals with moderate to severe OI)
and CRTAP (2.9 %).

Conclusions DNA sequence analysis of currently known OI-
associated genes identifies disease-causing variants in almost
all individuals with a typical OI phenotype. About 20 % of
individuals with moderate to severe Ol had mutations in genes
other than COLIA1/COLIA2.
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Introduction

Osteogenesis imperfecta (OI) is a heritable connective tissue
disorder that is mainly characterized by bone fragility. The
typical clinical picture also includes extraskeletal findings
such as blue or gray discoloration of the sclera and tooth
abnormalities called dentinogenesis imperfecta [1].

The severity of bone fragility in OI varies widely. This is
captured in the traditional classification that distinguishes four
phenotypic categories (OI types I to IV) [2]. OI type I repre-
sents the mildest phenotype, OI type II is lethal in the neonatal
period, OI type III is the most severe form of the disease in
individuals surviving the neonatal period, and OI type IV is of
moderate severity [3]. Three more phenotypic Ol types (V, VI,
and VII) have been described, based on specific clinical char-
acteristics [4]. More recently, a large number of additional OI
types (OI type VIII and higher) have been proposed on the
basis of genetic findings [1] and are listed in the OMIM data-
base. However, the addition of genotypically defined OI types
to a phenotypic classification is controversial [5]. The 2015
Nosology and Classification of Genetic Skeletal Disorders
exclusively uses phenotypic criteria to classify OI types [3].
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It has been known for more than 30 years that OI pheno-
types are most often caused by dominant alterations in
COLIAI (MIM 120150) or COLIA2 (MIM 120160), the
genes coding for collagen type I alpha chains [1]. The molec-
ular diagnosis of OI was initially performed by examining
collagen type I protein from skin fibroblasts [6] and later by
Sanger sequencing of COLIAI and COLIA2. Both ap-
proaches have a high diagnostic yield in OI with typical phe-
notypes. For example, protein analysis in 132 individuals with
“typical nonlethal OI” identified biochemical abnormalities in
87 % of cases [7]. In the most detailed Sanger sequencing
study to date, pathogenic COLIAI/COLIA2 sequence alter-
ations were detected in 87 % of 142 children with “typical OI”
[8]. However, that study also showed that the diagnostic yield
varied with the phenotypic group. Pathogenic variants were
found in 94 % of individuals with OI type I, in 88 % of
patients with OI type III but in only 63 % of children with
Ol type IV.

Starting in 2006, defects in at least 16 genes other than
COLIAI and COLIA?2 have been linked to OI phenotypes
[1]. Most of these gene defects lead to recessive forms of
OI, even though two genes (IFITM5 [MIM 614757], P4HB
[MIM 176790]) are associated with dominant OI, and defects
in one gene (PLS3, [MIM 300131]) lead to X-linked bone
fragility. Inclusion of these “new” genes in OI sequencing
panels can be expected to increase the clinical sensitivity of
molecular diagnosis in OI, but it is presently not known what
proportion of individuals with a typical OI phenotype have
identifiable pathogenic variants in one of the currently known
OlI genes. It is also not clear how frequently pathogenic vari-
ants in each of the newly discovered OlI-associated genes
cause the disease. Such data are needed to assess the scope
for further improvements in the molecular diagnosis of OI and
will also be useful for estimating the number of individuals
that might benefit from the future development of gene-
specific treatment approaches.

In the present study, we therefore assessed the results of
molecular testing for the currently known OI genes in 598
individuals who had a typical OI phenotype and who had all
been assessed at a single center.

Subjects and methods
Subjects

The study population comprised all individuals with a
typical Ol phenotype who were evaluated at the
Shriners Hospital for Children in Montreal between
December 2000 and February 2015 and in whom mo-
lecular diagnosis by sequence analysis of genomic DNA
had been completed. One of the authors (F.G. or F.R.)
assessed each patient clinically and made a diagnosis of
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OI type I, III, IV, V, VI, VII, or Cole-Carpenter syn-
drome [4]. Given that the study was performed at a
center for pediatric orthopedics, the study population
did not include patients with OI type II, which leads
to death in the neonatal period.

The 598 individuals reported here were residents of a vari-
ety of countries and geographic regions: Canada (n =370),
USA (n=154), Latin America (n=44), Europe (n=16),
Middle East (n =10), and others (n =4). The ethnic distribu-
tion was as follows: Caucasian (n=457), Hispanic (n = 68),
Arab (n=27), Asian (n=25), First Nations (n=13), and
others (n = 8).

The spectrum of disease severity varies between OI cen-
ters, which makes it difficult to compare the spectrum of mo-
lecular diagnosis results between studies. At the same time,
the diagnosis of specific OI types is somewhat subjective and
can depend on the amount of available clinical information
(e.g., the diagnosis of Ol type VI requires histological analysis
of bone tissue) or on the age of the patient (e.g., hyperplastic
callus may not be evident in young children with OI type V).
For easier comparison with other studies, we separated the
present study cohort into two broad groups—“mild OI” (OI
type I) and “moderate to severe OI” (all other OI types). The
main distinguishing characteristic between these two catego-
ries is the presence of lower extremity deformities in the mod-
erate to severe OI group. The OI type I group only included
individuals who had “typical extraskeletal features” of OL.
This means that they had either discoloration of sclera or
dentinogenesis imperfecta or both. In the absence of such
extraskeletal features, it can be difficult to distinguish OI from
other causes of increased fracture incidence in children and
adolescents. The diagnosis and clinical information were ob-
tained by retrospective chart review.

The study was approved by the Institutional Review Board
of McGill University. For individuals in whom a disease-
causing mutation had been found as part of the clinical diag-
nostic workup, the present study was limited to a retrospective
chart review and no consent was required. Individuals in
whom Sanger sequencing had previously failed to detect a
disease-causing variant were invited to have next-generation
sequencing (NGS) on a research basis. In these individuals,
consent was obtained if they were aged 14 years or older. For
individuals below 18 years of age, parental consent was ob-
tained, as well as assent from participants over 8 years of age.

Clinical analyses

Height was measured using a Harpenden stadiometer
(Holtain, Crymych, UK). Height and weight were con-
verted to age- and sex-specific Z-scores on the basis of
reference data published by the Centers for Disease
Control and Prevention [9].
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Sequence analysis

Sanger sequencing (Applied Biosystems 3100 DNA sequenc-
er) was used until June 2013 for sequence analyses in genomic
DNA after PCR amplification of all exons and exon/intron
boundaries of target genes. Until 2007, sequence analysis
was limited to those COLIAI and COLIA2 exons, which
were positive on heteroduplex screening [10]; later, all
COLIAI and COLIA2 exons were sequenced without prior
screening step. Sequencing of CRTAP (2007), P3HI (2008),
SERPINFI (2011), and IFITM5 (2012) was added to the
Sanger sequencing program, after variants in these genes
had been identified as causes of OI.

After June 2013, NGS was performed as the primary sequenc-
ing methodology, using an Ion Torrent PGM device (Life
Technologies), as described [11]. Initially, a metabolic bone gene
panel was assessed which included the following Ol-related
genes: COLIAI (NM_000088.3), COLIA2 (NM_000089.3),
BMPI (NM _001199.3, NM _006129.4), CRTAP
(NM _006371.4), FKBP10 (NM_021939.3), IFITMS5
(NM_001025295.2), P3HI (NM _022356.3), PLOD?
(NM _000935.2), PPIB (NM_000942.4), SERPINF1
(NM_002615.5), SERPINHI (NM_001235.3), SP7
(NM 152860.1), and TMEM38B (NM _018112.2).
Subsequently, the panel was expanded to include additional genes
that are associated with OI or bone fragility disorders with a sim-
ilar phenotype (ALPL (NM_000478.4), CREB3LI
(NM _052854.3), P4HB (NM _000918.3), PLS3
(NM_001136025.4), RUNX2 (NM_001024630.3), SEC24D
(NM _014822.2), SPARC (NM_003118.3), and WNT!
(NM_005430.3).

A total of 10 ng DNA/sample were used for target enrich-
ment by multiplex PCR and sequencing on an Ion 316 Chip
(Ton PGM Hi-Q Sequencing Kit; Life Technologies), which
was performed following the manufacturer’s instructions with
the 200-bp single-end run configuration. Data from the

sequencing run were processed using Torrent Suite software
(version 5.04; Life Technologies) for base calls, read align-
ments, and variant calling using the reference genomic se-
quence (hg19) of target genes. Called variants were annotated
using Ion Reporter (version 5.0). Variants were filtered out if
they were present in the UCSC common SNPs database
(http://genome.ucsc.edu), which includes SNPs from dbSNP
138 that have a minor allele frequency equal to or higher than
1 %. Variants were also filtered out if they had been observed
in 4 or more of 45 control samples that had previously been
sequenced with the same methodology.

The standards and guidelines of the American College of
Medical Genetics and Genomics and the Association for
Molecular Pathology were used to classify variants as patho-
genic or likely pathogenic [12]. Samples where no pathogenic
or likely pathogenic variant was found in the initial panel were
reanalyzed using the expanded panel. Mutations found by
NGS were confirmed by Sanger sequencing.

Statistical analyses

Differences between two groups were tested for significance
using the unpaired Student’s # test. Differences between three
groups were evaluated by analysis of variance (ANOVA). All
tests were two-tailed, and throughout the study, P values
<0.05 were considered significant. These calculations were
performed using the SPSS Statistics software version 19.0
(SPSS Inc., Chicago, Illinois, USA).

Results

The study included 598 individuals with a clinical diagnosis
of OI who were from 487 families. OI type I was diagnosed in
43 % of the study population, and 57 % were classified as
having one of the moderate to severe OI types (Table 1).

Table 1  Clinical characteristics of the study population

Mild OI Moderate to severe Ol Total

I 111 v \% VI Vil cc
N individuals (M/F) 256 (123/133) 100 (47/53) 189 (88/101) 30 (17/13) 14 (11/3) 7 (1/6) 2 (2/0) 598 (289/309)
N families 170 99 179 25 11 1 2 487
Family history (N pos./N total) 177/240 8/92 40/172 11/29 3/14 77 0/2 246/556
Age (years) 172 (11.4) 13.2 (6.8) 13.0 (7.4) 17.0 (10.8) 159(9.7) 139(9.6) 19.8(1.5) 15.1 (9.6)
Height (Z-score) -1.0 (1.1) -792.4) -39 2.1 -33(23) -46@34) -27@33) -10.124) -34(@3.1)
Weight (Z-score) -0.2(1.2) -2.9(1.6) -1.4 (1.6) -12(1.6) -14(15 1223 4412 -1.1(1.8
Blue sclera (N pos./N total) 241/255 66/94 118/179 2/30 0/14 0/7 0/2 427/579
DI (N pos./N total) 32/249 79/93 105/173 0/30 0/14 0/7 12 217/569

Results represent N or mean (SD)

Abbreviations: CC Cole-Carpenter syndrome, O/ osteogenesis imperfecta
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Caucasians made up 86 % of the OI type I cohort and 70 % of
the moderate to severe Ol group. The family history, where
available, was positive for Ol in 74 % of individuals with OI
type I and in 22 % of individuals with moderate to severe Ol

In 518 individuals, Sanger sequencing had been performed
as the initial diagnostic methodology; pathogenic or likely
pathogenic variants were found in 483 of these subjects. In
80 individuals, NGS was used as the initial diagnostic meth-
odology. NGS was also performed on the 35 individuals in
whom Sanger sequencing had not detected a pathogenic mu-
tation. This resulted in the detection of disease-causing vari-
ants in 27 individuals, of whom 6 had disease-causing variants
in genes that had not been assessed by Sanger sequencing.
The other 21 individuals had mutations in COLIAI or
COL1A? that had not been identified by previous Sanger se-
quencing for a variety of reasons, such as presence of a dele-
tion of the entire COLIA1 gene [13] or polymorphisms at the
annealing site of Sanger sequencing primers.

Overall, disease-causing variants were detected in 97 % of
individuals with Ol type I and in 99 % of patients with moderate
to severe Ol (Table 2). The 13 patients in whom sequence analysis
did not reveal a disease-causing variant were from 13 unrelated
families. The mean read depth in the samples from these 13 indi-
viduals was 744 (range 428 to 1196), similar to the samples where
adisease-causing variant was found (799 (range 367 to 1465)). In
nine of the samples with negative NGS, coverage of COLIA2

exon 3 was <20. Mutations in this exon were excluded by
Sanger sequencing.

All mutations found in OI type I were dominant and exclu-
sively affected COLIAI or COLIA2 (Fig. 1). COLIAI
haploinsufficiency (i.e., nonsense or frameshift) mutations
were found in 126 of these patients, splice site mutations in
55 patients (COLIAI, n=52; COLIA2, n=3), triple-helical
glycine substitutions in 48 patients (COLIAI, n=22,
COLIA2, n=26) and other types of COLIA1/COLI1A2 muta-
tions in 17 patients.

In moderate to severe OI, dominant mutations were found
in COLIAI/COLIA2, in IFITMS5 (c.-14C>T in all individ-
uals) [14], and in P4HB (c.1178 A > G in two individuals with
Cole-Carpenter syndrome) [15]. Mutations in one of the re-
cessive Ol-associated gene were observed in 40 individuals,
who all had a moderate to severe phenotype (Table 2; Fig. 1).
The genes most frequently involved in recessive OI were
SERPINF1 and CRTAP. In two individuals with moderate to
severe OI, the sequencing result was classified as
“inconclusive,” because only one heterozygous mutation
was found in a gene associated with recessive OI
(SERPINF1, N=1; SEC24D, N=1).

The number of unique mutations per gene was 188 in
COL1A1 (66 haploinsufficiency, 52 triple-helical glycine sub-
stitutions, 49 splice site, 16 C-propeptide, 5 other), 106 in
COLIA2 (92 triple-helical glycine substitutions, 8 splice-site,

Table 2 Relationship between

clinical Ol type and affected gene Mild OI

I

All moderate All
to severe Ol

Moderate to severe OI

I v v VI VI CcC

Dominant
COLIAI 219
COLIA2 29

IFITM5 -
P4HB -

Recessive
CRTAP -
FKBP10 -
P3HI -
PLOD?2 -
PPIB -
SERPINF1 -
SPARC -
WNT1 -

Inconclusive -

No pathogenic variant 8

All 256

Positive

45 90 - - - - 135 354
45 85 - - - - 130 159
- - 30 - - - 30 30
- - - - - 2 2 2

3 - - - 7 - 10 10
- 3 - - - - 3 3

5 1 - - - - 6

1 - - - - - 1 1

- 1 - - - - 1 1

1 - - 13 - - 14 14
- 1 - - - - 1 1

- 4 - - - - 4 4

- 1 -1 - - 2

- 3 - - - - 11
100 189 30 14 7 2 342 598
100 185 30 13 7 2 337 585

Values are N

Abbreviations: CC Cole-Carpenter syndrome, O/ osteogenesis imperfecta
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Fig. 1 Frequency of disease-
causing variants according to af-
fected gene

Mild Ol

COL1A1
86%

_No mutation
3%

Moderate to Severe Ol

SERPINF1
4.0%

CRTAP
2.9%

COL1A2
38%

COL1A1
39%

FKBP10, PLOD2,
PPIB, SPARC,
<1.0% each

COL1A2

27%

SERPINF1
2.3%

CRTAP
1.7%

P3H1, 1.0%

COL1A1

6 other), 1 in IFITM5, 1 in P4HB, 3 in CRTAP, 5 in FKBP10, 5
in P3HI, 2 in PLOD2, 2 in PPIB, 7 in SERPINFI, 1 in
SPARC, and 4 in WNTI (Supplemental Tables 1 and 2).
Overall, 49 of these mutations were not listed in the OI variant
database and were therefore considered novel.

Discussion

In this study, sequence analysis of genomic DNA identified
disease-causing mutations in 585 of 598 (98 %) individuals
with a typical OI phenotype. The percentage of patients in
whom a disease-causing variant could be identified was sim-
ilar for OI type I and for the moderate to severe OI types, but
the mutation spectrum differed between these two groups. In
Ol type I, we observed only COLIA 1 and COL1A2 mutations,
whereas in moderate to severe OI, mutations in COLIAI and
COL1A?2 explained the disease in less than 80 % of patients,
and mutations in 12 different genes were found. Apart from
COLIAI/COLIA2, IFITMS5 was the most frequently involved
gene in moderate to severe Ol and was responsible for the
disease in 9 % of individuals with moderate to severe Ol
Mutations in recessive genes were observed in 12 % of

59% WNTT, 0.7%

FKBP10, PLOD?2,
PPIB, SPARC,
<0.5% each

individuals with moderate to severe OI, but were not seen in
the context of mild OL

The present study was conducted in a specialized treatment
center for OI, and therefore, the study population comprised a
relatively large proportion of individuals with moderate to
severe OI (57 %). In recent population-based studies, moder-
ate to severe Ol types represented only 31 and 23 %, respec-
tively, of all individuals with OI [8, 16]. To compare mutation
findings between studies, it is therefore useful to separately
report results for mild OI and for moderate to severe OI. It
must be acknowledged, however, that the present “moderate
to severe OI” group may be skewed towards the more severe
end of the spectrum, given the study setting in a center that
receives referrals for specialized care from many countries.
Population-based studies would be required to determine the
OI mutations spectrum that is not affected by the inherent
biases of hospital-based analyses.

It is often assumed that >90 % of individuals with OI have
COLIAI and COLIA2 mutations [17, 18]. While our results
in Ol type I are consistent with this assumption, we found that
COLIAI/COLIA2 mutations explained the disease in only
264 of the 342 individuals (77 %) with moderate to severe
Ol Similarly, Lindahl et al. found COLIA1/COLIA2 muta-
tions in 31 of 43 children (72 %) with OI types III and IV [8].
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The notion that >90 % of individuals with OI have COLIA1/
COLIA2 mutations is mainly based on linkage studies in fam-
ilies with dominant OI [19]. However, the results of linkage
studies in dominant Ol are not directly applicable to moderate
to severe OI, because these individuals typically do not have a
positive family history and recessive Ol is relatively common
in this group.

Overall, we detected mutations in genes other than
COLIAI/COLIA2 in about a fifth of individuals with moder-
ate to severe Ol. Close to half of the individuals with muta-
tions in these “other” genes had the dominant c.-14C > T mu-
tation in /F/TM35, which is the single most prevalent mutation
in the present series. This mutation leads to the addition of 5-
amino acids to the N-terminus of BRIL, the protein encoded
by IFITM5 [20]. No other /FITM5 mutations were found in
the present study.

Biallelic mutations in genes linked to recessive Ol were
present in 12 % of individuals with moderate to severe OI
and about 7 % of the entire OI population at our institution.
In comparison, about 10 % of all individuals included in the
OI variant database have recessive OI (accessed 16
March 2016). However, as observations in newly described
genes may be more likely to be reported than variants in well-
known genes, the proportion of individuals with recessive Ol
in the OI variant database is likely an overestimate of the true
prevalence of recessive OI. The prevalence of recessive OI
may also vary between geographic areas, as recessive disor-
ders may be more prevalent in regions where consanguinity is
common.

SERPINFI and CRTAP mutations were the most common
causes of recessive Ol in the present study. This may be influ-
enced by the presence of founder effects in the population
served by our institution. The SERPINF1 ¢.295C>T
(p.-Arg99*) mutation was observed in six individuals from
four apparently unrelated families of French Canadian origin
[21]. A homozygous intronic ¢.472-1021C > G CRTAP muta-
tion that introduces a cryptic splice was found in seven mem-
bers of a community in Northern Quebec who all were diag-
nosed with OI type VII [22, 23]. Together, these two muta-
tions were responsible for close to one third of all occurrences
of recessive Ol in the present study.

We detected disease-causing COLIA1/COLIA2 variants in
97 % of individuals with OI type I, which is similar to the
results of Lindahl et al. who found COLIAI/COLIA2 muta-
tions in 94 % of such individuals [8]. It is noteworthy that we
observed triple-helical glycine substitutions in 19 % of pa-
tients with an OI type I phenotype. Even though heterozygous
COLI1A]I null mutations are sometimes thought to be the sole
cause of Ol type I [5, 18, 24], our observations highlight the
fact that the phenotype caused by some triple-helical glycine
substitutions can be clinically indistinguishable from that
caused by COLIA] haploinsufficiency. Similar observations
have been made by Lindahl et al. [8].
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The mild OI group of the present study included only indi-
viduals who had “typical OI type I,” which was defined as
having blue/gray sclerae or dentinogenesis imperfecta, or
both, in addition to bone fragility. For this reason, previously
reported patients with mutations in PLS3 [25] or in the 3'-
untranslated region of the short BMPI transcript [26] were
excluded from the present analysis, because these individuals
had bone fragility without either scleral discoloration or
dentinogenesis imperfecta.

Overall, we failed to detect disease-causing variants in
about 2 % of our study population. It is possible that in some
of these individuals, Ol is caused by variants in the genes that
are included in our panel but are located in areas that were not
sequenced, such as deep intronic regions. However, it is likely
that at least some of these individuals have disease-causing
variants in genes that have not yet been associated with OL In
any case, our study suggests that these as yet undiscovered OI-
related genes explain the disease in a very small proportion of
individuals with OI. Almost all individuals with a typical OI
phenotype have pathogenic variants in one of the known OI-
associated genes.
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