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Abstract
Summary The achievement of more accurate diagnosis
would greatly benefit the management of patients with os-
teogenesis imperfecta (OI). In this study, we present the
largest OI sample in China as screened by next generation
sequencing. In particular, we successfully identified 81
variants, which included 45 novel variants. We further
did a genotype-phenotype analysis, which helps make a
better understanding of OI.
Introduction This study aims to reveal the gene mutation
spectrum and the genotype-phenotype relationship among
Chinese OI patients by next generation sequencing (NGS).
Methods We developed a NGS-based panel for targeted
sequencing of all exons of 14 genes related to OI, and
performed diagnostic gene sequencing for a cohort of 103
Chinese OI patients from 101 unrelated families. Mutations
identified by NGSwere further confirmed by Sanger sequenc-
ing and co-segregation analysis.

Results Of the 103 patients from 101 unrelated OI families,
we identified 79 mutations, including 43 novel mutations
(11 frameshift, 17 missense, 5 nonsense, 9 splice site, and 1
chromosome translocation) in 90 patients (87.4%). Mutations
in genes encoding type I collagen, COL1A1 (n = 37), and
COL1A2 (n = 29) accounts for 73.3% of all molecularly diag-
nosed patients, followed by IFITM5 (n = 9, 10%), SERPINF1
(n = 4, 4.4%), WNT1 (n = 4, 4.4%), FKBP10 (n = 3, 3.3%),
TMEM38B (n = 3, 3.3%), and PLOD2 (n = 1, 1.1%). This
corresponds to 75 autosomal dominant inherited (AD) OI
patients and 15 autosomal recessive (AR) inherited patients.
Compared with AD inherited OI patients, AR inherited
patients had lower bone mineral density (BMD) at spine
(P = 0.05) and less frequent blue sclera (P = 0.001). Patients
with type I collagen qualitative defects had lower femoral
neck BMD Z-score (P = 0.034) and were shorter compared
with patients with type I collagen quantitative defects
(P = 0.022).

Yi Liu and Asan contributed equally to this work.

This study was supported by the National Natural Science Foundation of
China (81570802) and Tianjin Municipal Science and Technology
Special Funds for Enterprise Development (14ZXLJSY00320).

Electronic supplementary material The online version of this article
(doi:10.1007/s00198-017-4143-8) contains supplementary material,
which is available to authorized users.

* M. Li
limeilzh@sina.com

Asan
asan@genomics.cn

1 Department of Endocrinology, Key Laboratory of Endocrinology,
Ministry of Health, Peking UnionMedical College Hospital, Chinese
Academy of Medical Science, Beijing 100730, China

2 Tianjin Medical Laboratory, BGI-Tianjin, BGI-Shenzhen,
Tianjin 300308, China

3 Binhai Genomics Institute, BGI-Tianjin, Tianjin 300308, China
4 Department of Radiology, Peking Union Medical College Hospital,

Chinese Academy of Medical Science, Beijing 100730, China
5 BGI-Shenzhen, Shenzhen 518083, China
6 James D. Watson Institute of Genome Sciences, Hangzhou 310058,

China

Osteoporos Int (2017) 28:2985–2995
DOI 10.1007/s00198-017-4143-8

http://dx.doi.org/10.1007/s00198-017-4143-8
mailto:limeilzh@sina.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s00198-017-4143-8&domain=pdf


Conclusion We revealed the gene mutation spectrum in
Chinese OI patients, and novel mutations identified here ex-
panded the mutation catalog and genotype and phenotype
relationships among OI patients.

Keywords Genotype-phenotypecorrelation .Nextgeneration
sequencing . Osteogenesis imperfecta

Introduction

Osteogenesis imperfecta (OI) is a rare congenital skeletal dys-
plasia that is characterized by increasing bone fragility, recur-
rent fracture, and subsequent growth retardation. OI patients
also share some extraskeletal symptoms, such as blue sclera,
hearing deficits, dentinogenesis imperfecta (DI), and valvular
heart disease [1].

The widely used Sillence classification divides OI into four
types on the basis of clinical and radiological features [2]. In
2014, van Dijk then made some modification to the phenotype
assessment [3]. Type I OI is the mildest type, and patients
usually have variable fractures and a normal stature. Type II
OI is fatal, wherein patients with this type of OI have difficulty
surviving perinatal period due to skeletal deformities and respi-
ratory compromise. Type III is the most severe type in patients,
in terms of those that are able to survive, as patients often
sustain from multiple fractures and have a severely short stat-
ure. Patients with moderate skeletal deformities are classified
into type IV OI. Finally, type V is distinguished by apparent
hypercallus formation and intraosseous membrane calcification
[3].

Although the diagnosis of OI largely relies on clinical evalu-
ation and pedigree analysis, molecular analysis can help achieve
higher levels of diagnostic accuracy. Currently, it is known that
about 85 to 90% OI patients are caused by autosomal dominant
(AD) mutations of genes that encode type I collagen, COL1A1,
and COL1A2 [1]. Now, with the development of molecular di-
agnosis, a total of 20 genes have been identified as the causative
candidate gene of OI, including IFITM5, SERPINF1, CRTAP,
P3H1, PPIB, SERPINH1, FKBP10, PLOD2, WNT1,
CREB3L1, WNT1, SP7, CREB3L1, and MBTPS2 [4–14].
However, the absence of gene-specific symptoms and the large
number of candidate genes hamper the molecular diagnosis. In
addition, the current gold standard method, Sanger sequencing,
is time-consuming and costly, especially when applied to large
genes such as COL1A1 and COL1A2 [15]. As a result, com-
pared to traditional methods, next generation sequencing (NGS)
is more cost-effective and more efficient in its ability to identify
the causal mutation of diseases with genetic heterogeneity [16].

Additionally, although over 1600 pathogenic variants had
been identified, the genotype-phenotype correlations in OI
patients have only partially been elucidated. Previous studies
revealed that phenotypic severity was associated with affected

collagen helical location and types of amino acid substitution.
However, these genotype-phenotype studies focused more on
AD inherited OI and less is known about autosomal recessive
(AR) inherited OI. Moreover, genotype-phenotype studies are
elusive and are often limited to a relatively small size in China.

Herein, we developed a novel panel of genes related toOI and
other skeletal dysplasia disorders. Given that most reports on the
mutation spectrum of OI have been restricted to Western popu-
lations and only a few OI-related genetic studies have been con-
ducted in China, we applied the panel in a cohort of Chinese OI
patients not only to prove the efficiency of NGS in the genetic
analysis of OI but also to gain more population-specific insight
into OI. Furthermore, by analyzing the mutation spectrum and
bone morphologic findings of OI patients, we also aim to inves-
tigate the genotype-phenotype relationship.

Materials and methods

Patients

The study includes 103 patients with OI who were evaluated
at Peking Union Medical College Hospital (PUMCH) from
2010 to 2014. Clinical diagnoses of OI were based on the
following: a history of more than one fracture under minor
trauma and an age-adjusted and sex-adjusted BMD Z-score
of less than −1.0 or more for either lumbar spine or femoral
neck or with a family history of OI or an adjusted areal BMD
Z-score of −2·0 or less irrespective of a history of fractures [2].
Patients were further classified into OI subtypes based on
Sillence classification[2]. Patients were regarded as type V
OI if they had history of hyperplastic callus formation or had
radiological apparent calcification of forearm intraosseous
membrane [17]. Physical examination revealed hypermobile
joints and mild skin hyperextensibility. The study was con-
ducted in accordance with the Declaration of Helsinki and was
approved by the Ethic Committee of PUMCH. Written in-
formed consent was obtained from parents or legal guardians
of children younger than 18 years old.

Design of targeted capture panel

A capture panel of targeted DNAwas designed by selecting 14
well-known OI-related genes from previous studies and
OMIM, which are COL1A1, COL1A2, IFITM5, SERPINF1,
CRTAP, LEPRE1, PPIB, FKBP10, SERPINH1, SP7, PLOD2,
TMEM38B, BMP1, and WNT1. The panel also included a
cluster of 708 possible candidate genes with expression pat-
terns that have been associated with congenital rickets, such as
FGF23, PHEX, DMP1, ENP11, CLCN5, and SLC34A3 [18].
Genes related to cartilage problems were also included. The
targeted panel included a total of 722 genes, which compro-
mised 9712 exons.
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Paneled exome sequencing

A minimum of 3 μg of genomic DNAwas extracted from each
blood sample and was sheared into 200-bp fragments to con-
struct the DNA library. The DNA fragment was ligated to illu-
mine adaptors with barcoded oligonucleotides using Klenow
exonuclease. Pooled, barcoded libraries were clonally amplified
using the Illumina systems. The targeted DNA was captured,
washed, and recovered using streptavidin-coated magnetic
beads. Captured libraries were then subjected to NGS using an
Illumina Solexa HiSeq 2000 sequencer as 100-bp paired-end
reads, following the manufacturer’s protocol.

In-depth bioinformatics analysis

Sequence reads acquired from raw data were converted to qseq,
which were aligned to the reference human genome using the
SOAPaligner program. Single-nucleotide polymorphisms were
initially identified by the SOAPsnp program (http://soap.
genomics.org.cn/) after filtering polymerase chain reaction
duplicates using SAMtools (http://samtools.sourceforge.net/).
Sequence variants were reported following the Human
Genome Variation nomenclature guidelines (http://www.hgvs.
org/mut-nomen/). Insertions or deletions were analyzed using
BWA (http://bio-bwa.sourceforge.net/) and GATK programs
(https://www.broadinstitute.org/gatk/). Variants were filtered
with dbSNP135, 1000 Genome, and HapMap databases as
well as an internal control database from the Beijing Genomics
Institute. PoplyPhen-2, SIFT (score <0.05), and PhyloP (score
>2.5) were used to assess missense variants. Mutations known to
cause osteogenesis imperfecta were identified by searching
against collagen-related disease database (http://www.le.ac.uk/
ge/collagen).

Sanger sequencing validation

The genomic DNAwas extracted from peripheral blood using
Qiagen Midi Kit (Qiagen, Hilden, Germany). All of the can-
didate mutations were confirmed by Sanger sequencing fol-
lowing standard protocol. Primers were designed using
Primer3 (http;//www.primer3.ut.ee, version 4.0). To ensure
the quality of Sanger sequencing, the amplicons were
designed to have a boundary around 100 bp away from the
mutation. Then, the amplicons (~400 bp) were Sanger
sequenced on Applied Biosystems 3730xl capillary
sequencer (Applied Biosystems Inc., Foster City, CA, USA)
using standard method.

Evaluation of phenotype

The medical history was collected, and physical examination
was completed in detail. The previous fractures were docu-
mented including site, degree of trauma, frequency, and time

of the initiation. Body height was measured with a Harpenden
stadiometer and was adjusted to age- and sex-specific Z-
scores on the basis of reference data of the Chinese National
Centers for Disease Control and Prevention [19]. BMD at
lumbar spine and proximal femur was measured by dual-
energy x-ray absorptiometry (DXA) (Lunar, GE, USA).
BMD phantom scan was measured daily by a DXA instru-
ment and detected no significant machine drifts during the 5-
year study. Areal BMD values were converted to age and sex-
specific Z-scores using data of previous studies [20, 21].

Statistical analysis

Data that was normally distributed such as age, BMD, and
height were presented as mean ± standard deviation, while
those of abnormal distribution were expressed as median
and quartiles. Difference between two groups (for exam-
ple, age, gender, inheritance pattern, quality versus quanti-
ty defect of type I collagen) was analyzed by Student’s t
test. Differences between the three groups (for example,
Sillence classification, and genotype of OI) were evaluated
using analysis of variance. Qualitative data was compared
by the chi-square test. Analysis was also performed by
Mann-Whitney U test as appropriate. The statistical anal-
yses were performed using SPSS 21.0 (SPSS Inc.,
Chicago, IL, USA). P < 0.05 was considered statistically
significant.

Results

Phenotypes of OI patients

We included 103 patients from 101 unrelated non-
consanguineous families. The patients ranged from neonates
to 40 years old at assessment, and their average age was
9.9 years old at diagnosis of OI. According to Sillence classi-
fication, our cohort includes 29 type I, 39 type III, and 35 type
IV OI patients. Sixty-six patients were male, 37 patients were
female (Table 1). A positive family history was reported in 23
patients. Type I OI patients had the highest BMD while type
III OI patients had the lowest BMD at both lumbar spine and
femoral neck (Table 1). Compared with children OI, height Z-
scores of adult patients were significantly lower (Z-score
−13.6 ± 11.4 in adult versus −2.9 ± 4.1, P = 0.012, respective-
ly). In type III OI, male patients were found to have lower
lumbar spine BMD (Z-score −4.4 ± 1.2) than female patients
(Z-score − 3.3 ± 1.7, P = 0.046, respectively). Femoral BMD
Z-scores were higher in adult than in children (Z-score
−6.6 ± 3.5 in children versus −3.5 ± 2.1 in adults, P = 0.041,
respectively).
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Next generation sequencing summary

The sequencing yield was on average 288× per sample. On
average, 547,696 of the reads mapped to the intended targets
and 98.79% of the targets had at least 20 reads per base, with
an average of 200 reads per base. In order to test the validity,
we also tested ten patients with previous sequencing by
Sanger analysis. The variation in these patients was identical
between NGS and Sanger sequencing.

Identification of mutation

Definite genetic diagnosis was achieved in 90 out of 103 pa-
tients. Among the 90 patients, a total of 79 mutations were
identified (15 frameshift, 6 nonsense, 40 missense, 15 splice
site, 1 new start codon, 1 chromosome translocation, 1 whole
gene deletion), 43 of which were novel variants that had not
previously been reported (11 frameshift, 5 nonsense, 17
missense, 9 splice site, 1 chromosome translocation; shown

Table 1 Phenotypes of 103 Chinese OI patients

Number Fracture frequency LS BMD Z-score FN BMD Z-score Height Z-score Blue sclera DI
(number/year) (mean ± SD) (mean ± SD) (mean ± SD) n positive

(percentage)
n positive
(percentage)

Type I 29 1.23 ± 1.26 −0.8 ± 1.4 −1.9 ± 1.5 −0.5 ± 1.7 17 (58.6%) 3 (10.3%)

Other type 74 2.00 ± 2.17 −3.3 ± 1.7 −5.2 ± 1.7 −5.3 ± 6.9 46 (62.2%) 13 (17.6%)

P value 0.09 0.151 0.003 <0.0001 0.658 0.279

Type I 29 1.23 ± 1.26 −0.8 ± 1.4 −1.9 ± 1.5 −0.5 ± 1.7 17 (58.6%) 3 (10.3%)

Type III 39 2.54 ± 2.60 −4.0 ± 1.4 −6.1 ± 3.5 −8.0 ± 8.2 27 (69.2%) 9 (23.1%)

Type IV 35 1.39 ± 1.46 −2.6 ± 1.7 −4.4 ± 2.6 −2.6 ± 3.3 19 (54.2%) 6 (17.1%)

P value 0.01 <0.0001 <0.0001 <0.0001 0.357 0.463

Female 36 1.97 ± 1.55 −2.3 ± 1.8 −4.3 ± 4.0 −4.7 ± 4.0 22 (61.1%) 7 (19.4%)

Male 67 1.69 ± 2.20 −2.7 ± 2.0 −4.3 ± 2.7 −4.2 ± 2.5 41 (61.2%) 11 (16.4%)

P value 0.517 0.354 0.940 0.317 1.000 0.785

Adult 11 1.28 ± 1.09 −2.7 ± 1.7 −3.0 ± 1.9 −13.6 ± 11.4 6 (54.5%) 4 (36.3%)

Children 92 1.85 ± 2.08 −2.6 ± 2.0 −4.5 ± 3.3 −2.8 ± 4.0 57 (62.0%) 14 (15.2%)

P value 0.367 0.904 0.184 0.012 0.745 0.187

Type I

Female 10 1.69 ± 1.70 −0.6 ± 1.1 −1.7 ± 1.7 −0.8 ± 0.8 8 (80.0%) 1 (10.0%)

Male 19 0.95 ± 0.87 −1.0 ± 1.5 −2.0 ± 1.4 −0.3 ± 2.0 9 (47.3%) 2 (10.5%)

P value 0.146 0.533 0.569 0.479 0.126 1.000

Adult 2 0.34 ± 0.35 −0.5 ± 0.7 −2.1 ± 1.7 −1.6 ± 0.9 1 (50.0%) 0 (0%)

Children 27 1.29 ± 1.29 −0.9 ± 1.4 −1.9 ± 1.5 −0.4 ± 1.7 16 (59.2%) 3 (11.1%)

P value 0.317 0.706 0.876 0.375 1.000 1.0000

Type III

Female 16 2.56 ± 1.56 −3.3 ± 1.7 −6.5 ± 4.9 −7.7 ± 9.0 10 (62.5%) 4 (25.0%)

Male 23 2.46 ± 3.13 −4.4 ± 1.2 −5.9 ± 2.2 −8.3 ± 7.0 17 (73.9%) 5 (21.7%)

P value 0.814 0.046 0.668 0.826 0.722 1.000

Adult 7 1.76 ± 1.10 −3.5 ± 1.5 −3.5 ± 2.1 −18.3 ± 11.6 5 (71.4%) 4 (57.1%)

Children 32 2.72 ± 1.81 −4.1 ± 1.4 −6.6 ± 3.5 −5.4 ± 4.7 22 (71.8%) 5 (15.6%)

P value 0.386 0.322 0.041 0.026 1.000 0.041

Type IV

Female 10 1.12 ± 0.74 −2.9 ± 1.0 −3.8 ± 2.0 −4.1 ± 3.6 4 (40%) 2 (20%)

Male 25 1.49 ± 1.52 −2.5 ± 1.9 −4.6 ± 2.8 −2.0 ± 3.0 15 (60%) 4 (16%)

P value 0.497 0.497 0.440 0.497 0.454 1.000

Adult 2 0.52 ± 0.17 −2.6 ± 0.8 −2.6 ± 1.8 −8.9 ± 2.3 0 (0%) 0 (0%)

Children 33 1.45 ± 1.38 −2.6 ± 1.8 −4.5 ± 2.6 −2.2 ± 2.9 19 (57.6%) 6 (18.2%)

P value 0.356 1.000 0.344 0.030 0.202 1.000

The P values refer to the difference in BMD, height, blue sclera, and dentinogenesis imperfecta between each subgroupBold values indicate significance.

BMD, bone mineral density; LS, lumbar spine; FN, femoral neck DI dentinogenesis imperfecta
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in Table 2). The other 52 mutations have been reported in
previous studies (4 frameshift, 1 nonsense, 23 missense, 6
splice site, 1 new start codon, and 1 whole gene deletion;
shown in Supplemental materials). Nine mutations were
found in more than two unrelated families.

Molecular diagnosis

The genetic etiologies found in this cohort were as follows:
COL1A1 (n = 37), COL1A2 (n = 29), TMEM38B (n = 3),
FKBP10 (n = 3), PLOD2 (n = 1), IFITM5 (n = 9), SERPINF1
(n = 4), andWNT1 (n = 4). The details of the different mutation
types are shown in Fig. 1.

The majority of the variants were due to COL1A1 and
COL1A2 mutations, of which 37 patients had COL1A1 vari-
ants, followed by 29 patients withCOL1A2mutations. Fifteen
patients had COL1A1 missense mutations, 9 patients had
COL1A1 frameshift mutations, 9 patients had splice site mu-
tations, 3 patients had COL1A1 nonsense mutations, and 1
patient harbored whole gene deletions (family 39). A total of
25 patients had COL1A2missense mutations, with the glycine
to serine being the most frequent amino acid substitutions.
Three patients had COL1A2 splice site mutations, and one
pa t i en t had a de l e t ion in ch r5 :146294373 and
chr7:94038710 that resulted in chromosome translocation
t(5;8)(q32;q21).

As the third most common cause of OI, IFITM5 mutations
have been recognized in nine patients. The recurrent IFITM5
c.-14C>T mutation was found in eight patients, and IFITM5
c.119C>T mutation was found in one patient.

For AR inherited OI, four individuals carried SERPINF1
mutations, three of which were compound heterozygous and
one was homozygous mutation. The majority of SERPINF1
variants lead to the production of truncated protein, and the
missense mutations were predicted to affect the secondary
structure of the protein encoded by SERPINF1.

Mutations in TMEM38B were identified in three patients
from two unrelated families. In two affected siblings from a
non-consanguineous family, we identified a nonsense muta-
tion that leads to premature termination codon. The c.455-
7T>G in TMEM38B was found in another family which led
to an insertion of two amino acids p. G152_A153insVL and
affected a key domain of the TRIC-B protein.

Genes that are involved in collagen folding and cross-
liking (FKBP10, PLOD2) had been identified to cause OI in
four patients. Most of the mutations in FKBP10 are predicted
to result in loss of function. One patient was identified to be
compound heterozygous for splice mutation and missense
mutation in PLOD2.

Patients from four families were either reported homozy-
gous (n = 1, c.506dupG) or compound heterozygous (n = 3,
[c.110 T>C] + [c.505G>T] and [c.385G>A] + [c.506 G>A],
[c.506 G>A] + [c.506dupG]) for alterations of the WNT1T
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gene. All of the novel missense mutations were predicted to
affect the N-terminal domain of the Wnt1 protein.

Genotype-phenotype correlation

Mutations leading to an early stop codon or frameshift in
COL1A1 were regarded as the quantitative group
(haploinsufficiency). Mutations causing amino acid substitutions
in the triple helical domain of COL1A1 or COL1A2 were classi-
fied into the collagen qualitative defect group. As the effect of
splice site mutation was difficult to predict, we did not include

splice site mutations in the genotype-phenotype correlation of
type I collagen.

BMD

AR inherited patients were prone to have lower lumbar spine
BMD (Z-score − 3.6 ± 2.1) compared with AD inherited pa-
tients (Z-score −2.6 ± 1.9, P = 0.05). Compared with the
quantitative change in collagen, patients with triple helical
mutations had significantly lower femoral BMD (−3.1 ± 2.1
for quantitative and −5.0 ± 3.2 for qualitative, P = 0.034,
Table 3).
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Fig. 1 Mutation spectrum in
Chinese OI patients. a Mutation
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Height

Patients with qualitative mutations were significantly shorter
in height than patients with quantitative defects (−1.2 ± 4.8 for
quantitative and −6.5 ± 8.2 for qualitative, P = 0.022). There
was no difference between quantitative and any qualitative
mutation in the α1- versus α2-chain. Nor was there any dif-
ference in the inheritance pattern (Table 3).

Blue sclera

Patients with ADOI had blue sclera significantly more frequent-
ly than patients with AR OI (71.1% in AD versus 26.7% in AR,
P= 0.001). All patientswith haploinsufficiency of type I collagen
had blue sclera, compared with 75% of qualitative collagen de-
fect patients. The position of glycine within a1(1) triple helix
domain was associated with the presence of blue sclera
(Table 3). There is a relationship between the triple helical posi-
tion of glycine mutations in COL1A1 and COL1A2 and the
manifestation of blue sclera and dentinogenesis imperfecta, from
the N- to C-terminal. All patients with mutations affecting the N-
terminal of Gly154 (p.G332) had blue sclera (Fig. 2).

Dentinogenesis imperfecta

DI was more prevalent in patients with collagen qualitative
defects than quantitative defects (0 versus 27.5%, P = 0.023).
Concerning N- to C-terminal location, none of the individuals
with helical glycine substitutions in the N-terminal of
p.Gly332 in the α1-chain had DI. The presence of DI was
not associated with OI-type inheritance pattern or types of
defects in type I collagen. No significant difference was found

in patients who had glycine mutations in the triple helical
domain between COL1A1 and COL1A2 (Table 3).

Discussion

To the best of our knowledge, our study was the largest OI
cohort in Asian patients. The results of this study outlined a
significant mutation spectrum in Chinese patients. By using a
self-designed panel with 722 candidate genes, we identified
81 variants in 90 probands which included 45 novel variants.

The accurate and reliable molecular diagnosis of OI is im-
portant, because it enables appropriate therapeutic interven-
tions and facilitates a more precise description of prognosis.
Our panel sequenced 722 genes spanning 9712 exons simul-
taneously. The depth of sequencing coverage was high for
over 200× of the amplicons, indicating that the majority of
amplicons were covered sufficiently. In total, the panel was
able to identify 90 probands with gene mutations in the pa-
tients analyzed (detection rate 87.4%). While further valida-
tion in a larger population is needed, our panel in itself proves
the versatility of NGS for variant detection in OI patients.

Our medical center is a tertiary referral center in China, and
therefore, our study includes more patients with moderate and
severe types of OI, especially in adult patients. Comparedwith
children and adolescent OI patients, adult patients were found
to be shorter than people of the same age. This was similar to
what was reported by Lindahl et al., and may be related to the
existence of multiple fractures, leading to severe skeletal de-
formities and a shorter statue [22]. All of the clinical informa-
tion was collected before the initiation of treatment with
bisphosphonates. Compared with children and adolescents,

Table 3 Genotype-phenotype relationship in Chinese OI patients

Number Fracture frequency LS BMD Z-score FN BMD Z-score Ht Z-score Blue sclera DI
(number/year) (mean ± SD) (mean ± SD) (mean ± SD) n positive

(percentage)
n positive
(percentage)

AD 76 1.48 ± 1.41 −2.6 ± 1.9 −4.3 ± 3.2 −4.5 ± 6.9 54 (71.1%) 17 (22.4%)

AR 15 2.81 ± 3.49 −3.6 ± 2.1 −4.5 ± 2.0 −3.1 ± 3.7 4 (26.7%) 1 (6.7%)

P value 0.166 0.050 0.839 0.465 0.001 0.138

Type I collagen 67 1.51 ± 1.44 −2.6 ± 1.9 −4.3 ± 2.9 −4.7 ± 7.2 54 (80.6%) 17 (25.4%)

IFITM5 9 1.14 ± 1.06 −2.3 ± 1.5 −5.1 ± 5.6 −3.1 ± 3.9 0 (0%) 0 (0%)

AR 15 2.81 ± 3.49 −3.6 ± 2.1 −4.5 ± 2.0 −3.2 ± 3.7 4 (26.7%) 1 (6.7%)

P value 0.217 0.626 0.136 0.754 <0.0001 0.083

Quantity 13 1.28 ± 0.91 −1.9 ± 1.7 −3.1 ± 2.1 −1.2 ± 4.8 13 (100%) 0 (0%)

Quality 40 1.57 ± 1.69 −2.9 ± 2.0 −5.0 ± 3.2 −6.5 ± 8.2 30 (75%) 11 (27.5%)

P value 0.540 0.079 0.034 0.022 0.096 0.048

COL1A1 quality 15 1.55 ± 1.27 −2.7 ± 2.5 −4.1 ± 2.3 −5.6 ± 6.7 13 (86.7%) 3 (20%)

COL1A2 quality 25 1.57 ± 1.93 −3.0 ± 1.6 −5.6 ± 3.6 −6.9 ± 9.1 17 (68%) 8 (32%)

P value 0.972 0.654 0.185 0.620 0.269 0.403

LS lumbar spine, FN femoral neck, Ht height, AD autosomal dominant, AR autosomal recessive Bold values indicate significance.
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the average interval of diagnosis for adults was significantly
longer, and therefore likely to result in more severe pheno-
types to be present in adults and suggesting that early diagno-
sis is of great importance in these patients [22]. Moreover,
type III and type IV OI are more prevalent in adult patients.
To limit this bias, we further conducted analyses on different
types of OI.

Similar to previous studies, COL1A1 and COL1A2 muta-
tions were dominant in our cohort [23]. However, the percent
of COL1A1 and COL1A2mutations was lower than expected,
accounting for only 73.3% of all variations. We further ana-
lyzed the gene mutations that were observed in different types
of OI and found that COL1A1 and COL1A2 explained 81% of
type I OI and 71% ofmoderate to severe OI. The detection rate
in moderate and severe OI is similar to previous studies,
whereas the detection rate in type I OI is lower. The reason
for this may stem from the definition of type I OI, as Bardai
et al. used the definition of typical type OI, which was defined
as having both extra-skeletal characteristics and bone fragility
[24]. In contrast, we used only bone fragility to differentiate
OI types and included patients with TMEM38B, PLOD2, and
IFITM5 in our type I OI analysis. This is similar to a recent
study, which found that 12 out of 28 individuals with mild
bone fragility and an absence of extraskeletal manifestation,
who were identified to have genemutations, carried mutations
in COL1A1 and COL1A2 [25].

As for genotype-phenotype analysis, we confirmed that pa-
tients with collagen qualitative defects had lower BMDs than
patients with collagen quantitative defects, especially at the
femoral neck. As previous studies mainly focused on the axial
skeleton and BMD is known to vary by location in OI patients,
our results provide valuable information about the appendicular
skeleton of OI patients [26–28]. Consistent with previous stud-
ies, we found that patients with triple helical mutations were
taller than patients with haploinsufficiency of type I collagen.
Similarly, previous studies have reported that the triple helical

position of glycine in COL1A1 was associated with the pres-
ence of blue sclera [22, 28], which we also observed, as all
patients with mutations affecting the first 152 amino acids in
COL1A1 presented blue sclera with the absence of DI.

As the third most common mutation in our cohort, muta-
tions in IFITM5 were detected in nine patients, eight with c.-
14C>T and one with c.119C>T. The patient with c.-14C>T
was quite similar to what was reported previously in large
phenotype variability, typical calcification, and hypercallus
formation. Similar to previous studies, patients with IFITM5
c.119C>T had severe skeletal deformities [29]. However, we
observed no significant difference in BMD, height, sclera hue,
and dentinogenesis imperfecta between type Vand other types
of OI. The heterogeneity of IFITM5, which has been shown to
be related to OI, may explain the similarity in these clinical
phenotypes.

To date, there have been limited studies focusing onAROI in
Chinese patients. We successfully detect 15 patients with AR
OI. As such, here, we further extend the known mutation spec-
trum to include WNT1, SERPINF1, PLOD2, FKBP10, and
TMEM38B, thus contributing to a better understanding of the
genotype that is present in Chinese patients. In our cohort,
SERPIFN1 andWNT1mutationswere themost common causes
of AR OI. This is different from what was reported by Bardai
et al., who found SERPINF1 andCRTAP to bemore prevalent in
Canadian OI patients [24]. As our study focused on a Chinese
population, we attributed this discrepancy to a difference in eth-
nicity. In addition, we further detected three patients with
FKBP10 and one patient with PLOD2 mutation. In contrast to
previous studies, which reported thatFKBP10 andPLOD2were
responsible for Bruck syndrome, we found that joint contracture
was absent in patients with a FKBP10mutation but was present
in a patients with a PLOD2 mutation [30].

Compared with AD OI patients, AR OI tends to have more
severe skeletal deformities and were less likely to have blue
sclera. This finding is similar to what was reported previously.

200 400 600 800 1000 200 400 600 800 1000
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BS -

COL1A1 COL1A2
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BS, Blue scleara; DI, den�nogenesis imperfecta; +, presence; -, absence.

Triple helix  posi�on

Triple helix  posi�on

Fig. 2 Relationship between the
triple helical position of glycine
mutations in COL1A1 and
COL1A2 and the manifestation of
blue sclera and dentinogenesis
imperfecta, from the N- to C-
terminal. The colored boxes
suggest that all patients with
mutations affecting N-terminal of
Gly154(p.G332) had blue sclera
with an absence of dentinogenesis
imperfecta
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The reason for this phenomenon has yet to be defined; how-
ever, we hypothesize that this may be due to the fact that AD
OI is usually associated with collagen defects, whereas AROI
tends to affect the post-translational process of collagen or
bone mineralization.

Despite successful detection of most mutations in our pa-
tients, we failed to identify any related gene mutation in 12
patients. This may have occurred because probands carry mu-
tations in genes not targeted by this study given that we chose
to examine the most highly implicated genes in skeletal dys-
plasia causation. For instance, PLS3, a gene that encodes a
protein in the formation F-actin and associated with juvenile
osteoporosis, was not included at the time we designed our
panel [31]. One of the test-negative patients was later found to
have a large deletion involving intron 9 to the 3′-UTR (E10-
E16 del) in PLS3. For those patients without a detected muta-
tion, further whole exome sequencing may be able to resolve
some of these possibilities [32]. Other possible reasons for the
detection of false negatives may be poor coverage due to high
GC content and the difficulties associatedwith the detection of
large deletions [33]. Alternative methods like comparative
genome hybridization or multiplex ligation-dependent probe
amplification would be needed to investigate further [34].

Conclusions

The achievement of more accurate diagnosis would greatly
benefit the management of patients with congenital skeletal
dysplasia. In this study, we present the largest OI sample in
China as screened by NGS. In particular, we successfully
identified 81 variants, which included 45 novel variants. The
novel variants that were identified in these Chinese OI patients
enrich the known pathogenic spectrum of OI. Finally, our
analysis of genotype-phenotype correlation helps make a dif-
ferential diagnosis and helps predict the prognosis of OI.
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