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Abstract

Introduction Osteogenesis imperfecta (OI) is a well-known heritable disorder of connective tissue characterized by skeletal
fragility and low bone mass. Nearly 90% of patients with OI have disease variants in COLIAI and COLIA?2 that encode for
the al and o2 chains of type I collagen.

Materials and methods A retrospective analysis of 185 probands who were diagnosed with OI in Shanghai Jiao Tong Uni-
versity Affiliated Sixth People’s Hospital from March 2005 to December 2019 was performed.

Results A total of 140 mutations in COLIA1 and 45 mutations in COLIA2 were identified, of which 18 variations were novel.
In the phenotype analysis, there were more sporadic cases than familial OI cases in China (54.6% vs. 45.4%, P <0.001).
A total of 98.9% of patients presented with a fracture history. The most common fracture sites were extremity long bones
(femur, tibia-fibula and radius-ulna accounted for 36.6%, 17.1% and 11.7%, respectively). Patients with OI types III and IV,
especially type III, had a higher proportion of dentinogenesis imperfecta (DI) than patients with OI type I (55% vs. 28%,
P <0.001). Interestingly, G767S and D1219N in COLIAI and G337S in COLIA2 were the most frequent (3.52%, 2.11% and
8.89%, respectively), which seem to be hotspot mutations in the COLIAI and COLIA2 genes in Chinese patients.
Conclusions This study describes the mutations in the main pathogenic genes, COLIAI and COLIA2, and the clinical
characteristics of osteogenesis imperfecta in China. Furthermore, these findings help reveal the genetic basis of Asian OI
patients and contribute to genetic counselling.
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Introduction

Osteogenesis imperfecta (OI; MIM 166200, 166210,
259420, and 166220) is the most prevalent form of brit-
tle fracture in children, with an approximate incidence of
1/15,000 to 20,000 births [1]. In addition, other clinical
phenotypes, including blue or grey sclera, dentinogenesis
imperfecta (DI), short stature, hyperlaxity of ligaments and
skin, and progressive conductive hearing loss, are common
in OI patients [2].

Nearly 90% of patients with OI have disease variants in
COLIAI and COLIA?2 that encode the ol and o2 chains
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of type I collagen, a major protein of skin and bone matrix
[3]. There are two common mutation mechanisms: non-
sense mutation and frameshift mutation in COLIA1, which
can reduce the amount of type I collagen synthesis by half
through nonsense mediated mRNA degradation (NMD),
resulting in insufficient single dose of type I collagen; triple
helix missense mutation in COLIAI and COLIA2 can affect
the triple helix synthesis of collagen and its relationship with
the outer matrix through dominant negative effect, result-
ing in three helix structure variation of type I collagen and
severe phenotype [4—6]. Over the past decade, many genes
have been found to be responsible for OI, highlighting the
genetic heterogeneity of the disease. However, there is no
clear relationship between the type of gene mutation and
clinical manifestation [3, 7—11]. Short stature often accom-
panies the whole growth and development stage of patients.
Previous studies have shown that final height in individuals
with Ol is below the normal mean of the general popula-
tion [12, 13]. Nevertheless, few studies have systematically
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analysed the clinical phenotypes of patients with different
genotypes in Ol To our knowledge, there are few such stud-
ies performed in Asia [14-16].

In the present study, we collected clinical data on 185
probands with OI from different Chinese families who car-
ried mutations in the COLIAI or COLIA2 genes to further
illuminate genotype—phenotype correlations.

Materials and methods
Subjects

This study is a retrospective review of 185 probands fol-
lowed at the Department of Osteoporosis and Bone Disease,
Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital (Shanghai, China) from 2005 to 2019 who had
clinical features of OI and known or novel mutations in the
related genes. These probands included 84 familial cases
and 101 sporadic cases belonging to 185 unrelated families.
The 185 probands in the study included 117 patients previ-
ously published in journals [2, 17]. The study was approved
by the Ethics Committee of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital, and informed consent was
obtained from all the patients or from patients’ parents if
they were under 18 years old.

Analysis for gene mutations

Genomic DNA was extracted from 2 mL peripheral blood
samples using the QuickGene DNA Whole Blood Kit
(Kurabo Industries Ltd, Osaka, Japan) and a Nucleic Acid
Isolation system (QuickGene-610L; Autogen, Inc, Hollis-
ton, MA, USA). Sanger sequencing was used to analyse the
COLIAI and COLIA?2 genes of 185 probands and the muta-
tion sites of their parents. All exons of the COLIAI and
COLIA?2 genes, including the exon—intron boundaries, were
amplified by polymerase chain reaction using an ABI 3730
automated sequencer and the Big Dye Terminator Sequenc-
ing protocol (ABI). The genomic sequences (NG_007400.1
and NG_007405.1) and mRNA sequences (NM_000088.4
and NM_000089.4) of the COLIAI and COLIA2 genes were
used as reference sequences. DNA mutation numbering
was based on the cDNA sequence using the A of the ATG
translation initiation start site as nucleotide + 1. Sequenc-
ing results were compared with the OI variant databases
(https://oi.gene.le.ac.uk/). Variants were defined as novel if
not available here. Mutations were classified as haploinsuf-
ficiency (frame shifts owing to small insertions or deletions,
point mutations that create termination codons, and some
splice-site mutations) or helical mutation (the substitution
of glycine by another amino acid in the triple-helical domain
of either the a1 or the a2 chain) [18].

Bone densitometry

The bone mineral density (BMD; g/cmz) of the lumbar
spine (L1-L4) and proximal hip was measured by dual
energy X-ray absorptiometry (DXA) (Lunar, Madison,
WI, USA; Hologic, Boston, MA, USA). All DXA scans
were conducted by a specially trained specialist. BMD
results were converted to age- and gender-specific Z-score-
matched normal Chinese children. Of the 185 probands,
139 underwent the examination, and none of the patients
received prior bisphosphonate treatment in this study.

Clinical characteristics

Detailed clinical features were collected through a medi-
cal examination. According to Sillence [19], patients were
clinically classified into four types (types I-IV). Due to
the retrospective review, some phenotypic data are incom-
plete, resulting in variation in the number of observations
for the different clinical characteristics.

Height was defined as the vertical dimension between
the top of the head and soles of the feet. All height meas-
urements were recorded as standard deviations (SD) in
relation to age- and sex-specific reference data (Z-score)
supplied by the Chinese National Centers for Disease
Control and Prevention [20]. In children, body length
was measured from the heels to the top of the head in
the supine position when they were too young to stand.
Data on fractures were collected as the total number of
fractures, and fracture sites were also recorded for further
analysis. The age of onset of OI was defined as the age at
which Ol related symptoms, such as fracture, hearing loss,
dentinogenesis imperfecta, etc., first appeared. Scleral hue
was judged clinically, and all hues in the blue-grey scale
were digitally recorded as ‘blue’ compared with ‘white’.
The diagnosis of DI was based on clinical examination,
performed by a dentist specialized in this condition.

Serum levels of alkaline phosphatase (ALP), calcium
(Ca) and phosphate (P) were measured by automated ana-
lyzers. Serum levels of beta cross-linked carboxy-terminal
telopeptide of type I collagen (B-CTX), 25-hydroxyvitamin
D (250HD) and intact parathyroid hormone (PTH) were
determined using an automated Roche electrochemilumi-
nescence system (E170; Roche Diagnostic GmbH, Man-
nheim, Germany). All these serum biochemical param-
eters were measured in the central clinical laboratory of
Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital.
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Statistical analyses

Statistical analyses were performed in SPSS for Windows
version 20.0 (SPSS Inc, Chicago, IL). The distribution
of continuous variables was determined by the Kolmogo-
rov—Smirnov test. The continuous variables of normal dis-
tribution were expressed as the mean + standard deviation
and compared using Student’s #-test. Nonnormally distrib-
uted continuous variables, presented as medians (25th and
75th percentiles), were compared by the Mann—Whitney
U-test. In a covariance analysis, serum levels of biochemi-
cal indices were compared in different groups after adjust-
ing for age and gender. The chi-square test was used to
analyse categorical variables. A P value <0.05 was con-
sidered statistically significant.

Results
Patient characteristics

The study cohort consisted of 185 probands (113 males, 72
females) aged 2 months to 74 years (median age 12 years).
A total of 84 probands had familial OI (45.4%), and 101
were sporadic cases. Most of the probands were diagnosed
due to fragility fractures in their daily activities, and the
median number of fractures was 5 at the first visit. Table 1
summarizes the presentation of features at the time of ini-
tial visits of diagnosis. The average age at presentation was
16 years (7, 24; 25th, 75th percentile; N=185). A total of
98.9% of patients presented with a fracture history. A total
of 132 probands presented with blue sclerae (71.4%), 65

probands suffered from dentinogenesis imperfecta (35.1%),
12 probands suffered from scoliosis (6.5%), and 14 patients
had hearing loss (7.5%), including 7 cases of hearing loss in
both ears and 7 cases of unilateral hearing loss. Moreover,
the total number of fractures in specific locations recorded
in this study was 820, and the most common fracture sites
were extremity long bones (femur, tibia-fibula and radius-
ulna accounted for 36.6%, 17.1% and 11.7%, respectively,
Fig. 1).

COL1A1 and COL1A2 mutations

Gene mutational analysis of the 185 pedigrees revealed
140 mutations in COLIAI and 45 mutations in COLIA2
(Table 4). In this study, 101 probands with OI had de novo
mutations in the COLIAI or COLIA?2 gene, and 84 families
showed autosomal dominant inheritance. Among the family
cases, 47 fathers and 37 mothers carried mutant genes and
developed the disease, respectively. According to the Type
1 Collagen Mutation Database, 19 gene mutations (10.3%)
had not been previously reported, which included 4 missense
mutations, 2 splicing mutations, 4 deletions, 4 duplications
in COLIAI and 4 missense mutations, and 1 insertion in
COLIA?2 (Table 2). Mutation frequencies were analysed by
individual.

In addition, the 140 mutation sites detected in COLIA1
were distributed throughout nearly all the exons and flank-
ing intronic sequences, but no mutation was detected out-
side exons 5—11 or 20-27 in COLIA2. Nearly a third of the
probands (33.0%; 61/185) had a substitution mutation of
the glycine within the Gly-X-Y triplet domain of the triple
helix, of which 36 were in COLIAI and 25 were in COLIA2.

Table 1 The clinical

. . Children” (< 18 years of age) Adult* (> 18 years of age) P value

characteristics of children and

adults with type I collagen COLIAI COLIA2 COLIAI COLIA2

mutations
Age (year), (min, max) 7.9 (1,17) 9.5(0.2,17) 31.2 (18,74) 32.8 (20, 51)
Male/Female 61/32 23/10 22/25 7/5 < 0.001
Height Z score -12+22 -15+1.8 -19+14 - 1715 0.122
Weight Z score -15+30 -1.0+23 -13+25 -1.7x27 0.367
LS-BMD Z score - 1.7+1.5 -23+1.0 —12+1.1 -3.1+0.8 0.361
FN-BMD Z score —-24+2.1 -0.8+09 -1.5+2.1 -3.0+1.38 0.548
Number of fractures 53+48%  55+3.7% 43425 3.8+2.1 0.039
Blue sclerae 63 (67.7%) 24 (72.7%) 36 (76.6%) 9 (75.0%) 0.846
Scoliosis 6 (6.5%) 309.1%) 2 (4.3%) 1(8.3%) 0.836
Hearing loss 1(1.1%) 0 10 21.3%)*° 3 (25.0%)*° < 0.001
DI 22(23.7%) 13 (39.4%)4 21 (44.7%)4 9 (75.0%) < 0.001

The data are shown as mean + standard deviation, median (min, max), or n (%). BMD, bone mineral den-
sity. DI dentinogenesis imperfecta. LS lumbar spine, FN femoral neck. “Ninety-two patients were sub-
jected to bone mineral density (BMD) measurement. *Forty-five patients were subjected to bone mineral
density (BMD) measurement. *P <0.05, vs. children with COLIAI gene mutation. ®P <0.05, vs. children
with COLIA2 gene mutation. °P <0.05, vs. adult with COLIAI gene mutation. P <0.05, vs. adult with

COLIA2 gene mutation

@ Springer



Journal of Bone and Mineral Metabolism (2021) 39:416-422 419
Fig. 1 Fractures in specific 300
locations recorded in this study
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by Sanger sequencing in this tion
study
COLIAI Exonl Del c.74_77del p.Glu25AlafsX48 I
COLIAI Exon5 Del ¢.449_465del p.Pro150ArgfsX13 I
COLIAI Exon9 Missense c.644G> A p.Gly215Asp 111
COLIAI Intronl0 Dup ¢.750+ 1dupG Putative aberrant splicing I
COLIAI Intronl2 Splicing c.8584+2T>A Putative aberrant splicing I
COLIAI Exonl5 Missense c977G>T p.Gly326Val I
COLIAI Exonl7 Missense c.1085G>C p.Gly362Ala I
COLIAI Exonl7 Missense c.1148G>C p.Gly383Ala I
COLIAI Exon45 Del ¢.3222delC p-Alal075ProfsX33 1
COLIAI Exon48 Dup ¢.3431dupC p.Gly1145TrpfsX29 I
COLIAI Exon48 Dup c.3467dupA p-Asnl156LysfsX18 I
COLIAI Exon49 Del ¢.3540delC p-Gly1181AlafsX58 I
COLIAI Exon50 Dup c.3931_3935dup  p.Trp1312X v
COLIA2 Exon34 Missense c.2081G>A p-Gly694Asp I
COLIA2 Exon35 Missense c.2105C>G p-Ala702Gly I
COLIA2 Exond5 Insert ¢.2960_2968dup  p.Val987_Pro989dup v
COLIA2 Exon49 Missense c.3359A>T p.Aspl120Val I
COLIA2 Exon51 Missense c.3815G>T p.Cys1272Phe I

Substitutions of a serine amino acid were the most common
in the present study. Among all the point mutations, G767S,
D1219N in COL1A1 and G337S in COLIA2 were the most
frequent (3.52%, 2.11% and 8.89%, respectively).

Genotype-phenotype correlation

According to the Sillence classification, this study
included 108 (58.4%) patients with type I, 44 (23.8%)

patients with type III, 33 (17.8%) patients with type IV
OI. There was no remarkable difference in gender between
different genes (P =0.491) and there was no difference
in age of onset and visit between patients with qualita-
tive mutations and those with quantitative mutations
(P=0.217, Table 3). Compared with patients with hap-
loinsufficiency, patients with helical glycine mutations
had lower BMD at the lumbar spine (Z-score, — 2.3 +0.8,
P=0.016) and femoral neck (Z-score, — 1.8 +1.0,
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Table 3 Relationship between clinical features and mutation types
(helical mutation vs. haploinsufficiency) in COLIAI and COLIA2

Collagen type I mutation P value

Helical mutation Haploinsufficiency
Male/female 34/27 36/10 0.015
Ol type (I/II/IV) 36/18/7 31/9/6 0.624
Age of visit (year) 13.6+10.1 10.6 +£5.0 0.073
Age of onset (year) 2.9+6.2 4.6+6.7 0.217
Ca (mmol/L) 24+03 24+0.1 0.463
P (mmol/L) 1.4+0.3 1.5+04 0.440
ALP (U/L) 216.0+94.0 197.6+90.2 0418
B-CTX (ng/L) 472.2+144.4 545.6+142.6 0.059
250HD (ng/ml) 235+4.4 24.6+5.0 0.409
PTH (pg/mL) 283+7.0 28.0+6.8 0.889
Height Z score -1.1+£20 -13+1.6 0.604
Weight Z score -08+22 -1.0+23 0.741
LS-BMD Z score -23+0.8 -1.6+14 0.016
FN-BMD Z score -1.8+1.0 - 1.1+1.1 0.042
Number of frac- 52+23 36+1.5 < 0.001

tures
Positive family 17(28%) 27(59%) 0.001
history

Scoliosis 3(5%) 5(11%) 0.251
Blue sclerae 39(64%) 29(63%) 0.659
DI 21(34%) 13(28%) 0.187
Hearing loss 0 3(7%) 0.044

BMD bone mineral density, DI dentinogenesis imperfect, ALP alka-
line phosphatase, #-CTX f-isomerized carboxy-telopeptide of type I
collagen, 250HD 25-hydroxyvitamin D, PTH parathyroid hormone,
LS lumbar spine, FN femoral neck

P =0.042), lower positive family history (28% vs. 59%,
P=0.001), lower hearing loss (0% vs. 7%, P=0.044) and
higher rates of fractures (5.2 +2.3, P <0.001). In addi-
tion, there was no significant difference in serum levels
of Ca, P, PTH, ALP, $-CTX and height among different
types of OI. In the COLIAI mutation group, the most
common fracture site was the femur (n=198; 31.1%), fol-
lowed by tibia/fibula (n=118; 18.5%) radius/ulna (n="70;
11.0%) and elbow (n=61; 9.6%). In the COLIA2 muta-
tion group, the most common fracture site was the femur
(n=102; 55.7%), followed by radius/ulna (n=26; 14.2%)
and tibia/fibula (n=22; 12.0%) (Table 4).

Discussion

The present study with a large sample size investigated the
genotype—phenotype relationship in patients with OI in China.
We found 185 mutations in COLIAI and COLIA2, including
18 novel mutations.

In the phenotype analysis, there were more sporadic cases
than familial OI cases in China (55.1% vs. 44.9%, P<0.001).
Although the proportion of familial OI cases is still lower than
that of South Korea [21], whose inhabitants are also descended
from Mongolia, it is higher than that of our previous research
[17]. As we assumed before, the low proportion of family OI
patients in China is the product of the national family planning
policy, and with the implementation of the open two child pol-
icy in China, family OI patients have increased. In our study,
Ol type I (58.4%) was the most common type. A total of 70.6%
of the probands presented with blue sclerae, and the colour of
the sclera faded with age. The height of patients with OI was
lower than that of the normal population, which confirmed
that multiple fractures can cause limb shortening, while there
was no significant difference among patients with different
genes mutations. In terms of extraskeletal manifestation, blue
sclerae was a common feature of patients with OI, in which
there was no difference.

Similar to previous studies, patients with types III and IV
Ol, especially type III, had a higher proportion of DI than
patients with type I (55% vs. 28%, P <0.001), which may be
explained by the fact that bone and dentin were similar in the
composition of the extracellular matrix [2, 22]. Hearing loss is
a common secondary feature of Ol in adults, often with mixed
conductive and sensorineural deficiency [23]. In the present
study, 7.5% of probands had hearing loss, but the proportion
was lower than reports in Scotland (23%) [24] and Denmark
(24%) [25], which may be because the majority of the patients
were children. In addition, a relationship between hearing loss
and genotype was not found in this study.

In the genotype analysis, substitutions of glycine by serine
were the most common in COLIAI and COLIA2, and the
number of mutations observed in COLIAI was almost three
times that of COLIAZ2 [2]. In the present study, missense muta-
tions were dominant in this cohort, especially in COLIA2, but
the proportion in COLIAI was lower than reports in Canada
(47.3%) [18], Sweden (60.9%) [26], Vietnam (67.6%) [27],
and India (85.7%) [28], which is similar to other studies in
China [2, 22]. Moreover, this study found 21 novel variations
in COLIAI and COLIA2, which contributed to extending the

Table 4 Mutation numbers and

. . Missense Nonsense Splicing Insertion Deletion Duplication
frequencies of different types of
gene mutations COLIAI 52 (37.1%) 24 (17.1%) 22 (15.7%) 4 (2.9%) 34 (24.3%) 4 (2.9%)
COLIA2 39 (86.7%) 0 3(6.7%) 2 (4.4%) 0 1(2.2%)
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gene mutant spectrum of OI and revealing its pathogenesis.
Of the 18 novel mutations, 4 missense mutations, 1 splicing
mutation, 4 deletions, 4 duplications in COLIAI and 4 mis-
sense mutations, and 1 insertion in COL1A2 were identified.
In addition, the mutation of ¢.2299G> A (p. Gly767Ser),
c.3655G > A (p. Asp1219Asn) in COLIAI and ¢.1009G > A
(p. Gly337Ser) in COLIA2 were detected in many Chinese
OlI families.

Regarding the relationship of phenotype and genotype, it
was confirmed that the clinical symptoms of patients with
helical mutation were more serious than those of patients
with haploinsufficiency. In this study, there was no difference
in age of onset and visit between patients with qualitative
mutations and those with quantitative mutations. Compare
with patients with haploinsufficiency, patients with helical
mutation had more fractures (5.2 +2.3, P <0.001). Accord-
ing to the Sillence classification, we compared the relevant
clinical characteristics of I, Il and IV types. The gender
distribution was slightly skewed, with a larger proportion of
males than females. Although there was no significant dif-
ference in the age of treatment between the subtypes, there
was a significant difference in the age of onset. Interest-
ingly, our study found that, unlike previous studies, patients
with type III OI had a higher age of onset than those with
lighter types I and IV OI, which may be because type III
patients included in this study were older at the time of first
visit than those in other studies [22, 29, 30]. Although the
clinical symptoms of type III patients are more serious and
their life span is significantly shortened due to respiratory
tract infection and skull fracture, patients over 10 years old
are better [31, 32]. In contrast to Rauch [33], this study did
not find a phenomenon in which OI patients with mutations
close to the carboxyl-terminal end of type 1 collagen may
not present blue sclerae. Moreover, there was no significant
difference in height, BMD, number of fractures or clinical
classification, suggesting that the specific type of COLIAI
or COLIA2 gene mutation was not the main factor affecting
the stature of patients, which was consistent with previous
research results [12]. In addition, this study also compared
the clinical characteristics of children and adults with type
I collagen gene mutations. The results showed that the frac-
ture rate decreased, which suggested that patients with osteo-
genesis imperfecta may have some degree of disease relief
with increasing age.

Although this research expanded the spectrum of muta-
tions in COLIAI and COLIA2 and revealed a significant
correlation between genotype and phenotype of OI, there
were still some limitations. This was a cross-sectional study,
which did not reveal the relationship of genotype and effi-
cacy of drug therapy in patients with OL.

In conclusion, we identified 185 mutations of COLIAI
and COLIA2 in Chinese OI, 18 of which were novel.
Among the 185 unrelated Chinese patients, sporadic cases

were more common than familial OI cases in China (54.6%
vs. 45.4%). A total of 98.9% of patients presented with a
fracture history, and the most common fracture sites were
extremity long bones. Interestingly, G767S and D1219N in
COLIAI and G337S in COLIA2 were the most frequent
in Chinese patients. This study reflects the mutation of the
main pathogenic genes, COLIAI and COLIA2, and the clin-
ical characteristics of OI in China. Furthermore, this find-
ing helps reveal the genetic basis of Asian OI patients and
contributes to genetic counselling.
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