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Abstract. Osteogenesis imperfecta (OI) is an inherited connec-
tive tissue disorder characterized by brittle bone fractures. The
aim of the present study was to investigate the pathogenic gene
mutation spectrum and clinical manifestations of mutations in
collagen type I, alpha 1 (COLIAT) and collagen type I, alpha 2
(COLIA2) genes in Chinese patients with OI. A total of
61 unrelated Chinese OI patients with COLIAI and COLIA?2
mutations were recruited. All the exons and the exon-intron
boundaries of the COLIAI and COLIA2 genes were amplified
and directly sequenced and lumbar spine bone mineral density
was measured by dual-energy X-ray absorptiometry. The
mutations of the 61 probands included 33 missense mutations,
8 nonsense mutations, 7 splicing variants and 13 frameshift
mutations in COLIAI and COLIA2 genes. A total of 25 novel
mutations were identified, including 18 in COLIAI and 7 in
COLIA2. The mutations p.Gly257Arg, p.Gly767Ser and
p.Gly821Ser in COLIAI and p.Gly337Ser in COLIA2 may be
located at a mutation hotspot for human OI due to the high
repetition rate in OI patients. Family history was positive for
OI in 33 probands (54%). All probands had suffered fractures
and the most common fracture site was the femur. A total of
49 probands presented with blue sclerae (80.3%), 20 probands
suffered from dentinogenesis imperfecta (32.8%) and 1 patient
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had hearing loss (1.6%). These findings may improve under-
standing of the pathogenic gene mutation spectrum and the
clinical manifestations of mutations of COLIAI and COLIA2
genes in Chinese patients with OI.

Introduction

Osteogenesis imperfecta (OI) is an inherited connective
tissue disorder characterized by brittle bone fractures and
short stature. In addition, other connective tissue disorders,
including blue or gray sclera, dentinogenesis imperfecta,
hyperlaxity of ligaments and skin, and progressive conductive
hearing loss, are common in OI patients (1). OI patients have
been classified into four types by Sillence and Rimoin (2)
according to clinical characteristics and patterns of inheri-
tance. An expanded Sillence classification was published by
Rauch and Glorieux in 2004 (3). Forlino et al (4) classified OI
into 11 types based on the discovery of each novel gene defect.
To date, a total of 19 genes have been identified as causing OI:
Collagen, type I, alpha 1 (COLIAI; MIM 120150), collagen,
type I, alpha 2 (COLIA2; MIM 120160), cartilage-associated
protein (CRTAP; MIM 605497), leucine- and praline-enriched
proteoglycanl (LEPREI; MIM 610339), peptidyl-prolyl
isomerase B (PPIB; MIM 123841), FK506 binding protein 10
(MIM 607063), serpin family H member 1 (MIM 600943),
Wnt family member 1 (MIM 164820), bone morphogenetic
protein 1 (MIM 112264), interferon induced transmembrane
protein 5 (IFITM5; MIM 614757), plastin 3 (MIM 300131),
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (MIM
601865), serpin peptidase inhibitor, clade F (alpha-2 anti-
plasmin, pigment epithelium derived factor), member 1 (MIM
172860), Sp7 transcription factor (MIM 606633), transmem-
brane protein 38B (MIM 611236), cAMP responsive element
binding protein 3-like 1 (HGNC ID 18856; https://oi.gene.
le.ac.uk/home.php?select_db=CREB3L1), prolyl 4-hydroxy-
lase, beta polypeptide (MIM 176790), SEC24 family member
D (MIM 607186) and Secreted protein, acidic, cysteine-rich
(SPARC; MIM 182120) (5-8). Although numerous genetic
causes of OI have been reported, mutations in COLIAI and
COLIA?2 are responsible for ~90% of OI cases (9). To date,
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the COLIAI and COLIA2 mutations in Chinese patients with
OI have been reported only in certain sporadic cases (10-14).
To investigate the pathogenic gene mutation spectrum and the
clinical manifestations of mutations in COLIAI and COLIA2
genes in Chinese patients with OI requires a large sample size.

Our previous study (14) identified 56 heterozygous muta-
tions in COLIAI and COLIA2, including 43 mutations in
COLIAI and 13 mutations in COLIA2. Of those Chinese
patients, 56.9% had OI type I, 19.0% had type III and 20.7%
had type I'V. In addition, the study identified 2 novel compound
heterozygous mutations in the LEPRE] gene in two probands
with OI. Our other previous study identified mutations in the
IFITMS gene in four Chinese families with OI type V (15). To
more accurately reflect the Chinese OI clinical characteristics
and pathogenic gene mutations, the present study recruited
a further 61 OI patients from 2012 to 2015. Mutations in the
COLIAI and COLIA2 genes were identified in the 61 Chinese
OI patients. Although the exact incidence of OI in China
remains unknown, this is a further large report of Chinese
OI cases. The aim of the present study was to investigate the
pathogenic gene mutation spectrum and clinical manifesta-
tions of mutations of COLIAI and COLIA2 genes in Chinese
patients with OI. These data may be useful for future clinical
diagnosis and genetic counseling.

Materials and methods

Subjects. A total of 61 unrelated probands from 61 separate
families were recruited from the Department of Osteoporosis
and Bone Diseases, Shanghai Jiao Tong University Affiliated
Sixth People's Hospital (Shanghai, China) over a 2-year period
(2012-2015). The probands came from 16 provinces of China,
with the majority from Eastern cities. All patients were of Han
ethnicity. A total of 410 DNA samples were collected from
the 61 probands, 99 family members and 250 healthy control
donors. Samples from healthy controls were sequenced to
determine whether mutations occurred as polymorphisms.
Clinical characteristics, including scleral hue, the presence
of dentinogenesis imperfecta and hearing loss, a history of
fractures, height, and OI type, were recorded. The OI type was
classified in all probands according to the Sillence classifica-
tion (2). None of the patients belonged to a consanguineous
family or had received any treatment prior to the present study.
All family members were examined by a single experienced
clinician familiar with OI.

Ethics statement. The present study was approved by the Ethics
Committee of Shanghai Jiao Tong University Affiliated Sixth
People's Hospital. Written informed consent was obtained
from all adult participants prior to recruitment. In addition,
written informed consent was obtained from parents on behalf
of pediatric participants. This consent procedure was approved
by the Ethics Committee of the Shanghai Jiao Tong University
Affiliated Sixth People's Hospital.

Collagen type I mutation analysis. 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., Holliston, MA, USA).
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All exons of the COLIAI and COLIA2 genes, including
the exon-intron boundaries, were amplified by polymerase
chain reaction using the primers described in our previous
study (14). The genomic (AF017178.2 and AF004877.1) and
mRNA (Z74615.1 and Z74616.1) sequences of the COLIAI
and COLIA2 genes were used as reference sequences. DNA
mutations were numbered according to the cDNA sequence
and the A of the ATG codon was designated as nucleotide +1.
Novel mutations were identified according to the Type 1
Collagen Mutation Database (https://oi.gene.le.ac.uk/variants.
php?select_db=COL1A1&action=view_all and https://oi.gene.
le.ac.uk/variants.php?select_db=COL1A2&action=view_all).
In addition, control alleles from 250 healthy individuals were
sequenced to determine whether novel mutations occurred as
polymorphisms.

To perform a cross-species analysis of the gene sequences
of the mutations that were not substitution mutations of glycine,
the Uniprot database (http:/www.uniprot.org/uniprot/?quer
y=COLI1Al&sort=score and http:/www.uniprot.org/uniprot
/7query=COL1A2&sort=score) was used to align 10 protein
sequences, and the Clustal Omega program (http:/www.ebi.
ac.uk/Tools/msa/clustalo/) was used to view their characteris-
tics alongside each other. The 10 COLIA]I protein sequences
compared were from human, zebrafish, Japanese common
newt, chicken, African clawed frog, mouse, rat, cow, dog and
cat. The 10 COLIA2 protein sequences compared were human,
zebrafish, green anole or horse, chicken, African clawed frog,
mouse, rat, cow, dog and cat, since the protein sequence of
Japanese common newt of COLIA2 was not included in the
database.

Bone densitometry. The bone mineral density (BMD; g/cm?)
of the lumbar spine (L1-L4) was measured using dual-energy
X-ray absorptiometry (DXA). Vertebrae were excluded from
analysis if they were affected by fractures. All subjects were
assessed using Lunar Prodigy equipment (GE Healthcare Life
Sciences, Chalfont, UK). The Lunar Prodigy device was cali-
brated daily. The coefficient of variability of the lumbar spine
DXA measurements was 1.39% (16). All DXA scans were
conducted by the same trained specialist. Lumber spine BMD
results were converted to age- and gender-specific Z-scores as
previously described (17).

Statistical analysis. Statistical analyses were performed in
SPSS software version 11.0 (SPSS, Inc., Chicago, IL, USA).
Group differences in enumeration data were analyzed for
significance using the chi-square test. Data with normal distri-
bution was tested for significance using independent-samples
t-test and data with non-normal distribution using the
Mann-Whitney U test. All tests were two-sided. P<0.05 was
considered to indicate a statistically significant difference.

Results

Clinical characteristics of the 61 patients. A total of
44 probands had a mutation in the COLIAI gene, and 17 had
a mutation in COLIA2 (Table I). Of the patients, 35 were
male and 26 female, with a median age of 11.0 years (range,
0.4-60 years). Family history was positive for Ol in 33 probands
(54%), negative for OI in 27 probands (44%) and unknown



Table I. Clinical findings of Ol in the 61 patients.
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Sex Age Blue Hearing Height Weight LS BMD
Mutation (M/F) (years) Fr>10 sclerae DI loss Z score Z score Z score
COLIAI (n=44) 28/16 11.0 6 37 15 1 -0.8 -0.5 -1.0£1.4
4.5-22.5) (13.6%) (84.1%)  (34.1%) (2.3%) (2.5,0.6)  (-1.2,2.)
COLIA2 (n=17) 7/10 90 0 12 5 0 -1.2 0.2 -2.7+0.6
(7.0-20.0) (70.6%)  (29.4%) (-2.5,-0.7) (-1.1,0.9)

Normally distributed data are expressed as the mean + standard deviation. Data that are not normally distributed are expressed as the median
(inter-quartile range). M, male; F, female; Fr, fracture; DI, dentinogenesis imperfecta; LS BMD, lumbar spine bone mineral density; COL1A1,

collagen type I, alpha 1; COL1A2, collagen type I, alpha 2.

in 1 proband (2%). All probands had suffered fractures, and
13.2% of probands with COLIAI mutations had suffered
>10 fractures (Table I). A total of 49 probands presented with
blue sclerae (80.3%), 20 probands suffered from dentinogen-
esis imperfecta (32.8%) and 1 patient had hearing loss (1.6%).

COLIAI and COLIA2 mutations. A total of 44 patients had
a mutation within the COL1A1 gene, and 17 had a mutation
in COL1A2 (Table I). These mutations included 33 missense
mutations, 8 nonsense mutations, 7 splicing variants and
13 frameshift mutations (Table II). Almost half the probands
(42.6%; 26/61) had a substitution mutation of the glycine within
the Gly-X-Y triplet domain of the triple helix, of which 13 were
in COLIA] and 13 were in COLIA2. Serine substitutions were
the most common in the present study (42.3%).

Intotal,25 of the mutations of 26 probands (2 probands had
the same novel mutation in COL1A?2) identified were novel:
18 in COLIAI (Table IIT) and 7 in COLIA2 (Table IV). Novel
mutations were identified according to the Type 1 Collagen
Mutation Database. In addition, these novel mutations were
not present in the 250 healthy controls. Of the 25 novel
mutations, 7 missense mutations, 7 frameshift mutations
and 4 nonsense mutations were identified in COLIAI, and
6 missense mutations and 1 nonsense mutation were identified
in COLIA2. Of these mutations only 6 were not substitution
mutations of glycine. Therefore, the gene sequences of these
6 mutations were compared across species. Although the
p-Ala508Thr missense mutation of COLIA] is not at a highly
conserved position, other vertebrate species including cow,
dog and cat all contained alanine (Fig. 1A). The proband
was classified as OI type III and COLIA2, CRTAP and
LEPRE] gene mutations were excluded. The mutation is
potentially functionally damaging as alanine is a nonpolar
and threonine a polar amino acid. The p.Thr766Ser (Fig. 1B)
and p.Thr1298Ile (Fig. 1C) missense mutations of COLIAI,
and the p.Asp37Gly (Fig. 2A), p.Argl258His (Fig. 2B) and
p.Phe4Leu (Fig. 2C) missense mutations of COLIA2 are
at highly conserved positions. In addition, these missense
variants were searched for in the large Exome Aggregation
Consortium (ExAC) database (exac.broadinstitute.org), and
the frequencies of p.Ala508Thr of COLIAI, p.Argl258His
and p.Phe4Leu missense mutations of COLIA2 were revealed
to be 2.471x107, 2.471x10° and 8.236x10°°, respectively.
The remaining three missense variants were absent from

Table II. Types of COLIAI and COLIA2 mutations in the
present study.

Mutation  Missense  Nonsense  Splicing  Frameshift
COLIAI 17 7 7 13
COLIA2 16 1 0 0

COL1A1, collagen type I, alpha 1; COL1AZ2, collagen type I, alpha 2.

the ExAC database. Furthermore, the combined annotation
dependent depletion (CADD) pathogenicity scores of these
missense variants were high. The CADD pathogenicity score
of the p.Ala508Thr, p.Thr766Ser and p.Thr1298Ile muta-
tions of COLIAI and the p.Aso37Gly, p.Argl258His and
p-Phe4Leu mutations of COLIA2 were 13.3,26.6, 15.8, 17.8,
23.4 and 19.8, respectively.

The number of fractures in patients with the missense
mutation close to the carboxyl-terminal end was greater
compared with patients with missense mutations close to the
amino terminal. In addition, 2 probands had a p.Gly257Arg
(c.769G>A) mutation at exon 11 of COLIAI, which is the
mutation identified in 2 unrelated patients in our previous
study (14); 1 proband had a p.Gly767Ser (c.2299G>A) muta-
tion at exon 33, which is the mutation identified in 4 unrelated
patients in our previous study; 1 proband had a p.Gly821Ser
(c.2461G>A) mutation at exon 37, which is the same muta-
tion identified in 2 unrelated patients in our previous study;
and 2 probands had a p.Gly337Ser (c.1009G>A) mutation at
exon 19 of COLIA2, which is the same mutation identified in
1 unrelated patient in our previous study.

According to the Sillence classification, no patients in the
present study had OI type II. A total of 40 patients (65.6%)
had OI type I, 11 patients (18.0%) had type III and 10 patients
(16.4%) had type IV. As in our previous study, COLIAI muta-
tions were more frequent than COLIA2 mutations in patients
with OI types I and IIT (P<0.05; Fig. 3). In the COLIAI muta-
tion group, the most common fracture site was the femur (n=21;
21% of all fractures), followed by tibia/fibula (n=19; 19%) and
radius/ulna (n=19; 19%). In the COLIA2 mutation group, the
most common fracture site was the femur (n=12; 40% of all
fractures), followed by tibia/fibula (n=5; 17%), radius/ulna
(n=3; 10%) and humerus (n=3; 10%).
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A 500 pAlaS08The 51|° B ?T: P Thel66Ses rlw C ulso p The1298le ullo
Human GVAGPKGI GSPGPAGPK ~ Human DGVRG GPPGPAGAPG  Human FCNMETGE PTQPSVAQK
Zebrafish GAAGPRGAPGERGGPGVVGPK ~ Zebrafish DGIRG] IGPPGPAGAPG  Zebrafish YCNMETGET SATPKK

Japanese common newt GASGPKGAPGERGSVGPAGPK ~ J2panese common newt DGARGIT[GPIGPPGPSGAPG  Japanese common newt HCNMETG! il SQASISQK
Chicken G 1AGPKS ERGSPGAVGPK Chicken DGLRGLIGPIGPPGPAGAPG Chicken YCNMETG ;H QATIAQK
African clawed frog ~ GASGPKG pvGpaGpg ~ Aficanclawed fog  DGVRGLTGPIGPPGPGGAPG African clawed frog ~ YCNMETG FCIYPTQSSIPK

Mouse GVAGPKGESGERGAPGPAGPK ~ Mouse DGARGITGPIGPPGPAGAPG  Mouse YCNMETGQTCVFPTQPSVPQK
Rat GVAGPKGPAGERGSPGPAGPK ' DGVRGLTGPIGPPGPAGAPG  Rat YCNMETGQTCVFPTQPSVPQK
Bovine GVAGPKGPAGERGAPGPAGPK DGVRGLIIGPIGPPGPAGAPG  Bovine FCNMETG ai TYPTQPSVAQK
Dog GVAGPKGPAGERGSPGPAGPK ~ D°F DGVRGLI[GPIGPPGPAGAPG  Dog FCNMETG! QPQVAQK
Cat GVAGPKGPAGERGSPGPAGPK DGVRGLT[GPIGPPGPAGAPG Cat FCNMETG QPHVAQK

Figure 1. Missense mutations occur at conserved positions in COL1A1, as demonstrated by a comparison of the sequences of ten species. (A) The mis-
sense mutation p.Ala5S08Thr occurs at a relatively conserved position in COL1AL. (B) p.Thr766Ser occurs at a highly conserved position in COL1AL.
(C) p.Thr12981le occurs at a highly conserved position in COL1A1. COL1A1, collagen type I, alpha 1.

A N pAps7cy » B ulso p.Arg1258His 1z|?n C 1| pPheiLeu 2[0
Human VRKGPAG Human ATQLAFMRLLANYASQNITY ~ Human MLYFVDTRTLLLLAVTLCLA
Rat VRKGPTG] Rat ATQLAFMRLLANRASQNITY  Rat MLYFVDTRTLLLLAVTSCLA
Chicken ~ GRKGPRG e ATQLAFMRLLANHASQNITY  Chicken MLSFVDTRILLLLAVTSYLA
Mouse VRKGPTG] Mouse ATQLAFMRLLANRASQNITY = Mouse MLYFVDTRTLLLLAVTSCLA
Bovine ~ ARKGPSG Eorie ATQLAFMRLLANHASQNITY  Bovine MLSFVDTRTLLLLAVTSCLA
Dog ARKGPTG] African clawedfrog. ATQLAFMRILLANHASQNITY  African clawed frog MLYFWDMRTVLLLAVTLYLA
Zebrafish ~ —KGPKG Dog ATQFAFMRLLANHASQNITY  p,, MLYFVDTRTLLLLAVTSCLA
Cat RKGPTG Zebrafish ATQLAFMRLLANQAVQNITY 7.6 MLSFVDTRILLLLAVTSYLA
Greenanole RGPAGEP( Cat ATQLAFMRLLANHASQNITY = ., MLYFWVDTRTLLLLAVTSCLA
Horse KRVGPTG Green anole ATQLAFMRLLANHASQNITY . . MLSFVDTRTLLLLAVTSCLA

Figure 2. Missense mutations occur at conserved positions in COL1A2, as demonstrated by a comparison of the sequences of ten species. (A) The missense
mutation p.Asp37Gly occurs at a highly conserved position in COL1A2. (B) p.Argl258His occurs at a highly conserved position in COL1A2. (C) p.Phe4Leu
occurs at a highly conserved position in COL1A2. COL1A2, collagen type I, alpha 2.
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Figure 3. Clinical types of OI caused by COLIAI and COLIA2 mutations.
(A) Clinical types of OI caused by COL1A1 mutations. (B) Clinical types
of OI caused by COL1A2 mutations. Checks, OI type I; dots, OI type III;
stripes, OI type IV. OI, osteogenesis imperfecta; COL1A1, collagen type I,
alpha 1; COL1AZ2, collagen type I, alpha 2.

probands with the missense mutation at the amino-terminal
end had a milder phenotype compared with those closer to the
carboxyl-terminal end. It has previously been demonstrated
that the most common mutations associated with OI are substi-
tutions for glycine by another amino acid in the triple helical
domain of COLIAI or COLIA2 (22). In the present study,
33 missense mutations were identified from 61 probands.
Substitutions of glycine by serine were the most common in
COLIAI and COLIA2, in accordance with our previous study
and Rauch et al (14,22).

In contrast to our previous study, disease in the 61 patients of
the present study was 54% familial and 44% sporadic disease.
This was in accordance with a previous study on Korean OI
patients (51% familial and 49% sporadic OI cases) (25). In the
present study, OI type I (65.6%) was the most common type.
A total of 80.3% probands presented with blue sclerae and all
patients with mutations in the amino-terminal end of the al(I)
chain had blue sclera, as described by Rauch et al (22), who
additionally observed that dentinogenesis imperfecta was absent
in patients with mutations in the amino-terminal end of the al(I)
or a2(I) triple helical domain. In the present study, patients were
identified with COLIAI mutations at the amino-terminal and
carboxyl-terminal ends without dentinogenesis imperfecta.
Hearing loss is a common secondary feature of OI in adults,
often with mixed conductive and sensorineural deficiency (4).
Previous studies have reported that in a Scottish population
~50% of patients have subjective hearing loss (26), and >60%
of Finnish OI adult patients had hearing loss (27); however,
only ~5% of OI pediatric patients have been reported to suffer
hearing loss (28). In the present study, only 1.6% of probands
had hearing loss; this may due to the fact that the majority of the
patients were children. The most common fracture site was the
femur, followed by tibia/fibula, radius/ulna in the patients of the
COLIAI and COLIA2 mutation groups; this is in accordance
with the study by Ben Amor et al (29).

The present study is the first, to the best of our knowl-
edge, to observe Chinese OI patients in such large numbers.
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Table V. Clinical characteristics of patients with glycine to
serine substitutions.

COLIAI COLIA2
Parameter (n=5) (n=6) P-value
Age (years) 12.3£18.1 77433 0.23
Height (Z score) -4.4+3.5 -1.4+0.9 0.08
Weight (Z score) -1.3+2.1 -0.5+14 047

Data are expressed as the mean + standard deviation. COL1A1,
collagen type I, alpha 1; COL1A2, collagen type I, alpha 2.

However, the present study had certain limitations. The study
was limited to a single center and was cross-sectional. No
patients had lethal type II OI as the patients were recruited
from the outpatient center and newborns with the lethal type
were not yet diagnosed.

In conclusion, the present study identified 61 mutations in
COLIAI and COLIA2, 25 of which were novel. Serine substi-
tutions were the most frequently encountered mutation type.
The mutations p.Gly257Arg, p.Gly767Ser and p.Gly821Ser
in COLIAI, and p.Gly337Ser in COLIA2 may be located at
a mutation hotspot for human OI. Family history was posi-
tive for OI in 33 probands (54%). All probands had suffered
fractures and the most common fracture site was the femur.
A total of 49 probands presented with blue sclerae (80.3%),
20 probands suffered from dentinogenesis imperfecta (32.8%)
and 1 patient had hearing loss (1.6%). These findings may
improve understanding of the pathogenic gene mutation spec-
trum and clinical manifestations of mutations in COLIAI and
COLIA?2 genes of Chinese patients with OI, and may be useful
for future clinical diagnosis and genetic counseling.
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