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Abstract

Summary We sought to characterize the phenotypes and iden-
tify the SEC24D gene mutations associated with Chinese fam-
ilies of osteogenesis imperfecta (OI). Using whole-exome se-
quencing, we discovered two novel compound SEC24D mu-
tations of Ol patients. Our study extended both the phenotypic
and the genotype of the OI patients with SEC24D mutations.
Introduction To date, only three compound heterozygous mu-
tations in the SEC24D gene have been found to cause reces-
sively inherited forms of OI. We sought to characterize the
phenotypes and to identify the SEC24D gene mutations asso-
ciated with Chinese families with OL.

Methods Using whole-exome sequencing in two probands,
we identified two novel compound heterozygous mutations
in SEC24D. In family 1, the proband was a 23-year-old male;
he had recurrent fractures and dentinogenesis imperfecta. His
anterior fontanel was not closed, and he showed facial
dysmorphism. A computed tomography three-dimensional
imaging of the cranium showed skull deformities associated
with a broad ossification defect in the frontoapical area, a
widened sagittal suture, and Wormian bones. In family 2, the
proband was a 7-year-old boy, who also had recurrent frac-
tures and dentinogenesis imperfecta. His anterior fontanel was
not closed, and he did not have obvious facial dysmorphism.
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Results We identified one novel compound heterozygous
missense substitution in the proband in family 1, including
¢.2723G>A (p. Cys908Tyr) and ¢.2842T>C (p. Ser948Pro).
In the proband in family 2, we identified another novel com-
pound heterozygous missense substitution, including
¢.938G>A (p. Arg313His) and ¢.875C>T (p. Pro292Leu).

Conclusions We discovered two novel compound SEC24D
mutations of autosomal recessive OI patients. Our study ex-
tended both the phenotypic and the genotypic spectrum of the
autosomal recessive Ol patients with SEC24D mutations.

Keywords Chinese patients - Mutation - Osteogenesis
imperfecta - SEC24D gene

Introduction

Osteogenesis imperfecta (OI) is a congenital connective tissue
disorder characterized by low bone mass, fragile bones, and
growth deficiency. Approximately 90% of cases of dominant-
ly inherited OI are caused by mutations of the COL/IAI (MIM
120150) or the COLIA2 (MIM 120160) gene, which encode
type I collagen mutations [1]. Recently, recessive mutations in
genes have been identified in OI patients. In 2006, the first
disease-associated gene of recessive OI, CRTAP (MIM
605497), was discovered [2, 3]. Over the past decade, another
16 genes have been identified that cause dominantly or reces-
sively inherited forms of OI, such as (BMP1 [MIM 112264],
CREB3LI [HGNC ID 18856], FKBP10 [MIM 607063],
IFITMS5 [MIM 614757], LEPREI [MIM 610339], P4HB
[MIM 176790], PLOD2 [MIM 601865], PLS3 [MIM
300131], PPIB [MIM 123841], SEC24D [MIM 607186],
SERPINFI1 [MIM 172860], SERPINHI [MIM 6009431, SP7
[MIM 606633], SPARC (MIM 182120), TMEM38B [MIM
611236], and WNT! [MIM 164820]) (http://www.le.ac.

@ Springer


http://www.le.ac.uk/genetics/collagen/index.html
http://dx.doi.org/10.1007/s00198-016-3866-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s00198-016-3866-2&domain=pdf

1474

Osteoporos Int (2017) 28:1473-1480

uk/genetics/collagen/index.html). The pathogenic mechanism
in Ol arises from gene mutations that affect the synthesis,
structure, folding, secretion, and matrix organization of type
I collagen [4]. The majority of pathogenic mutations found in
recessive Ol genes are homozygous or compound
heterozygous loss-of-function mutations that result in two null
alleles, which are responsible for either no production or seri-
ously decreased production of normal proteins [5]. In 2015,
compound heterozygous mutations in the SEC24D gene were
discovered to cause a novel severe form of recessively
inherited OI in two Caucasian families. This type of OI was
characterized by craniofacial malformations and skull ossifi-
cation defects [6]. By contrast, Moosa et al. [7] reported a case
involving a patient from a Chinese family with a more classi-
cal OI phenotype, who was carrying two novel compound
heterozygous mutations in SEC24D but who lacked craniofa-
cial malformations. Until now, these were the only reports of
cases of Ol that were caused by the SEC24D gene. China is a
country with a large population; in previous studies, the path-
ogenic genes for Ol reported in cases involving Chinese fam-
ilies have included COLIAI, COLIA2, LEPREI, IFITM5,
FKBPI10, PLOD2, and TMEM38B [8—11]. In this study, we
report two Chinese families with a moderate form of OI
caused by compound heterozygous mutations in SEC24D.

Methods
Subjects

Two unrelated Chinese families with OI and 250
healthy control donors were included in this study.
None of the patients belonged to a consanguineous fam-
ily. All the subjects belonged to the Han ethnic group.
The study was approved by the Ethics Committee of the
Shanghai Jiao Tong University Affiliated Sixth People’s
Hospital, and informed consent was obtained from every
proband, family member, and volunteer before blood
sampling and DNA analysis commenced.

Bone densitometry

The bone mineral density (BMD, g/cm?) of the lumbar spine
(L1-L4) was measured using dual-energy X-ray absorptiome-
try (DXA). The probands of both families were assessed using
Lunar Prodigy equipment (GE Lunar Corp., Madison, W1,
USA). The Lunar device was calibrated daily, and the coeffi-
cient of variability (CV) value of the DXA measurements at
L1-L4 was 1.39% [12]. Lumbar spine BMD results were con-
verted to an age-specific and sex-specific Z-score according to
the reference data [13].
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Laboratory tests

Fasting blood samples were obtained in the morning between
8:00 and 10:00 AM, following both the manufacturer’s pro-
tocol and specialized laboratory assay quality control proce-
dures. The following markers of calcium metabolism and
bone turnover were measured: serum calcium (Ca), phospho-
rus (P), alkaline phosphatase (ALP), intact parathyroid hor-
mone (PTH), 25(OH)D, [3-CrossLaps of type I collagen con-
taining cross-linked C-telopeptide (3-CTX), and osteocalcin
(OC). Ca, P, and ALP were measured using a HITACHI 7600-
020 automatic biochemistry analyzer, Tokyo, Japan. Other
compounds were measured using the following kits (all from
Roche Diagnostics, Mannheim, Switzerland): an intact PTH
kit for PTH, a 25 hydroxy vitamin D3 kit for 25(OH)D, a (3-
CrossLaps kit for 3-CTX, and an osteocalcin kit for OC. The
intra- and inter-assay CVs, respectively, were 5.7 and 7.3% for
25(0OH)D, 1.4 and 2.9% for PTH, 2.5 and 3.5% for 3-CTX,
and 2.9 and 4.0% for OC; these results were reported in a
previous study [14]. The intra- and inter-assay CVs, respec-
tively, were 1.5 and 2.0% for Ca, 2.1 and 2.3% for P, and 2.5
and 4.5% for ALP [15].

Whole-exome capture and massively parallel DNA
sequencing

The exome of the probands of both families were sequenced
to identify the pathogenic gene. Exon-enriched DNA was se-
quenced by the Illumina Genome Analyzer Il platform follow-
ing the manufacturer’s instructions (Illumina). The raw image
files were processed using the [llumina Base Calling Software
v. 1.7 with the default parameters, and the sequence of each
individual DNA fragment was reported as 101-bp paired-end
reads. The sequencing reads were aligned to the NCBI human
reference genome (NCBI36.3) using the SOAPaligner [16,
17]. The SOAPsnp results were filtered using the following
standards: the base quality was equal to or exceeded 20, the
sequencing depth was between 4 and 200, the estimated copy
number was less than two, and the distance between two SNPs
was more than 5 bp [18-20]. Approximately 114 million reads
were quantified and mapped to the hs37d5 human reference
genome DNA sequence, leading to an average read depth of
78.8 for the exome of each proband. We collected reads that
were among the target regions for SNP identification and sub-
sequent analysis. The consensus sequence and quality of each
allele was calculated by SOAPsnp.

SEC24D mutation confirmation

To confirm the mutation, fragments covering the mutation site
in SEC24D which were identified by whole-exome sequenc-
ing were amplified by polymerase chain reaction (PCR).
Primers for PCR amplification were designed using Primer3
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software (http:/bioinfo.ut.ee/primer3-0.4.0/). The primer of
the family 1 were 5-TGACTGGAATAAAGTCTGGC
ACAT-3' for the forward primer and 5'- AAAGTCAC
ATATTTTAGTTGTTTGAAAGT-3' for the reverse primer.
The primer of the family 2 were 5'-CCATTGCATCTAAA
TGCCTCTCA-3’ for the forward primer and 5'-CAGG
ATGCCAAAAACCATAGC-3' for the reverse primer. The
patients’ sequences were compared with the Ensembl
reference gene sequence ENSG00000150961 (SEC24D).
Direct sequencing was performed using the BigDye
Terminator Cycle Sequencing Ready Reaction Kit, v. 3.1
(Applied Biosystems, Foster, CA), and the sequencing was
analyzed with an ABI Prism 3130 automated sequencer.

Results
Clinical features
Family 1

In family 1, the proband was a 23-year-old male, the only son of
nonconsanguineous parents. He was the product of a full-term
pregnancy with a normal delivery. His birth weight and length
were within normal limits. His height and weight at the time of the
study were 143.0 cm and 75.0 kg, respectively. He experienced
his first fracture, in the right humerus, at the age of only 1 month.
He experienced six additional fractures, including both femurs,
between the ages of 1 and 15 years. He fractured his elbow when
he was 20 years old but had not experienced another fracture since
then. The proband had evident deformities in both lower limbs.
He had dentinogenesis imperfecta but did not exhibit blue sclera
or hearing loss. His anterior fontanel was not closed and showed
facial dysmorphism with down-slanting palpebral fissures, frontal
protrusion, left ear dysplasia, and micrognathia (Fig. 1a, b). No
family history of bone fragility was identified. A computed to-
mography three-dimensional imaging (CT 3D imaging) of the
cranium showed skull deformities associated with a broad
frontoapical ossification defect, a widened sagittal suture, and
Wormian bones (Fig. 1c, d). Radiographs showed multiple frac-
tures of both femurs and more severe bowing of the left femur
(Fig. le). However, his lumbar spine bone mass was normal.
Biological test results, including serum calcium, phosphate, alka-
line phosphatase, and parathyroid hormone, were within normal
ranges, both 25-hydroxyvitamin D and OC were deficient, and (3-
CTX was slightly above the normal range (Table 1). His parents
did not show any symptoms of OI.

Family 2
In family 2, the proband was a 7-year-old boy, the only son

of non-consanguineous parents. He was the product of a
full-term pregnancy with a normal delivery. His birth

a

Fig. 1 Photographs, brain CT scans, and X-ray of the proband of family
1. a The proband showed facial dysmorphism with down-slanting
palpebral fissures and still not closed anterior fontanel. b Lateral view.
Frontal protruded, mid-face hypoplasia, left ear dysplasia and
micrognathia. ¢ and d Three-dimensional CT scan of the cranium
showed skull deformities associated with a broad ossification defect
fronto apical, the sagittal suture widened, and Wormian bones. e
Radiographs of the both legs of the proband of family 1 showed severe
bowing of left femur, multiple old and new fractures of both femurs
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Table 1 General features and

laboratory findings in two
probands

Clinically affected subjects Proband 1 Proband 2 Normal values
Gender Male Male

Age (years) 23 7

Blue sclerae - -

Dentinogenesis imperfecta + +

Hearing loss

Site of fracture Both femurs, humerus, elbows Both femurs

First fracture age 1 month 1.5 years

Fractures (N) 7 5

Height Z-score -4.5 0.3 >—1

Weight Z-score 0.7 0.2 >—1

Lumbear spine 1-4 Z-score -0.5 2.5 >—1

Calcium 2.45 2.64 2.08-2.60 mmol/L

Phosphate 1.20 1.46 0.80—1.60 mmol/L

Alkaline phosphatase 66 186 116-380 U/L for children
15-112 U/L for adults

Parathyroid hormone 59 18 15.0-65.0 pg/mL

25(0OH)D 7.8 34 20-32 ng/mL

B-CTX 624 784 <584 ng/L

oC 17 27 24-70 ng/mL

Parameters that out of normal range are presented in bold font

B-CTX [3-CrossLaps of type I collagen containing cross-linked C-telopeptide, OC osteocalcin

weight and length were within normal limits. His height
and weight at the time of the study were 122.7 ¢cm and
28.0 kg, respectively. He experienced his first fracture, in
the right upper femur, at the age of 1.5 years old. He ex-
perienced a total of five fractures, including both femurs,
between 1.5 and 4.5 years of age. He experienced a lumbar
spine 3 fracture at the age of 7 years. He had
dentinogenesis imperfecta but did not exhibit blue sclera
or hearing loss. His anterior fontanel was not closed, and
he did not have obvious facial dysmorphism (Fig. 2a, b).
Radiographs showed fractures in both femurs and severe
bowing of the left femur (Fig. 2c, d). The proband was
treated with pamidronate (0.5 mg/kg for 3 days) when he
was 3 years old. Then, he was treated with intramedullary
nails that could be extended with a fixation operation.
After the operation, he could walk independently and had
not experienced further fractures in either femur (Fig. 2e).
He exhibited low back pain when he was 7 years old, and
the X-ray image showed a mild compression fracture of the
third lumbar vertebra (Fig. 2f). The proband showed lower
lumbar spine bone mass than that of healthy boys of the
same age. Biological test results, including serum phos-
phate, alkaline phosphatase, parathyroid hormone, and
25-hydroxyvitamin D, were within normal ranges, whereas
serum calcium and 3-CTX were slightly above normal
ranges (Table 1). His parents did not show any symptoms
of OL
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Whole-exome capture and massively parallel DNA
sequencing

We performed exome sequencing on the probands of both fam-
ilies to search for the pathogenic gene. We filtered out all
1000G records and dbSNP records, and the filter region includ-
ed exonic or splicing and overlapping noncoding RNA regions.
Approximately 12.7 and 14.5 gigabases (Gb) of high-quality
data were aligned to the target regions of the probands of family
1 and 2 with a per-base mismatch rate of 0.43 and 0.45%,
respectively. As a result, the mean coverage sequencing depth
of the official target regions of the probands of family 1 and
family 2 was 85 and 101, respectively. The number of high-
confidence SNPs was 208,147 and 217,868 SNPs, including
94,920 and 98,353 heterozygotes. We identified 18,869 and
19,972 high-confidence indels, of which 9352 and 10,299 were
heterozygotes of the probands of family 1 and family 2, respec-
tively. By filtering the data using public SNP databases, includ-
ing dbSNP129, the UCSC Genome Browser Hg 18, and the
1000 Genome Browser, we identified the SEC24D gene muta-
tions of the two probands. In the proband of family 1, we
identified one novel compound heterozygous missense substi-
tution, including one missense mutation, ¢.2723G>A (p.
Cys908Tyr) and another mutation ¢.2842T>C (p. Ser948Pro);
both mutations were in exon 21. In the proband of family 2, we
identified one novel compound heterozygous missense substi-
tution, including one missense mutation c.938G>A (p.
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Fig. 2 Photographs and X-ray of
the proband of family 2. a The
proband showed facial
dysmorphism with still not closed
bregmatic. b Lateral view:
without obvious micrognathia. c,
d Radiographs of the both legs of
the proband of family 2 showed
severe bowing of left femur,
fractures of both femurs. e Both
femurs were operated with
intramedullary nail can be
extended fixation. f Mild
compression fracture of lumbar 3

Arg313His) in exon 8 and another mutation ¢.875C>T (p.
Pro292Leu) in exon 7.

Validation of the SEC24D germ line mutation

The Sanger sequencing results for the entire SEC24D gene were
consistent with the whole-exome sequencing results. The com-
pound heterozygous missense mutations C908Y (c.2723G>A)
(NM_014822.2) and S948P (c.2842T>C) (NM_014822.2) were
confirmed in the proband of family 1 (Fig. 3a, b). The heterozy-
gous C908Y (c.2723G>A) mutation was found in the father of
the proband, and the heterozygous S948P (¢.2842T>C) mutation
was found in the mother. The compound heterozygous missense
mutations R313H (c.938G>A) (NM_014822.2) and P292L
(c.875C>T) (NM_014822.2) were confirmed in the proband of
family 2 (Fig. 4a, b). The heterozygous R313H (c.938G > A)
mutation was found in the father of the proband, and the

heterozygous P292L (c.875C > T) mutation was found in
the mother. A search of the data held in the OI variant
database (https://oi.gene.le.ac.uk/variants.php?select db=
SEC24D&action=view all) revealed that both mutations are
novel. In addition, we compared the four mutated sequences
with the 10 species, including human, zebra fish, mouse, rat,
marmoset, king cobra, bovin, African clawed frog, sheep,
and guinea pig. All four mutated sequences were at highly
conserved positions (supplementary Fig. 1). We used the
provean (Protein Variation Effect Analyzer) software tool to
predict whether an amino acid substitution has an impact on
the biological function of a protein, and the results showed
that all four missense mutations were deleterious, and the
provean scores of C908Y, S948P, R313H, and P292L were
—7.442, —3.922, —4.792, and —9.185, respectively. The results
were similar when the sequencing data were analyzed using
polyphen (Polymorphism Phenotyping) tools.
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Fig. 3 Genetic analysis of the A
SEC24D gene mutation in 2
families. Direct DNA sequencing
of the both probands. The
proband 1 showed a compound
heterozygote for SEC24D. a
¢.2723G > A (p. Cys908Tyr) the
missense mutation in exon 21. b
¢.2842T>C (p. Ser948Pro) the
other missense mutation in exon
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Discussion

Garbes et al. first reported mutations in SEC24D, which were
revealed by whole-exome sequencing of OI patients in 2015,
and described a 7-year-old Caucasian boy with a phenotype
similar to the phenotype of patients with Cole-Carpenter syn-
drome [6]. Cole-Carpenter syndrome was first described in
1987 by Cole and Carpenter, who depicted two infants with
OI who also had distinctive facial features (MIM 112240)
[21]. Interestingly, in 2015, Rauch et al. [22] performed
whole-exome sequencing on the genomic DNA of the two
individuals described by Cole and Carpenter in 1987, both
of whom are now adults, and discovered that Cole-Carpenter
syndrome was caused by a heterozygous missense mutation in

Fig. 4 Genetic analysis of the A
SEC24D gene mutation in 2
families. Direct DNA sequencing
of the both probands. The
proband 2 showed a compound
heterozygote for SEC24D. a
¢.938G>A (p. Arg313His) the
missense mutation in exon 8. b
c.875C > T (p. Pro292Leu) the

P4HB. When the symptoms of Ol patients with SEC24D mu-
tations were compared with those of OI patients with Cole-
Carpenter syndrome, some differences were found. For exam-
ple, the boy with SEC24D mutations reported by Garbes et al.
showed macrocephaly but not hydrocephalus (as shown in
patients with Cole-Carpenter syndrome), down-slanting pal-
pebral fissures without ocular proptosis, and a wide sagittal
suture with a broad ossification defect, in contrast to cranio-
synostosis. In our study, the proband of family 1 also showed
facial dysmorphism with down-slanting palpebral fissures,
frontal protrusion, left ear dysplasia, and micrognathia, which
was similar to the 7-year-old boy reported by Garbes et al. [6].
In our study, a CT 3D imaging of the cranium of the proband
of family 1 also showed skull deformities associated with a

other missense mutation in exon 7
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broad frontoapical ossification defect and a widened sagittal
suture. Therefore, the specific facial dysmorphisms, including
down-slanting palpebral fissures, ear dysplasia, and
micrognathia, may be characteristics of OI patients with
SEC24D mutations.

In 2015, Moosa et al. [7] also reported a case involving an
OlI patient carrying two novel compound heterozygous muta-
tions in SEC24D. Compared with the probands reported in our
study, this Chinese OI patient showed a more classical OI
phenotype, including blue-gray sclerae, osteopenia, and
Wormian bones. The discrepancy between our report and the
case reported by Moosa et al. [7] relates to whether the cra-
niofacial malformations were the simultaneous symptoms of
OlI patients with SEC24D mutations. In our study, the proband
of family 2 was more similar to the patient reported by Moosa
et al. [7]. Both patients showed an enlarged anterior fontanel
without other craniofacial malformations. In fact, regardless of
whether a patient showed evidence of facial dysmorphism, all
the patients with the SEC24D mutations showed an unclosed
or enlarged anterior fontanel. Therefore, the disturbed ossifi-
cation of the skull might be a characteristic of Ol patients with
SEC24D mutations. Both of the patients were surgically treat-
ed, and their recoveries were satisfactory. Therefore, it can be
concluded that the OI patients with SEC24D mutations had a
good response to the orthopedic operations.

SEC24D is an element of the COPII complex that was
exported from the endoplasmic reticulum (ER) [6]. The COPII
complex is a set of cytoplasmic coat proteins that generate
membrane-bound vesicles or carriers to export procollagen from
the ER [23]. The medaka fish mutant vbi, an animal model with
a SEC24D nonsense mutation, shows craniofacial
malformations, including impaired ossification of the
neurocranium, and OI [24]. To date, only three compound
SEC24D mutations of Ol patients have been reported worldwide
[6, 7]. In this study, we reported two novel compound SEC24D
mutations of Ol patients, and all were compound missense mu-
tations. Those four missense mutations were all found at highly
conserved positions and were predicted to be deleterious by
provean and polyphen-2 software. The parents of both families
were confirmed to be heterozygous for one of the missense
mutations. Therefore, an autosomal recessive inheritance pattern
was confirmed. In our study, the proband of family 1 showed
both compound mutations on exon 21, and he showed more
obvious facial dysmorphism than the boy described by Garbes
et al., whose mutation sites were on exons 5 and 23 [6]. The
proband of family 2 in our study showed compound mutations
on exons 7 and 8, and his phenotype was a more classical OI
phenotype without obvious facial dysmorphism, as shown in the
girl described by Moosa et al., whose mutations were on exons 2
and 19 [7]. We thus assumed that the closer the mutation was to
the carboxyl end, the more obvious the facial dysmorphism
would be. More OI patients with SEC24D mutations should
be analyzed to verify our assumption.

In conclusion, we discovered two novel compound
SEC24D mutations of autosomal recessive OI patients, in-
cluding ¢.2723G>A (p. Cys908Tyr) and ¢.2842T>C (p.
Ser948Pro) in one proband and c.938G>A (p. Arg313His)
and ¢.875C>T (p. Pro292Leu) in the other proband. Our study
extended both the phenotypic and the genotypic spectrum of
autosomal recessive Ol patients with SEC24D mutations.
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