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Abstract Osteogenesis imperfecta (OI) is a group of

inherited disorders characterized by recurrent fragile frac-

tures. Serpin peptidase inhibitor, clade F, member 1

(SERPINF1) is known to cause a distinct, extremely rare

autosomal recessive form of type VI OI. Here we report,

for the first time, the detection of SERPINF1 mutations in

Chinese OI patients. We designed a novel targeted next-

generation sequencing panel of OI-related genes to identify

pathogenic mutations, which were confirmed with Sanger

sequencing and by co-segregation analysis. We also

investigated the phenotypes of OI patients by evaluating

bone mineral density, radiological fractures, serum bone

turnover markers, and pigment epithelium-derived factor

(PEDF) concentration. Six patients with moderate-to-sev-

ere bone fragility, significantly low bone mineral density,

and severe deformities of the extremities were recruited

from five unrelated families for this study. Six pathogenic

mutations in SERPINF1 gene were identified, five of

which were novel: (1) a homozygous in-frame insertion in

exon 3 (c.271_279dup, p.Ala91_Ser93dup); (2) compound

heterozygous mutations in intron 3 (c.283 ? 1G[T, splic-

ing site) and exon 5 (c.498_499delCA, p.Arg167SerfsX35,

frameshift); (3) a homozygous frameshift mutation in exon

8 (c.1202_1203delCA, p.Thr401ArgfsX); (4) compound

heterozygous missense mutation (c.184G[A, p.Gly62Ser)

and in-frame insertion (c.271_279dup, p.Ala91_Ser93dup) in

exon 3; and (5) a heterozygous nonsense mutation in exon 4

(c.397C[T ? ?, p.Gln133X ? ?). Serum PEDF levels were

barely detectable in almost all subjects. We identified five

novel mutations in SERPINF1 and confirmed the diagnostic

value of serum PEDF level for the first time in Chinese

patients with the extremely rare OI type VI.
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Introduction

Osteogenesis imperfecta (OI) is a molecularly and phe-

notypically heterogeneous connective tissue disorder

characterized by recurrent fractures, progressive skeletal

deformities, and growth deficiency [1]. Extra-skeletal
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manifestations include blue sclera, early-onset hearing

loss, dentinogenesis imperfecta, and joint hypermobility.

According to the Sillence system of classification, OI

patients are classified into four types (types I–IV), based

on the severity of the disease [2]. Although most cases

of OI have an autosomal dominant inheritance pattern,

typically caused by mutations in genes encoding type I

collagen such as COL1A1 or COL1A2, OI type VI (MIM

#610968) is a unique autosomal recessive form that is

caused by mutations in SERPINF1 [3, 4].

OI type VI was first described as an extremely rare

autosomal recessive disorder with moderate-to-severe bone

fragility [5]. Type VI OI patients typically present with

early-onset recurrent fractures and usually without extra-

skeletal features [3, 4, 6]. Bone histology reveals distinc-

tive osteoid accumulation, delayed bone mineralization,

and a ‘‘fish-scale’’ lamellar appearance [4–7].

The candidate gene of OI type VI, SERPINF1, is

located on chromosome 17p13.3 and encodes the 50-kDa

secreted glycoprotein pigment epithelium-derived factor

(PEDF) [3]. It has been revealed that the absence of cir-

culating PEDF levels is specific for OI type VI [8]. PEDF

belongs to the serpin superfamily and is involved in

angiogenesis, tumorigenesis, neuroprotection, and fat

metabolism [9–12]. In bone, PEDF is mainly secreted

from osteoblasts, osteocytes, and a few chondrocytes and

osteoclasts [13, 14]. It has been reported that PEDF

contributes to the regulation of osteoblast and osteoclast

function and possibly plays an important role in bone

mineralization. In Serpinf1-/- mice, excessive unminer-

alized bone matrix accumulation was detected, which

resembles the phenotypes of OI type VI [15]. PEDF

enhances osteoblast differentiation and increases matrix

mineralization by modulating the expression of osteocyte-

related factors, such as sclerostin and matrix extracellular

phosphoglycoprotein [16]. PEDF also upregulates

expression of osteoprotegerin, a decoy RANKL receptor

that is synthesized in osteoblasts, which inhibits osteo-

clast differentiation and decreases bone resorption activity

[17]. Moreover, PEDF binds to type I collagen, which

may also be indirectly associated with the pathogenesis of

OI [18, 19]. So far, about 32 individuals with OI type VI

have been reported, and 22 unique mutations in SER-

PINF1 have been identified (http://www.le.ac.uk/ge/col

lagen/). However, detailed information about the

phenotypes and gene mutations of OI type VI in the

Chinese population is still needed.

Herein, we investigate the phenotypes and the patho-

genic mutations in SERPINF1 in Chinese OI type VI

patients, and evaluate the serum levels of PEDF among OI

type VI patients, compared to patients with other types of

OI and healthy control subjects.

Materials and Methods

Subjects

The initial clinical diagnosis of OI was made by

endocrinology department of Peking Union Medical Col-

lege Hospital (PUMCH) according to the following crite-

ria: recurrent fractures under mild trauma with or without

extra-skeletal manifestations such as blue sclera, hearing

loss, dentinogenesis imperfecta, and hypermobility of

joints [1]. There were more than 300 families in our center,

nearly 100 of whom had a definite molecular diagnosis. Six

OI patients with SERPINF1 mutations were recruited. Age-

and sex-matched OI patients with COL1A1/COL1A2

mutations were also included. The control group included

six individuals who had been assessed in PUMCH because

they had diseases such as short stature with unknown origin

or dyspepsia.

Phenotypes Evaluation

Medical history was collected, and physical examination

was performed. Serum biochemical parameters, including

calcium, phosphate, alkaline phosphatase (ALP, assayed as

a marker of bone formation), alanine aminotransferase, and

creatinine levels, were measured using standard procedures

in the central clinical laboratory of PUMCH. Serum levels

of beta cross-linked carboxytelopeptide of type I collagen

(b-CTX, assayed as a marker of bone resorption) and

25-hydroxyvitamin D (25OHD, assayed as a marker of

vitamin D nutrition status) were measured using an auto-

mated electrochemiluminescence system (E170; Roche

Diagnostics, Switzerland).

The new fractures were inferred by examining the

medical history and confirmed by a radiologist using X-ray

films. Bone mineral density (BMD) in the lumbar spine 2–4

(LS), femoral neck (FN), and total hip (TH) was measured

using dual-energy X-ray absorptiometry (DXA, Lunar

Prodigy, GE Healthcare, Madison WI, USA). In order to

exclude the influence of age on BMD, the Z scores of BMD

were calculated according to the age- and sex-matched

normal ranges of Chinese and Indian children [20–22].

Pathogenic Mutation Identification

Peripheral venous blood was collected. Genomic DNA was

extracted from leukocytes using a QIAamp DNA Mini Kit

(Qiagen, Germany). A targeted next-generation sequencing

(NGS) capture panel was created to examine OI-related

genes. The pathogenic OI genes in this panel included

COL1A1, COL1A2, IFITM5, SERPINF1, CRTAP, P3H1,

PPIB, SERPINH1, FKBP10, SP7, TMEM38B, WNT1, and
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PLOD2. All exons, splice sites, and immediate flanking

intron sequences of all the OI genes of interest were

amplified in patients 1, 2, 3, and 4. DNA samples were

sheared into fragments of 200–300 bases and purified using

an AMPre XP beads kit. Ends of the fragments were

repaired, and an ‘‘A’’ base was added to the 3’ end with

Klenow. After ligation of the Illumina adapters to the ends

of DNA fragments, the sequencing library was constructed.

After clonal amplification by emulsion polymerase chain

reaction (PCR), the library was hybridized with the capture

panel. Finally, the captured fragments were enriched by

PCR and loaded onto a flow cell, followed by sequencing

and imaging on Illumina HiSeq2000 platform according to

the standard protocol.

The primary sequencing data were mapped to the human

genome (NCBI37/hg19) using Burrows Wheeler Aligner

software, and single nucleotide variants were identified

using SOAP SNP software. Then, the biological informa-

tion was compared to databases including ExAC, dbSNP,

HapMap, 1000 Genomes Asian, ESP6500, Cosmic, and

HGMD. Insertion and deletion mutations were detected

using the GATK software package (version 3.5). Nonsense

mutations were predicted by PolyPhen-2 and SIFT soft-

ware. Splicing sites were predicted by Human Splicing

Finder and NetGene2 Server. Transmission promoters were

predicted by BDGP Neural Network Promoter Prediction

software. In comparison with the type I collagen database,

we were able to identify the novel variants according to the

American College of Medical Genetics and Genomics

(ACMG) recommended standards [23].

Sanger sequencing was performed in patients 5 and 6, as

well as for NGS verification in the rest of the subjects.

Based on the NGS preliminary results, fragments contain-

ing SERPINF1 exons 3, 4, 5, 8 and their exon–intron

junctions were amplified by PCR. PCR primers were

designed using the Primer 3 program (Supplementary

table). PCR was conducted under the following conditions:

denaturation at 95 �C for 3 min, followed by 35 cycles at

95 �C for 30 s, annealing at 59–60 �C for 30 s, and

extension at 72 �C for 60 s. The direct nucleotide

sequencing of PCR products was completed by BigDye

Terminators Cycle Sequencing Ready Reaction Kit (Ap-

plied Biosystems, version 3.1) and analyzed by ABI 3130

automatic sequencer (Applied Biosystems). Finally, patient

sequences were interpreted by Chromas software (version

2.4.1) and referenced to the NCBI reference sequence

NM_002615.5 (SERPINF1).

Measurement of Serum PEDF

All serum samples were well preserved at -80 �C. Serum
PEDF levels were measured with a DuoSet ELISA Kit

Table 1 Phenotypes of our patients with SERPINF1 mutations compared to previously reported patients

Characteristics Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Reported type VI patients

Race Han Han Han Han Han Han Variable

Sex Male Male Female Male Male Male Both

Consanguinity - - - - - - Variable

Age at first visit (y) 1.5 5 5 20.5 7 3

Confirmed prenatal fractures - - - - - - -

Age at first fracture (m) 12 17 7 12 18 18 From 5 to 36

Fx/year 6.0 14.0 3.4 3.8 1.3 2.0 Frequent

Color of sclera White White White White Grayish Grayish Normal

Dentinogenesis imperfecta - - - - ? - -

Hypermobility of joints - ± ? ? - - Variable

Hearing impairment - - - - - - -

Deformities - ? ? ? ? ? Most

Muscular atrophy - - ? - ? - Variable

Scoliosis - - - ? - - Variable

Thin long bone ? ? ? ? ? ? ?

Metaphyseal flaring ? ? ? ? ? ? Most

Vertebral compressions N/A - ? ? N/A ? Variable

Wormian bones - ? - ? - - Variable

Growth deficiency ? ? ? ? ? ? Delayed

OI .2010. type IV III III III III IV III/IV

Fx/year: fracture times divided by the age before treatment

References [3, 4, 6, 7, 29–33]
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(R&D Systems, Minneapolis, MN) in OI type VI patients

SERPINF1 mutation carriers, sex- and age- matched OI

patients with COL1A1/COL1A2 mutations, and the control

patients without bone diseases. Briefly, 100 lL standards

in reagent diluent or samples with a final dilution of 1:8000

were added to the wells that were precoated with the

capture antibody. The following steps were performed,

according to the general double-antibody sandwich ELISA

protocol and the manufacturer’s instructions. Then the

optical density (OD) was determined immediately, using a

microplate reader set to 450 and 540 nm. Duplicate read-

ings were taken for each sample, and the average zero

Table 2 Bone turnover

markers and bone mineral

density at baseline

Parameters Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

ALT (U/L) 12 8 8 12 5 7

Cr (umol/l) 20 21 31 32 34 38

Ca (mmol/l) 2.58 2.57 2.52 2.37 2.38 2.49

P (mmol/l) 1.52 1.80 1.53 1.29 1.35 1.55

ALP (U/L) 245 420 505 154 406 354

b-CTX (ng/ml) 0.6 0.5 N/A 0.6 N/A N/A

sPEDF(lg /ml) 0.0011 0.0001 0.0014 3.9287 0.0020 0.0019

25OHD (ng/ml) 23.4 27.0 N/A 15.1 11.4 N/A

LS BMD (g/cm2) 0.341 0.175 0.284 0.598 0.193 0.174

Z score -3.89 -6.00 -2.88 -3.29 -6.06 -8.35

FN BMD (g/cm2) 0.214 0.460a 0.379 0.275 N/A N/A

Z score N/A -1.73 -3.30 -5.18 N/A N/A

TH BMD (g/cm2) 0.295 0.554a N/A 0.324 N/A N/A

Z score N/A N/A N/A -5.45 N/A N/A

TR BMD (g/cm2) 0.309 0.700a 0.598 0.201 N/A N/A

Z score N/A N/A N/A -4.72 N/A N/A

ALT alanine aminotransferase, Cr creatinine, Ca serum calcium, P serum phosphate, ALP alkaline phos-

phatase, b-CTX b-isomerized carboxytelopeptide of type I collagen, 25OHD 25-hydroxyvitamin D, BMD

bone mineral density, LS lumbar spine (2–4), FN femoral neck, TH total hip, TR trochanter, sPEDF serum

pigment epithelium-derived factor

N/A: Patient didn’t perform the biochemical evaluation, or the bone mineral density could not be measured

due to severe deformity or lack of cooperation
a False elevated due to intramedullary nail implantation

Fig. 1 Radiological data of osteogenesis imperfecta type VI patients.

a Anteroposterior (AP) view of right femoral bone in patient 3

showed severe osteoporosis and ‘‘popcorn’’ epiphysis (white arrow).

b AP view of right humeral bone of patient 3 showed proximal

fracture, delayed healing, and bowed bones. c AP view of upper limb

of patient 2 showed proximal comminuted humeral fracture and thin

long bone with thin cortex. d The lower limbs of patient 2 showed

multiple remodeling femoral fractures and metaphyseal flaring.

e Wormian bone in the occipital bone of patient 2 was shown with

the white arrow
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standard OD was subtracted from every reading. Finally,

we adjusted our readings by subtracting the readings at

540 nm from the readings at 450 nm. The intra-assay and

inter-assay coefficients of variation were 7.7 and 8.1%,

respectively. The specificity was very high, and no sig-

nificant cross-reactivity was observed.

Results

Phenotypes of OI Type VI

All patients were born by full-term spontaneous vaginal

delivery without prenatal fractures. Fragile fractures usu-

ally began at the age of 7–18 months. The predilection

sites of the recurrent fractures included the humerus,

femur, tibia, radius, clavicle, costal bones, and vertebrae.

Particularly, long bones in the extremities were the most

common sites of fracture. The number of fractures patients

sustained varied from 1.3 to 14 per year. The moderate-to-

severe bone fragility resulted in short stature, decreased

mobility, and bone deformities (such as curved long bones,

severe scoliosis, and kyphosis). Patients 2, 3, and 4 had

hypermobility of the joints. Patients 3 and 5 had severe

sarcopenia of the limb muscles (Table 1). No other extra-

skeletal manifestations were found, such as blue sclera or

hearing impairments.

One of patient 3’s sisters had multiple fractures during

childhood and died at eight years old. The other patients

had no relevant family history.

Serum levels of calcium and phosphorus of all patients

fluctuated within the normal range. The serum ALP levels

of all patients were elevated, except for patients 1 and 6.

Slightly elevated b-CTX levels were observed in patients 1,

2, and 4. Serum 25OHD levels of patients were all low,

which indicated vitamin D deficiency (Table 2). Patients

had extremely low BMD Z scores, especially in the lumbar

spine, which ranged from -2.88 to -8.35 (Table 2).

Radiological findings revealed extensive osteoporosis, thin

long bone with the thin cortex, metaphyseal flaring, and

multiple vertebral compressions. Notably, wormian bone in

the skull was observed in two patients (Fig. 1).

Mutations in SERPINF1

The mean sequencing depth of NGS was 288X, and the

SERPINF1 gene was completely covered. Six different

SERPINF1 mutations were found in the six probands from

five unrelated families, five of which were novel muta-

tions (http://oi.gene.le.ac.uk/variants) (Table 3). A

homozygous in-frame duplication (c.271_279dup,

p.Ala91_Ser93dup) was identified in patient 1 (Fig. 2a).

Sanger sequencing revealed that his father didn’t carry the

c.271_279dup mutation and his mother was a heterozy-

gous carrier. The possibilities of the Sanger sequencing

result of patient 1 were nonpaternity or partial de novo

mutation. Due to ethical reasons, his parents refused to do

further tests. Compound heterozygous mutations of intron

3 (c.283 ? 1G[T) and exon 5 (c.498_499delCA,

p.Arg167Serfs) were detected in patient 2 (Fig. 2b). The

splice mutation (c.283 ? 1G[T) was predicted to acti-

vate another potential splicing site downstream, leading to

the addition of intron 3 sequence to the original exon 3

sequence. Patient 3 was found to carry a homozygous

frameshift mutation in exon 8 (c.1202_1203delCA,

Table 3 Mutations of SERPINF1 gene found in this cohort

Patient Location Mutation Type Homozygous/Heterozygous

Patient 1 Exon 3 c.271_279dupGCCCTCTCG

p.Ala91_Ser93dup

In-frame insertion Homozygous

Patient 2 Intron 3 c.283?1G[T Splicing site Compound heterozygous

Exon 5 c.498_499delCA

p.Arg167SerfsX

Frameshift

Patient 3 Exon 8 c.1202_1203delCA

p.Thr401ArgfsX

Frameshift Homozygous

Patient 4 Exon 3 c.184G[A

p.Gly62Ser

Missense Compound heterozygous

Exon 3 c.271_279dupGCCCTCTCG

p.Ala91_Ser93dup

In-frame insertion

Patients 5 and 6 Exon 4 c.397C[T

p.Gln133X

Nonsense Heterozygous
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p.Thr401ArgfsX) in SERPINF1, and her parents were

both heterozygous carriers (Fig. 2c). Patient 4 carried a

heterozygous in-frame duplication (c.271_279dup,

p.Ala91_Ser93dup) and missense mutation (c.184G[A,

p.Gly62Ser) in exon 3 (Fig. 2d). For c.184G[A, the

SIFT score was 0 and Polyphen-2 score was 1, which

Muta�on in exon3 of SERPINF1 

c.271_279dupGCCCTCTCG 

p.Ala91_Ser93dup 

P1 

P1’s father 

P1’s mother 

carrier 

affected 

I 

II 

Muta�on in intron3 of SERPINF1 

c.283+1G>T 

P2 

P2’s mother 

*According to the results of pa�ent 2 and his mother. However, we failed to get in touch with the father and could not 
obtain the blood sample.  

carrier 

affected 

I 

II 
Muta�on in exon5 of SERPINF1 

c.498_499delCA 

p.Arg167SerfsX35 

A

B

Pa�ent 1

Pa�ent 2

Fig. 2 Pedigrees of the five

families and Sanger sequencing

chromatograms of the

SERPINF1 gene. In the

pedigrees, black arrows

represent the proposituses. The

black symbols indicate OI

patients, while the shadow

symbols indicate carriers. a In

patient 1, a homozygous

mutation was identified as

c.271_279dup

(p.Ala91_Ser93dup) in exon 3.

b In patient 2, novel compound

heterozygous mutations were

identified as c.283 ? 1G[T in

intron 3 and c.498_499delCA

(p.Arg167SerfsX35) in exon 5.

c In patient 3, novel

homozygous mutation was

identified as c.1202_1203delCA

(p.Thr401ArgfsX) in exon 8.

d In patient 4, novel

heterozygous mutations were

identified as c.184G[A

(p.Gly62Ser) in exon 3, and a

reported mutation of

c.271_279dup

(p.Ala91_Ser93dup) in the same

exon. e In patients 5 and 6, a

novel heterozygous mutation

was identified as c.397C[T

(p.Gln133X) in exon 4
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indicated that it might be a pathogenic mutation. Patients

5 and 6 were siblings from the same nonconsanguineous

family, and both of them had a heterozygous nonsense

mutation (c.397C[T, p.Gln133X) (Fig. 2e). In the Sanger

sequencing result of this pedigree, we could also see the

c.390 T[C in the two patients and their mother. The

c.390 T[C was proved to be an SNP according to the

public databases (rs8074840). It can result in

p.Thr130Thr, a synonymous mutation whose total popu-

lation allele frequency is 0.3161. So we didn’t identify it

as a pathogenic mutation for patients 5 and 6. No other

pathogenic mutations were detected in this pedigree

according to NGS results. It is possible that the other

pathogenic mutation located in deep intron regions which

P3 

P3’s father 

P3’s mother 

Pa�ent 3 carrier 

affected 

I 

II 
Muta�on in exon8 of SERPINF1 

c.1202_1203delCA 

p.Thr401ArgfsX 

P4 

P4’s mother 

Pa�ent 4 carrier 

affected 

Muta�on in exon3 of SERPINF1 

c.184G>A 

p.Gly62Ser 

Muta�on in exon3 of SERPINF1 

c.271_279dupGCCCTCTCG 

p.Ala91_Ser93dup 

I 

II 

*According to the results of pa�ent 4 and his mother, pa�ent’s father was predicted to be a heterozygous carrier with 
a muta�on of c.184G>A. However, we failed to get in touch with the father and obtain the blood sample.  

C

D

Fig. 2 continued
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could be neglected. And the epigenetic changes, which

would also participate in the pathogenesis of an autosomal

recessive inherited disease, could also be invisible in

NGS. Co-segregation analysis showed that healthy par-

ents were heterozygous carriers of SERPINF1. No muta-

tions were identified in the remaining regions of

SERPINF1 or in other known pathogenic genes of OI.

Among the novel mutations, the p.Gly62Ser mutation was

highly conserved throughout the species (Fig. 3). The five

kinds of novel mutations were absent in the 100 unrelated

control subjects and were not classed as polymorphisms in

all public databases (Fig. 4).

p.A91_S93dup 

Homo sapiens 
Pan troglodytes 
Sus scrofa 
Equus caballus 
Bos taurus 
Canis lupus familiaris 
Crab-ea�ng macaque 
Mus musculus 
Ra�us norvegicus 
Tursiops truncatus 
Myo�s brandi�i 

PEDF 418AA 

Signal peptide 

Reactive center loop 

Phosphorylation site 

Collagen binding site 

Glycosylation site 

p.G62S 

Fig. 3 Locations of predicted

protein consequences for

SERPINF1 mutations in PEDF

molecular. Upper Schematic

representation of pigment

epithelium-derived factor

(PEDF, NP_002606). Lower

Amino acid alignment of the

PEDF sequence among species.

The novel missense

c.184G[A is indicated by the

red arrow. p.Gly62Ser and

p.Ala91_Ser93dup affected

highly conserved motifs in the

PEDF sequence (Color

figure online)

P5 

rehtoms’6Pdna5Prehtafs’6Pdna5P

Pa�ent 5 and 6 carrier 

affected 

I 

II 

P6 

Muta�on in exon4 of SERPINF1 

c.397C>T 

p.Gln133X 

EFig. 2 continued
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Fig. 5 PEDF serum levels in

individual participants and

mean values in OI type VI

patients and control groups.

a PEDF serum levels in OI type

VI patients are significantly

decreased as compared with

patients with COL1A1/COL1A2

mutations and normal controls.

PEDF serum levels in

SERPINF1 mutation carriers are

between the above. b Mean

PEDF serum levels of OI type

VI patients were significantly

lower than OI patients with

COL1A1/COL1A2 mutations

and normal controls

(P = 6.34 9 10-5,

1.35 9 10-5, respectively)
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c.421dupC 

c.439+127_643+545del 

c.423delG 

c.440-?_643+?del 

c.532C>T 

c.540dupC 

3 4 5 4 3 

c.498_499delCA 

c.184G>A 

c.397C>T  

Fig. 4 Sites of known unique

mutations and six novel

mutations in SERPINF1. Blue

and red boxes indicate the exons

and introns of SERPINF1,

respectively. Arrows indicate

the sites of unique mutations on

the exons or introns or exon–

intron junctions. The five novel

mutations found in this study

are presented in red arrows

(Color figure online)
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PEDF Protein Concentration

The mean serum PEDF level was extremely low in OI type

VI patients as compared to OI patients with COL1A1/

COL1A2 mutations and controls without bone diseases

(P = 6.34 9 10-5, 1.35 9 10-5, respectively, Fig. 5a, b).

However, the serum PEDF level of patient 4 was 3.93 lg/
ml. PEDF levels in the SERPINF1 mutation carriers ranged

from 2.44 to 7.95 lg/ml. Serum PEDF levels ranged from

4.61 to 10.87 lg/ml in OI patients with COL1A1/COL1A2

mutations. The control group without bone diseases had

PEDF serum concentrations between 5.99 and 10.07 lg/
ml, which was similar to patients with COL1A1/COL1A2

mutations.

Discussion

OI type VI is an extremely rare and autosomal recessive

form of OI that is caused by SERPINF1 mutations

[4–6, 24]. We reported novel pathogenic mutations in the

SERPINF1 gene for the first time and described the asso-

ciated phenotypes in six patients with SERPINF1 gene

mutations from the Chinese population. Specifically, we

identified five novel pathogenic variants in six OI patients

and confirmed a previously reported mutation in two pro-

bands. We also demonstrated that PEDF levels were

extremely low in Chinese OI patients with SERPINF1 gene

mutations, but found no clear association between PEDF

levels and bone fracture rate, bone turnover markers, or

BMD at baseline.

None of the patients received iliac bone biopsies, as it is

a relatively invasive procedure. For patients 1, 2, 3, and 4,

the diagnosis of OI type VI was made on the basis of

clinical manifestations and sequence analysis of SER-

PINF1 gene. Patients 5 and 6 had typical clinical features

of OI and undetectable serum PEDF levels. Since they

were both confirmed of only one heterozygous mutation in

SERPINF1 gene, the diagnosis of OI type VI could be

regarded as strongly suspected but ‘‘inconclusive’’ [25].

Until now, 22 unique pathogenic variants have been

reported in SERPINF1 to cause type VI OI (http://www.le.

ac.uk/ge/collagen/). The majority of SERPINF1 mutations

are frameshift and nonsense mutations that lead to loss of

PEDF function due to protein truncation (http://www.le.ac.

uk/ge/collagen/). We identified one patient in our

cohort with a frameshift mutation [c.283 ? 1G[T] ?

[c.498_499delCA], which could probably produce a pre-

mature stop codon and lead to nonsense-mediated decay

(NMD). This patient had severe skeletal deformities and

was demonstrated delayed healing after orthopedic surgery.

Another frameshift mutation c.1202_1203delCA located in

exon 8 was identified in patient 3. Since the functional

studies hadn’t been performed, the mechanism of this

homozygous mutation leading to undetectable serum PEDF

level still remained unclear. Two siblings from one non-

consanguineous family were found to carry a novel

heterozygous nonsense mutation (c.397C[T). Although

the younger brother had not yet developed severe bone

deformities, both brothers had extremely low LS-BMD

Z scores, delayed healing after long bone fractures, and

dependent ambulation. This nonsense mutation could

probably also lead to NMD, which might account for the

severe bone phenotypes. In our study, we found two

patients carried c.271_279 dup, an in-frame duplication in

SERPINF which adds three amino acids to PEDF. The

addition of the amino acids was deduced to affect the

stability of PEDF and thus result in OI [7]. A recent study

showed that the c.271_279 dup mutation in SERPINF1 had

a negative impact on MC3T3-E1 osteoblasts by interfering

with collagen deposition and mineralization [24]. Previous

studies reported a patient with the c.271_279 dup in

SERPINF1 who had a less severe skeletal phenotype [7].

This is consistent with one proband in our cohort (patient

with [c.184G[A] ? [c.271_279 dup] in SERPINF1);

however, the other proband (homozygous c.271_c.279dup

in SERPINF1) in the cohort was wheelchair-bound and

could not walk independently.

In our study, serum PEDF levels were barely

detectable in five OI type VI patients, which was consistent

with the previous results [4, 8]. Serum PEDF levels in

patients with COL1A1/COL1A2 mutations, controls with-

out bone diseases, and SERPINF1 mutation carriers were

similar to previous studies [8, 26]. Our results further

demonstrate the diagnostic value of serum PEDF level in

OI type VI. Recently, researchers discovered that restora-

tion of serum PEDF could not correct the abnormalities of

Serpinf1-/- mice [27]. However, overexpression of PEDF

in vitro, along with increased bone gamma-carboxygluta-

mate, alkaline phosphate, and type I collagen, could con-

tribute to excessive bone mineralization [27]. Interestingly,

another study showed PEDF restoration could increase

bone mass under Wnt3a exposure, which suggested a new

relationship between PEDF and WNT signaling in osteo-

blast differentiation and bone mineralization [28]. Further

studies of PEDF and OI are needed to elucidate the exact

mechanism of SERPINF1 mutation leading to OI.

There are several limitations to our study. Firstly, we did

not perform bone biopsy, because it was an invasive pro-

cedure, and the combination of genetic and clinical diag-

nosis would be sufficient to establish a firm diagnosis in

most of the patients. Secondly, the lack of functional

studies made it difficult to explain the measurable serum

PEDF level in patient 4 and that how all the mutations

function on the transcript level. Thirdly, the sequence

analysis of patients 5 and 6 only revealed one heterozygous
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mutation in SERPINF1 gene, and no second sequence

abnormality was detected. So the diagnosis of OI type VI

could not be completely confirmed. At last, our study

sample size may be too small to analyze the association

between phenotype and genotype in OI type VI. However,

OI type VI is an extremely rare disease, and our cohort is

by far the largest cohort studied in China.

Conclusion

By utilizing next-generation sequencing, we successfully

identified five novel SERPINF1 mutations in six Chinese

patients with OI type VI and confirmed a recurrent SER-

PINF1 mutation in two patients. We further analyzed the

phenotypes in detail and confirmed the important diag-

nostic role of serum PEDF level in OI type VI patients.
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