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Abstract

Purpose To determine the relationship between the bone formation-related functions of GPR126 and the structural asym-
metry of spine in adolescent idiopathic scoliosis (AIS).

Methods Vertebral body samples were obtained from 51 AIS patients during spinal surgery between October 2014 and
November 2017, and the expression pattern of GPR126 in the convex/concave sides of AIS spine was identified by RT-
gPCR. Next, we explored the bone formation-related functions of GPR126 by knocking down and overexpressing GPR126 in
human mesenchymal stem cells (hMSC) and further performing osteogenic differentiation. We also applied overexpression
of N-terminal fragments derived from GPR126 (GPR126-NTFs) and osteogenic differentiation experiments to determine
the functional part of GPR126 in skeletal development.

Results We provided evidence that GPR126 showed a marked convex/concave asymmetric expression in the spine of
AIS. Further RNA detection found that exon6-included transcripts of GPR126 (GPR126-exon6™) were significantly higher
expressed in the convex side of AIS patients. Knocking down of GPR126 accelerated ossification of hMSCs during osteogenic
differentiation, and overexpression of GPR126-exon6™ delayed this process. Overexpression of GPR126-NTFs revealed that
NTF is a functional fragment and exon6-included NTF (NTF-exon6™™) delayed ossification of hMSCs.

Conclusion Our findings indicated that GPR126-NTFs play a role in skeletal development, and the inclusion/exclusion
of exon6 may regulate the bone formation-related functions of GPR126. The convex/concave asymmetric expression of
GPR126-exon6™ may be an important factor in abnormal bone formation of AIS.
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Introduction

Adolescent idiopathic scoliosis (AIS) is a structural tridi-
mensional spinal deformity disease with at least one curve
with a Cobb angle greater than 10°. Some researchers have
found structural asymmetry between the convex and concave
sides of the vertebral body, especially at the apex of the
curve [1-3], and the mean bone density of cortical shell and
cancellous in the concave side was higher than convex side
at the apical vertebra [4]. Abnormal skeletal maturation has
been observed in AIS patients [5, 6]. Low bone mass and
abnormal bone microstructure were found in patients with
AIS and were considered to be important prognostic factors
for curve progression of AIS [7-12]. In addition, AIS was
associated with less mineralization in bone tissues, lower
cortical bone area and volumetric bone mineral density
(vBMD), less trabecular number and connectivity, higher
trabecular separation and trabecular area [11-13].

GPR126, also named ADGRG6, DREG or VIGR, is a
member of adhesion G protein-coupled receptor GPCR
family. Genome-wide association study (GWAS) in 1819
Japanese AIS cases and 25,939 controls demonstrated that
GPR126 is a susceptibility gene of AIS [14]. Other stud-
ies further confirmed the relationship between GPR126 and
AIS [15-17]. GPR126 may be associated with bone develop-
ment. GWAS studies suggest that human height is associated
with GPR126 in both children and adults [18-21]. GPR126
was found to be associated with the vertebral ossification
in zebra fish [14], and GPR126-null mice have limb pos-
ture abnormalities and growth failure [22]. Recently, higher
expression of GPR126 in vertebral bone has been reported
in patients with AIS [16].

However, there was recently no research to demonstrate
the relationship between GPR126 and structural asymmetry
of the AIS spine. We speculated that the GPR126 expres-
sion levels in the convex/concave sides of the spine may be
different and play a role in asymmetric spine formation in
AIS patients. We plan to investigate the expression pattern
of GPR126 in the convex/concave sides of AIS spine and
explore the bone formation-related functions of GPR126
by knocking down and overexpressing GPR126 in human
mesenchymal stem cells (hMSC) and further performing
osteogenic differentiation.

GPR126 contains 26 exons, and alternative splicing of
exon6 and exon25 produces four protein-coding transcript
variants. Each transcript variant may have specific func-
tions in skeletal development. GPR126 is cleaved at the
G protein-coupled receptor proteolysis site (GPS) motif
into a N-terminal fragment (NTF) [23], and NTF works by
interacting with neighboring cells or extracellular matrix
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[24]. The alternative splicing of exon6 produces two NTF
variants: exon6-included NTF (NTF-exon6™) and exon6-
excluded NTF (NTF-exon6®®). We speculated that one of
the NTF variants may be a functional fragment of GPR126
and play a role in bone formation. Asymmetric expression of
NTF-exon6™ or NTF-exon6% may be associated with spinal
skeletal malformation in AIS.

Materials and methods
Study population and sample collection

A total of 51 adolescent idiopathic scoliosis patients in
Shanghai Changzheng Hospital were enrolled in this study
between October 2014 and November 2017. The standing
posteroanterior radiographs were taken for each AIS patient.
Cobb angle of the curves was measured, and the most severe
curve was selected if more than one curve was discovered in
one patient (Table 1). Vertebral body samples were collected
during surgery after obtaining informed consent from all
participants or their parents. The study has been approved
by the Ethical Committee of Shanghai Changzheng Hospital
and conformed to the tenets of the Declaration of Helsinki.

Vertebral body samples were obtained from 51 AIS
patients during spinal surgery. All samples were collected
at the convex and concave sides of the apex for AIS patients
and immediately placed in sterile tubes and stored in liquid
nitrogen to avoid RNA degradation.

Cell culture and osteogenic differentiation

Human mesenchymal stem cells (hMSCs) were collected
after obtaining informed consent from all donors. We col-
lected hMSCs from seven donors in this study, and these
donors did not have any skeletal malformations. A well-
grown MSC cell line was selected for knocking down, over-
expression, osteogenic differentiation and detection, and
experiments were repeated in two other cell lines. DMEM/

Table 1 Characteristics of the study population

Parameter AIS cases
Ethnic group Chinese Han
Female/male 44/7

Mean age + SD (years) 13.7+1.6
Age range (years) 11-17

Mean Cobb angle +SD (°) 58.2+10.6
Cobb angle range (°) 44-86
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F12 (Hyclone, Utah, USA) medium contains 10% FBS
(FBS, Gibco, NY, USA), penicillin (100 U/L, Invitrogen,
NY, USA) and streptomycin (100 mg/L, Invitrogen, NY,
USA). Cells were cultured in DMEM/F12 and placed in a
humidified atmosphere of 5% CO, at 37 °C.

Osteogenic differentiation of hMSCs was applied by Ori-
Cell Human Mesenchymal Stem Cell Osteogenic Differen-
tiation Medium (Cyagen Biosciences, CA, China). Cells
were seeded at 2.0 x 10° cells/cm? in 6-well culture plates
and cultured in complete DMEM/F12 until they reached
60-70% confluence. Next, hMSCs were cultured in osteo-
genic differentiation medium (osteogenic basal medium con-
taining 10% FBS, 100 nM dexamethasone, 50 pM ascorbate
and 10 mM B-glycerophosphate, Cyagen Biosciences, CA,
USA). The medium was replaced every 3 days for 3 weeks.
After differentiation, the cells were fixed with 4% formalde-
hyde (Sigma—Aldrich, St. Louis, MO, USA) for 30 min and
stained with 1% Alizarin Red S (Sigma—Aldrich, St. Louis,
MO, USA) for 5 min at room temperature. The stained cells
were rinsed with PBS three times to remove excess stains
and photographed.

Knocking down of GPR126

Recombinant lentiviruses knocking down GPR126 expres-
sion and blank lentivirus (without knockdown sequence)
were purchased from Shanghai GeneChem Co., Ltd. (Shang-
hai, China), and hMSCs were transfected with knocking
down lentiviruses (shRNA) and blank lentivirus (shCON).
We determined that the optimal multiplicity of infection
(MOI) for MSC virus infection was 30 by pre-experiment
and conducted the formal experiments based on this MOI
value. In order to increase the proportion of infected cells,
we performed flow sorting after 3 days of cell infection and
continued to culture the cells with green fluorescence. We
extracted RNA and proteins when the cells reached 70-80%
confluence. Knocking down efficiency was confirmed by
RT-qPCR and Western blot.

Overexpression of GPR126 and NTFs

GPR126 contains 26 exons, and alternative splicing of
exon6 and exon25 produces four protein-coding transcript
variants. Transcript variant al (TV-al) contains both exon6
and exon25, TV-bl only contains exon6, TV-a2 only con-
tains exon25, and TV-b2 does not contain any one (Fig. 2a).
Recombinant lentiviruses overexpressing four GPR126-
transcripts and blank lentivirus (without overxepression
sequence) were purchased from Shanghai GeneChem Co.,
Ltd. (Shanghai, China), and hMSCs were transfected with
overexpression lentiviruses (TV-al, bl, a2, b2) and blank
lentivirus (0eCON).

GPR126 is cleaved at the G protein-coupled receptor
proteolysis site (GPS) motif into a N-terminal fragment
(NTF) [23]. Recombinant lentiviruses overexpressing two
GPR126-NTFs and blank lentivirus (without overxepres-
sion sequence) were purchased from Shanghai GeneChem
Co., Ltd. (Shanghai, China), and hMSCs were transfected
with overexpression lentiviruses (al-NTF, a2-NTF, al-NTF
contains exon6 but a2-NTF does not) and blank lentivirus
(0eCON).

After 72-h incubation, the supernatant containing len-
tivirus was removed and replaced with complete medium.
Overexpression efficiency was confirmed by RT-qPCR. It
is impossible to detect the expression of each isoform of
GPR126 because there are currently no reliable antibodies
to distinguish these isoforms.

RT-qPCR

To quantitatively determine the expression level of GPR126,
or infection efficiency of each knocking down or overex-
pression group, GPR126 mRNA, each transcript or NTF
sequence was determined by RT-qPCR using SYBR-Premix
Ex Taq (Takara, Japan) and ABI Prism 7900HT sequence
detection system (Applied Biosystems, Carlsbad, CA). Total
RNA of each group was extracted with TRIzol according to
the manufacturer’s instructions. The mRNA was transcribed
into cDNA using a Reverse Transcription kit (Applied Bio-
systems, Carlsbad, CA). The genes were amplified using
specific primers, and human f-actin gene was used as an
endogenous control. The PCR primer sequences used were:
GPR126: forward: 5'-TGTCGTTAATATCAGTTTTCACC-
3', reverse: 5'-TATGTAGCCTCAAGCCTTCA-3'; exon6-
included GPR126-transcripts (GPR126-exon6™): forward:
5'"TACACCACCCACTGTCACCA-3', reverse: 5'-ATTCTG
CCACCTTGCTCTGT-3"; and exon6-excluded GPR126-
transcript (GPR126-exon6): forward: 5'-GACCCTCTG
TCAAGATGGAATTAT-3', reverse: 5'-CTTGTCCTCTCC
AGCACTCAG-3'. Exon6-included GPR126-NTF (NTF-
exon6™): forward: 5-ACTGTCACCACTAACATGCCT-3',
reverse: 5'-TACCTCAGGGTGACGAAGGAT-3'; p-actin:
forward: 5'-ACCGAGCGCGGCTACAG-3', reverse: 5'-CTT
AATGTCACGCACGATTTCC-3' data were analyzed using
the comparative Ct method (2744). In the detection of
GPR126 expression in the spine of AIS patients, we repeated
the RT-qPCR experiment three times with the same samples
and the same primers. In the detection of GPR126 expres-
sion in untreated/treated MSCs, we repeated the RT-qPCR
experiment three times with the same samples and the same
primers, and further repeated all experiments, including
knocking down, overexpression, osteogenic differentiation
and RT-qPCR detection in two other MSC cell lines derived
from different donors.
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Western blot assay

GPR126 is a membrane protein. The cells of knocking down
group were collected and extracted membrane protein using
a Mem-PER Plus Membrane Protein Extraction kit (Pierce,
IL, USA). Osteogenic differentiated cells extracted whole
protein using a protein extract kit (Beyotime, Shanghai,
China), and the concentration was determined by using
a BCA Protein Assay kit (Pierce). Equal amounts of cell
extracts were run on SDS-PAGE gels. Separated protein
bands were transferred onto polyvinylidene fluoride (PVDF,
Millipore, MA, USA) membranes and blocked in 5% bovine
serum albumin (BSA, Sigma—Aldrich, St. Louis, MO, USA),
and membranes were probed overnight at 4 °C with the
appropriate primary antibody. Antibody used was as follows:
GPR126 (1:500 dilution, ab75356, Abcam, Cambridge, UK),
Nat/K*™-ATPase (1:500 dilution, ab58475, Abcam), alkaline
phosphatase (ALP, 1:10,000 dilution, ab133602, Abcam),
osteocalcin (BGLAP, 1:500 dilution, ab93876, Abcam) and
GAPDH (1:10,000 dilution, ab181602, Abcam). Membranes
were then probed with a horseradishperoxidase-conjugated
secondary antibody for 1 h at room temperature. The immu-
noreactive bands were visualized using an enhanced chemi-
luminescence (ECL) Western blotting substrate (No. 32106,
Pierce). We chose loading control according to Abcam rec-
ommendation (http://www.abcam.com/primary-antibodies/
loading-control-guide). The relative protein level in different
cell lines was normalized to Na*/K*-ATPase or GAPDH
concentration. Three separate experiments were performed
for each group.

Statistical analysis

Analysis of the data was performed using SPSS version 23.0,
with P value <0.05 considered statistically significant. All
data were presented as the mean + SD. The Mann—Whit-
ney U test was used to compare the difference of GPR126
expression between the concave side and the convex side of
the AIS patients (Figs. 1a, 2b and c). The Kruskal-Wallis
H test was used to analyze the differences between groups
(Figs. 1b, 2f and 3b).

Results
Characteristics of the patients

Patients enrolled in this study were diagnosed as AIS and
had at least one curve of Cobb angle greater than 20°. There
were 44 females and seven males in our study, and the mean
Cobb angle was 58.2+10.6° (range, 44-86) and mean age
was 13.7 £ 1.6 years (range, 11-17). All these patients were
Chinese Han (Table 1). Bone tissue samples from the apex
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region of spine were obtained during spinal orthopedic
surgery.

GPR126 plays a role in skeletal development

The qPCR results showed that the expression level of
GPR126 in the convex side was significantly higher than
concave side (Fig. 1a). We cultured and knocked down the
GPR126 expression in hMSCs. The results of qPCR and
Western blot indicated that the expression level of GPR126
in GPR126-sh#1 and GPR126-sh#2 was significantly lower
than control (Fig. 1b, c). Further osteogenic differentiation
experiments were applied to explore the effects of GPR126
in bone formation. The results of Alizarin Red S staining and
Western blot showed an accelerated osteogenic differentia-
tion in GPR126-sh#1 and #2 (Fig. 1d, e).

Two transcripts of GPR126 may be associated
with bone formation and spinal deformity

Next, we detected the expression pattern of GPR126-tran-
scripts in the convex/concave side of the AIS spine. The
expression levels of exon6-included transcripts (GPR126-
ex0n6i“, TV-al, bl) in the convex side were significantly
higher than concave side, and there was no significant dif-
ference in the expression of exon6-excluded transcripts
(GPR126-exon6%*, TV-a2, b2) in two sides of AIS spine
(Fig. 2b, c).

To further confirm the associated between GPR126 and
skeletal development, we applied osteogenic differentiation
and RT-qPCR detection for untreated hMSCs. The expres-
sion levels of GPR126-exon6™ decreased during osteo-
genic differentiation, but this result was not observed in
GPR126-exon6™ (Fig. 2d, e). Next, we overexpressed four
GPR126-transcripts in hMSCs, and osteogenic differentia-
tion experiments were applied later. The results showed that
the expression levels of GPR126-exon6™™ in TV-al and bl
were significantly higher than TV-a2 and b2, and delayed
osteogenic differentiation was observed in the TV-al and
bl (Fig. 2f, g).

Exon6 sequence regulates the bone
formation-related functions of NTFs

GPR126 is cleaved at the GPS motif into a N-terminal
fragment (NTF) that locates to the plasma membrane [23]
(Fig. 3a). Two GPR126-NTFs were overexpressed in hMSCs
(al-NTF, a2-NTF). The results of RT-qPCR and Alizarin
Red S staining showed that the expression level of exon6-
included NTF (NTF-exon6™) in al-NTF was significantly
higher than a2-NTF, and delayed osteogenic differentiation
was observed in the al-NTF (Fig. 3b, c).
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Fig.1 The bone formation-related factor GPR126 showed a marked
convex/concave asymmetric expression in the spine of adolescent
idiopathic scoliosis (AIS) patients. a Relative expression level of
GPR126 in two sides of AIS vertebral body. GPR 126 was found to
have a significantly higher expression on the concave side than the
concave side. n=51. b and ¢ GPR126 was significantly knocked
down in GPR126-shRNA#1 and GPR126-shRNA#2. d Osteogenic

Na*/K*-ATPase

Discussion

It is evident that there is a strong correlation between AIS
and abnormal bone formation. A longitudinal cohort study
of 513 girls with AIS supported the relationship between
abnormal bone density and the etiopathogenesis of AIS
[25]. Low bone mass has been reported in idiopathic scoli-
osis patients [7-9] and was found to be an important prog-
nostic factor for curve progression in AIS [10]. Tanabe
et al. [26] found that minodronate treatment improves low
bone mass and reduces progressive thoracic scoliosis in a

GPR126-shRNA

E GPR126-shRNA
shCON #1 #2

differentiation and Alizarin Red S staining for each group of hMSCs.
Accelerated ossification was observed in the GPR126-shRNA groups.
e Detection of alkaline phosphatase (ALP) and osteocalcin (BGLAP)
expression levels after 3 weeks of osteogenic differentiation using
Western blot assay. Higher protein expression levels of ALP and
BGLAP were observed in the GPR126-shRNA. Data were presented
as the mean+ SD. **P <(.01, ***P<(.001

mouse model of AIS. AIS was found to be associated with
lower cortical bone area, cortical bone volumetric BMD
(vBMD), trabecular number and higher trabecular separa-
tion and trabecular area [11, 13]. Wang and co-workers
[12] reported reduced trabecular number and connectivity
and less mineralization in bone tissues of AIS patients,
which may be due to the down-regulation of Runx2 and
up-regulation of Sppl and TRAP. A CT scan study on
53 female idiopathic scoliosis patients showed a marked
convex/concave asymmetry in bone density of spine. At
the apical vertebra, the mean bone density of cortical shell
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Fig.2 The expression pattern of GPR126-transcripts in the con-
vex/concave side of the AIS spine and its bone formation effects. a
GPR126 contains 26 exons, and alternative splicing of exon6 and
exon25 produces four protein-coding transcript variants (TVs). b and
¢ The expression pattern of GPR126-transcripts in the convex/con-
cave side of the AIS spine. The expression levels of exon6-included
transcripts (GPR126-exon6™, TV-al, bl) in the convex side were
significantly higher than concave side, and there was no significant
difference in the expression levels of exon6-excluded transcripts
(GPR126-exon6%, TV-a2, b2) in two sides of AIS spine. n=51. d

and cancellous at the concave side was higher than the
convex side [4].

Some studies have investigated the causes of AIS skel-
etal abnormalities. Primary osteoblasts derived from AIS
showed abnormal osteogenic differentiation ability and dif-
ferentiated gene expression [27-29]. Some bone growth and
development-related factors like MAPK7, DPP-4, mela-
tonin, Runx?2, IncAIS (a novel AlS-related long noncoding
RNA), miRNA-145-5p and other miRNAs were found to
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and e Osteogenic differentiation and RT-qPCR detection for untreated
hMSCs. The expression levels of GPR126-exon6™ decreased dur-
ing osteogenic differentiation, but this result was not observed in
GPR126-exon6™. f and g Four GPRI126-transcript variants were
overexpressed in hMSCs (TV-al, bl, a2, b2). The expression levels
of GPR126-exon6™ in TV-al and bl were significantly higher than
TV-a2 and b2. Delayed osteogenic differentiation was observed in the
TV-al and bl. Data were presented as the mean+SD. **P<0.01,
*#*P <0.001

be associated with AIS [30-36]. Cells derived from idi-
opathic scoliosis patients differentially express osteogenic
factors response to mechanical stimulation with significant
primary cilia elongation [37]. Osteoblasts are related to the
mineralization, the mechanical strengthening of bone and
inhibition of the osteoclastic bone resorption [38—40]. The
correct balance of osteoblastic/osteoclastic signals is crucial
in spinal maturation. Some researchers suggest that the low
bone mass in AIS is a systemic phenomenon that may be
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Fig.3 Skeletal development-related functions of GPR126-NTFs.
a GPR126 is cleaved at the GPS motif into a N-terminal fragment
(NTF) that locates to the plasma membrane. b and ¢ Two GPR126-
NTFs were overexpressed in hMSCs (al-NTF, a2-NTF). The expres-

attributable to impaired osteoblast and osteocyte activities
[35].

However, the etiology and pathogenesis of AIS are still
uncertain right now [41], and some studies have reported
that GPR126 is associated with AIS [14-17]. However,
there is no research to explore the specific functions of the
GPR126 in the development of spinal deformity. Compared
with the lumbar disk herniation (LDH) controls, GPR126
expression in vertebral body was significantly higher in
patients with AIS [16]. Recently study suggests that GPR126
increased the expression of bone sialoprotein, osteopontin
and Runx?2 through the GPR126-induced increase of BMP2,
inhibitor of DNA binding 2 (ID2) and ID4 expression in
human periodontal ligament (HPDL) cells [42]. In our study,
GPR 126 was found to have a significantly higher expression

sion level of exon6-included NTF (NTF-exon6™) in al-NTF was
significantly higher than a2-NTF. Delayed osteogenic differentiation
was observed in the al-NTF. Data were presented as the mean + SD.
*#%P <0.001

on the concave side than the concave side of AIS patients in
our department. We suspected that asymmetric expression
of GPR126 in the convex/concave side of the spine may
be associated with the abnormal bone formation of patients
with AIS.

GPR126 contains 26 exons, and alternative splicing
of exon6 and exon25 produces four protein-coding tran-
scripts. Alternative splicing is associated with multiple
diseases [43—45]. Some studies have shown that alterna-
tive splicing is associated with intracellular localization
and function of protein. The Liptin gene can be translated
into an isoform located in the nucleus and a cytoplasmic
isoform, the former being a transcription factor and the
latter having phosphatase activity [46, 47]. Typically, the
erythropoietin receptor is a membrane protein, but one of

@ Springer



1984

European Spine Journal (2019) 28:1977-1986

its splicing isoforms is a soluble protein [48]. The ability
of proteins to bind to other proteins will change due to
alternative splicing. An insulin splicing isoform (exonl1
skips) showed abnormally high affinity for IGF-II [49].
In our study, the expression levels of exon6-included
transcripts (GPR126-exon6i“, TV-al, bl) in convex side
were significantly higher than concave side, and there
was no significant difference in the expression levels of
exon6-excluded transcripts (GPR126-exon6%*, TV-a2,
b2) in two sides of AIS spine. The expression levels of
GPR126-exon6™ decreased during osteogenic differentia-
tion of untreated hMSCs, but this result was not observed
in GPR126-exon6%*. Overexpression and differentiation
experiments showed delayed osteogenic differentiation in
the TV-al and bl overexpressing cell lines.

GPR126 is cleaved at the GPS motif into a N-terminal
fragment (NTF) that locates to the plasma membrane [23].
NTF contains a CUB (Complement, Uegf, Bmp1) domain,
a pentraxin domain, a hormone-binding domain and 27
putative N-glycosylation sites [23, 50, 51] and works by
interacting with neighboring cells or extracellular matrix
[24]. Researchers found that NTFs derived from GPR126
were associated with cardiac development [52], but no
studies have shown a correlation between NTFs and skel-
etal development. We first provided evidence that NTFs
were involved in bone formation in hMSCs, and delayed
osteogenic differentiation was observed in the al-NTF
overexpression cell line.

In summary, we provided evidence that GPR126
showed a marked convex/concave asymmetric expression
in the spine of AIS. Exon6-included transcripts of GPR126
were found to be factors that delay ossification and were
expressed at higher levels in the convex side of the AIS
spine. In addition, the NTFs derived from GPR126 play
a role in skeletal development, and exon6-included NTF
may be a major factor in GPR126 bone formation-related
functions.

This is a limited research because we did not determine
the differences of GPR126 expression in vertebral body
samples from patients with AIS and those without spinal
deformity. It is difficult to obtain vertebral body samples
from adolescents whose age and gender match AIS, because
few adolescents with non-spinal deformities require spinal
surgery in our department. Only one study has investigated
the difference in GPR126 expression levels in vertebral bone
between AIS patients and controls. The researchers found
that the expression level of GPR126 in the vertebral bone
of AIS patients was significantly higher, but the sample size
was small (eight patients and five controls) [16]. We plan to
enroll patients without spinal deformity in future studies to
further determine the effects of GPR126 transcript variants
on spinal bone formation.
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