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Abstract. Ossification of the posterior longitudinal liga-
ment (OPLL) is a myelopathy commonly observed in the
cervical spine. By contrast, thoracic OPLL (T-OPLL) is rare
but more severe. Previous studies have identified several
polymorphisms in osteogenic genes that are associated
with the occurrence and development of cervical OPLL.
However, few genetic studies have evaluated T-OPLL.
The present study aimed to identify the genetic factors for
OPLL by performing whole-genome sequencing (WGS) in
30 unrelated northern Chinese Han patients with T-OPLL.
Using bioinformatics analyses and damaging-variant predic-
tion algorithms, two deleterious variants [c.1534G>A(p.
Gly512Ser)/collagen, type VI, al (COL6A1)] and
[c.2275C>A(p.Leu7591le)/inteleukin-17 receptor C (IL17RC)]
were identified in seven unrelated patients. These two muta-
tions resulted in markedly increased gene expression levels in
peripheral blood samples. To the best of our knowledge, this is
the first report to describe the use of WGS analysis of T-OPLL
in the northern Chinese Han population. The results revealed
two novel potentially pathogenic mutations in patients with
T-OPLL.

Introduction

Ossification of the posterior longitudinal ligament (OPLL)
involves pathological heterotopic ossification of the paraver-
tebral ligament. Chronic compression of the spinal cord and
nerve root leads to spinal cord compression symptoms and
radiculopathy in patients with OPLL. The severity of the
symptoms is associated with the size and segmentation of the
ossifying ligament, and 70% of OPLL occurs in the cervical
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spine, whereas 15% occurs in the thoracic spine (1). Notably,
as early as 1972, researchers reported that thoracic OPLL
(T-OPLL) can cause thoracic spinal stenosis (2). Additionally,
OPLL is primarily found in individuals in northeast Asia;
the prevalence of cervical OPLL in Japanese individuals is
1.9-4.3% (3), which is much higher than the prevalence in
Caucasians (0.01-1.7%) (4). Moreover, the prevalence is higher
in men than in women (2.7:1), and the mean age of onset is
more than 40 years (5). A recent study published the preva-
lence of T-OPLL in Japanese individuals is 1.6% (6).
Treatment approaches for T-OPLL are limited, and surgery
is currently the only effective treatment. However, owing to
the unique features of blood supply and anatomical structures
associated with this disease, surgery for T-OPLL is compli-
cated, and the risk is extremely high. It is also difficult to
avoid the occurrence of postoperative paralysis and surgical
complications. Therefore, many studies have focused on the
elucidation of the pathogenesis of T-OPLL, which is believed
to involve interactions between genetic and environmental
factors. Recent advances in genetic laboratory technology and
sequencing of the human genome have enabled more specific
studies to determine gene mutations causing OPLL or predis-
posing individuals to developing this condition. In genetic
research on the occurrence and development of OPLL, the
elucidation of the intrinsic mechanism may help us to further
understand the disease, to establish assessment tools for deter-
mining T-OPLL severity and disease probability indexes, to
achieve early disease detection and diagnosis, and to explore
other auxiliary treatments. Thus, such studies are critical for
improving therapeutic strategies for patients with this disease.
The thoracic spine experiences less activity than the
cervical spine; thus, this region of the spine is subjected
to less local biological stress than the cervical spine, and
factors that mainly affect local mechanical stress and spine
degeneration in cervical OPLL have little effect on T-OPLL.
Previous studies have suggested that multiple polymorphisms
in osteogenesis-related genes are associated with the devel-
opment and progression of cervical OPLL. Additionally,
extensive linkage and association studies have identified many
genes linked to OPLL susceptibility. In previous reports, more
than 16 susceptibility genes/loci have been shown to be linked
to OPLL susceptibility (4), including collagen, type VI, al
(COL6A1) (7-9), collagen, type XII, a2 (COL11A2) (10),
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bone morphogenetic protein 2 (BMP2) (11), transforming
growth factor (TGF)-f1 (12), interleukin (IL)-1p (13), IL-15
receptor a (IL-15RA) (14,15), and runt-related transcription
factor 2 (RUNX2) (16). However, these findings have not been
sufficiently reproducible, and no genetic studies have assessed
the causes of T-OPLL.

Thus, in this study, we used whole-genome sequencing
(WGS) with high-density single nucleotide polymorphism
(SNP) data combined with a predictive deleterious effects
algorithm to identify genes or loci associated with T-OPLL in
the Han Chinese population.

Materials and methods

Disease criteria and patients. The study protocol was approved
by the ethical committee for human subjects of the Peking
University Third Hospital. Informed consent was provided by
all participating individuals. A total of 30 unrelated northern
Chinese Han T-OPLL patients with myelopathy and/or neuro-
logical dysfunction [14 men, (mean age, 51.71+6.38 years);
16 women (mean age, 52.63+5.97 years)] and 5 unrelated
healthy controls (mean age, 52.20+1.30 years, use for analysis
of susceptibility gene expression levels in peripheral blood)
were enrolled in this study from February 2010 to July 2016.
Diagnosis of T-OPLL was performed by specialists based on
clinical symptoms and radiologic examinations (including CT
and magnetic resonance imaging) of the thoracic spine. The
appearance of OPLL observed in radiographs was classified
into four subtypes: i) Segmental; ii) continuous; iii) mixed;
and iv) local (17). Neurological status was evaluated by the
Japanese Orthopedic Association (JOA) score for thoracic
myelopathy (a total of 11 points). Individuals who had lumbar
spondylolisthesis, ankylosing spondylitis, diffuse idiopathic
skeletal hyperostosis, and disc herniation of the thoracic spines
were excluded in this study and did not take any drugs known
to affect bone or calcium metabolism.

WGS. Genomic DNA was extracted from peripheral blood
leukocytes using a standard method. To discover genetic varia-
tions, we performed WGS on 30 unrelated northern Chinese
Han patients. Quality genomic DNA from the 30 samples
was fragmented using a Covaris ultrasonicator. By adjusting
shearing parameters, DNA fragments from each sample were
concentrated in 500-bp peaks. These fragments were purified,
end blunted, ‘A’ tailed, and adaptor ligated. DNA templates
with adapters were then selectively enriched using polymerase
chain reaction (PCR) to obtain a sufficient amount for the
DNA library. The concentration of DNA for the libraries was
quantified using a bioanalyser (Agilent Technologies, Inc.,
Santa Clara, CA, USA) and qPCR. Each qualified DNA library
was sequenced on an Illumina HiSeq Xten platform using
paired-end reads according to the manufacturer's instruc-
tions. Sequencing-derived raw image files were processed by
[llumina base calling Software with default parameters, and
sequence data for each individual were generated as paired-end
reads, defined as ‘raw data’.

Bioinformatics analysis. Bioinformatics analysis began with
sequencing data (raw data from the Illumina machine). First,
clean data were produced by data filtering of raw data. All
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clean data for each sample were mapped to the human reference
genome (GRCh37/HG19). Burrows-Wheeler Aligner (18,19)
software was used to do the alignment. To ensure accurate
variant calling, we followed recommended best practices for
variant analysis with the Genome Analysis Toolkit. Local
realignment around InDels and base quality score recalibra-
tion were performed using GATK (20,21), with duplicate reads
removed by Picard tools. The sequencing depth and coverage
for each individual were calculated based on the alignments. In
addition, a strict data analysis QC system throughout the entire
pipeline was built to guarantee high-quality sequencing data.

To decrease noise in the sequencing data, data filtering
was carried out, including: i) removal of reads containing the
sequencing adapter; ii) removal of reads with a low-quality
base ratio (base quality less than or equal to 5) that was more
than 50%; and iii) removal of reads with an unknown base
(‘N” base) ratio that was more than 10%. Statistical analysis of
data and downstream bioinformatics analyses were performed
on the filtered, high-quality data, referred to as the ‘clean
data’. Variant frequency was compared with the 1000G SNP
database (http://www.1000genomes.org/). Potential delete-
rious effects of identified sequence variants were assessed by
various algorithms, such as SIFT (http://sift.jcvi.org/) (22),
PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) (23),
MutationTaster (http:/www.mutationtaster.org/) (24), and
GERP++ (http:/mendel.stanford.edu/SidowLab/down-
loads/gerp/) (25).

Confirmation of variants. Sanger DNA sequencing
(ABI 3730XL; Applied Biosystems; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) was used to confirm the accuracy
of variants identified by WGS. The PCR fragments were
submitted for Sanger sequencing at the Beijing Genomics
Institute. Details of the two studied SNPs and the primer
sequences are listed in Table I. PCR was performed with 20 ng
genomic DNA per 15 ul reaction mixture, containing 0.2 yuM
of each primer, 200 uM of deoxyribonucleotides, 50 mM KCl,
10 mM Tris HCI (pH 8.3), 1.5 mM MgCl, and 0.5 units of Taq
DNA polymerase in a DNA Gradient PCR machine (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The thermocycling
conditions were as follows: initial denaturation at 95°C for
10 min; followed by 35 cycles of 95°C for 30 sec, annealing at
an assay-specific temperature (48 to 65°C) for 45 sec, and elon-
gation at 72°C for 45 sec; and a final terminal elongation step
at 72°C for 5 min. The PCR products were analyzed by direct
sequencing using a BigDye Terminator v3.1 Cycle Sequencing
kit (Thermo Fisher Scientific, Inc.) with POP-7™ Polymer in
a 3730XL DNA Analyzer with Sequencing Analysis Software
version 5.2 (Thermo Fisher Scientific, Inc.).

Protein conservation analysis. CLUSTAL W (http://www.
genome.jp/tools/clustalw/) was used to compare homologous
protein sequences among multiple species to analyse the
consistency of amino acid sequences, particularly mutation
sites, in seven representative species.

Plasma COL6AI and ILI7RC ELISAs. Plasma collection
and storage were carried out using standard methods. Plasma
COLG6AT1 (cat. no. HG21134) and IL17RC (cat. no. HG1762)
levels were quantified using commercially available ELISA
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Table I. Details of the two SNPs in COL6AI and ILI17RC and their associated primers.

Gene SNP ID Nucleotide substitution (M/m) Primer sequence

COL6AI rs201153092 G/A Forward 5'-TGAAAGGGTGAGTGTCCAA-3'
Reverse 5'-GTGCCCAGTCCACTAAAGAG-3'

ILI7RC rs199772854 C/A Forward 5'-CCCAACTGCCAGACTTCCT-3'

Reverse 5'-GCCACAGCCTGCGTAAAA-3'

SNP, single nucleotide polymorphism; COL6A1, collagen, type VI, al; IL, interleukin;

Table II. Summary of whole-genome sequencing data.

Clean data Cleanread Clean read GC

Sample Raw reads Raw bases (Mb) Cleanreads Clean bases (Mb) rate (%) Q20 (%) Q30 (%) content (%)
P1 806578038 120986.71 802018468 120302.77 99.43 98.5 96.46 40.85
P2 803614916 120542 .24 800270858 120040.63 99.58 98.57 96.61 41.02
P3 1166765398 175014.81 1162305438 174345.82 99.62 98.58 96.64 41
P4 742579698 111386.95 738204906 110730.74 9941 98.51 96.49 40.83
P5 737867244 110680.09 734411142 110161.67 99.53 98.52 96.61 41.23
P6 695402032 104310.3 691857040 103778.56 99.49 98.5 96.47 40.88
P7 724494036 108674.11 721418588 108212.79 99.58 98.49 96.41 40.94
P8 776034852 116405.23 773219638 115982.95 99.64 98.48 96.5 41.28
P9 759932006 113989.8 755805520 113370.83 99.46 98 96.46 40.92
P10 781101726 117165.26 777211156 116581.67 99.5 98.53 96.53 40.93
P11 828771876 124315.78 824405368 123660.81 99.47 98.57 96.66 41.3
P12 845882256 126882.34 842286794 126343.02 99.57 98.52 96.58 41.25
P13 865879474 129881.92 860936622 129140.49 99 .43 98.59 96.72 41.37
P14 737673162 110650.97 734221322 110133.2 99.53 98.53 96.55 40.88
P15 740541398 111081.21 735208756 110281.31 99.28 98.52 96.45 40.92
P16 792275714 118841.36 788504808 118275.72 99.52 98.49 96.4 40.94
P17 752134540 112820.18 749032976 11235495 99.59 98.47 96.35 40.96
P18 728158076 109223.71 724409280 108661.39 99.49 98.49 96.44 40.92
P19 792928182 118939.23 789057438 118358.62 99.51 98.5 96.42 40.95
P20 777804644 116670.7 774841888 116226.28 99.62 98.53 96.51 41
P21 833487852 125023.18 829696094 124454 41 99.55 98.47 96.34 40.98
P22 759919330 113987.9 756111904 113416.79 99.5 98.58 96.62 40.9
P23 728707168 109306.08 725408206 108811.23 99.55 98.57 96.6 40.86
P24 742897576 111434.64 739389748 110908.46 99.53 98.58 96.62 40.9
P25 1094810746 164221.61 1090602492 163590.37 99.62 97.39 95.8 41.17
P26 772278386 115841.76 769004376 115350.66 99.58 98.59 96.65 40.88
P27 752896392 112934 .46 748911760 112336.76 99.47 98.56 96.62 41.18
P28 756830924 113524.64 752633012 112894.95 99.45 98.61 96.78 41.16
P29 840021700 126003.26 835148570 125272.29 99.42 98.62 96.8 41.13
P30 778453666 116768.05 774362180 116154.33 99 .47 98.55 96.59 40.82
Average 797224100 119583.62 793363211 119004 48 99.51 98.48 96.52 41.01

kits (Trust Specialty Zeal, San Francisco, CA, USA). All
samples were assayed according to the manufacturer's instruc-
tions and were run in duplicate. The optical density of each
well was determined using a microplate reader at 450 nm. No
interference and no cross reactivity were expected based on
the manufacturer's instructions.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was purified from blood using the SK1321 RNA Blood
Mini kit (Sangon Biotech Co., Ltd., Shanghai, China). An
on-column DNase digest (Sangon Biotech Co., Ltd.) was
performed before the clean-up step to eliminate residual
genomic DNA. cDNA was synthesized from total RNA (2 pug)
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Table III. Data quality control. Strict data quality control was performed across the whole analysis pipeline for the clean data, the

mapping data and the variant calling Y pass.

Clean Clean GC Average Coverage

read] read] content  Mapping Duplicate Mismatch sequencing at least
Samples Q20 (%) Q30 (%) (%) rate (%) rate (%) rate (%) depth (X)  Coverage (%) 4X (%)
P1 Y(98.50) Y(96.46) Y(40.85) Y(99.54) Y(11.84) Y(0.63) Y(35.10) Y(99.09) Y(98.69)
P2 Y(98.57) Y(96.61) Y(41.02) Y(99.63) Y(10.85) Y(0.56) Y(35.63) Y(99.06) Y(98.68)
P3 Y(98.58) Y(96.64) Y(41.00) Y(99.72) Y(9.32) Y(0.59) Y(52.43) Y(99.82) Y(99.63)
P4 Y(98.51) Y(96.49) Y(40.83) Y(99.55) Y(11.78)  Y(0.63) Y(32.39) Y(99.08) Y(98.66)
P5 Y(98.52) Y(96.61) Y(41.23) Y(99.53) Y(10.67) Y(0.56) Y(32.64) Y(99.79) Y(99.41)
P6 Y(98.50) Y(9647) Y(40.88) Y(99.61) Y(10.75)  Y(0.60) Y(30.78) Y(99.07) Y (98.60)
pP7 Y(98.49) Y(9641) Y(40.94) Y(99.66) Y(11.05) Y(0.58) Y(32.06) Y(99.04) Y(98.61)
P8 Y(9848) Y(96.50) Y(41.28) Y(99.54) Y(10.08) Y(0.56) Y(34.62) Y(99.14) Y(98.71)
P9 Y(98.00) Y(96.46) Y(40.92) Y(99.60) Y(1148) Y(0.61) Y(33.34) Y(99.07) Y(98.67)
P10 Y(98.53) Y(96.53) Y(40.93) Y(99.63) Y(12.61) Y(0.58) Y(33.90) Y(99.17) Y(98.69)
P11 Y(98.57) Y(96.66) Y(41.30) Y(99.55) Y(12.50)  Y(0.54) Y(35.89) Y(99.80) Y(99.48)
P12 Y(98.52) Y(96.58) Y(41.25) Y(99.55) Y(1047) Y(0.55) Y(37.59) Y(99.82) Y(99.52)
P13 Y(98.59) Y(96.72) Y(41.37) Y(99.57) Y(13.70)  Y(0.53) Y(36.96) Y(99.12) Y(98.76)
P14 Y(98.53)  Y(96.55) Y(40.88) Y(99.65) Y(11.22)  Y(0.59) Y(32.56) Y(99.09) Y(98.67)
P15 Y(98.52) Y(96.45) Y(40.92) Y(99.63) Y(10.90) Y(0.55) Y(32.68) Y(99.09) Y(98.66)
P16 Y(98.49) Y(9640) Y(40.94) Y(99.58) Y(11.39) Y(0.57) Y(34.71) Y(99.78) Y(99.43)
P17 Y(98.47) Y(96.35) Y(40.96) Y(99.57) Y(10.13)  Y(0.56) Y(33.54) Y(99.76) Y(99.40)
P18 Y(98.49) Y(9644) Y(40.92) Y(99.54) Y(10.86) Y(0.64) Y(32.12) Y(99.09) Y (98.66)
P19 Y(98.50) Y(9642) Y(40.95) Y(99.60) Y(10.99)  Y(0.55) Y(35.05) Y(99.12) Y(98.73)
P20 Y(98.53)  Y(96.51) Y(41.00) Y(99.47) Y(0.63) Y(0.57) Y(34.80) Y(99.80) Y(99.46)
P21 Y(98.47) Y(96.34) Y(4098) Y(99.46) Y(1091) Y(0.57) Y (36.67) Y(99.78) Y (99.47)
P22 Y(98.58) Y(96.62) Y(40.90) Y(99.52) Y(1027)  Y(0.54) Y(33.78) Y(99.11) Y(98.69)
P23 Y(98.57) Y(96.60) Y(40.86) Y(99.54) Y(9.64) Y(0.54) Y(32.65) Y(99.07) Y(98.63)
P24 Y(98.58) Y(96.62) Y(40.90) Y(99.53) Y(10.30)  Y(0.54) Y(33.10) Y(99.05) Y(98.63)
P25 Y(97.39) Y(95.80) Y(41.17) Y(99.78) Y(8.65)  Y(0.58) Y(49.71) Y(99.11) Y(98.84)
P26 Y(98.59)  Y(96.65) Y(40.88) Y(99.52) Y(11.30) Y(0.54) Y(33.95) Y(99.79) Y(99.43)
P27 Y(98.56) Y(96.62) Y(41.18) Y(99.59) Y(13.03) Y(0.53) Y(32.52) Y(99.10) Y(98.67)
P28 Y(98.61) Y(96.78) Y(41.16) Y(99.56) Y(13.03) Y(0.54) Y(32.56) Y(99.77) Y(99.42)
P29 Y(98.62) Y(96.80) Y(41.13) Y(99.80) Y(13.33) Y(0.51) Y(36.23) Y(99.12) Y(98.75)
P30 Y(98.55) Y(96.59) Y(40.82) Y(99.72) Y(11.83)  Y(0.60) Y(34.09) Y(99.80) Y(99.44)

using a RevertAid Premium Reverse Transcriptase kit from
Thermo Fisher Scientific, Inc. Relative quantitative RT-PCR
was applied to quantify the mRNAs levels of COL6AI,
IL17RC and GAPDH using SYBR-Green Real-Time PCR
master mix on the LightCycler480 Real-Time System from
Roche (Basel, Switzerland). All experiments were performed
in triplicate and normalized to GAPDH.

Statistical analysis. All statistical analyses were performed
using SPSS v17.0 software (SPSS, Inc., Chicago, IL, USA).
Descriptive data for continuous variables are presented as the
mean + standard deviation. Student's t-tests were used to deter-
mine the age and JOA score differences between patients with
or without OPLL gene mutations. The OPLL subtype differ-
ences between patients with or without OPLL gene mutations
were determined using one-way analysis of variance with a
post hoc Fisher's test. P<0.05 was considered to indicate a
statistically significant difference.

Results

WGS analysis. After standard SNP quality control, we
performed WGS on 30 DNA samples with an average of
119,583.62 Mb raw bases from the Illumina Hiseq Xen
sequencer. After removing low-quality reads, we obtained
an average of 793,363,211 clean reads (119,004.48 Mb). The
clean reads of each sample had high Q20 and Q30, indicating
high sequencing quality. The average GC content was 41.01%
(Table II). Strict data quality control (QC) was performed
during the entire analysis pipeline to obtain accurate data
(Table III).

Variant identification. To prioritize potential pathogenic
variants, we focused on the identification of rare [multiple
allele frequency (MAF) <0.005, based on the BGI database]
and damaging variants predicted by at least two algorithms
(e.g., SIFT, Polyphen-2, MutationTaster, and GERP++). Two
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T2-7

Continuous

P6

T4-8

Continuous

M/59

P7

1000G (EAS), 1000 Genomes (East Asian); SIFT (D, deleterious; T, tolerated); PP2, Polyphen-2 (D, probably damaging; P, possibly damaging; B, benign); MutationTaster (D, disease causing;

N, polymorphism); GERP++ (R, rejected substitutions; S, substitutions); F, female; M, male; OPLL, ossification of the posterior longitudinal ligament.

P1-3: COL6AlC.1534G>A (p.Gly512Sen)
G cC G G C C G C C C T T C

P4-T: IL1TRCc.2275C=A (p.Leu7591le)

Figure 1. Sanger sequencing chromatograms of two variants in two
OPLL-associated genes. The two heterozygous mutations were identified in
COLG6AI and ILI7RC and were confirmed by Sanger sequencing. A allele:
Green line; T allele, Red line; C allele, Blue line; G allele, Black line. OPLL,
ossification of the posterior longitudinal ligament.

€.1534G=A €.2275C=A
COL6A1 IL17RC

p.Gly5125er p.Leu759lle

Booo puul----1 | R O |
Human ckas |plcFpcIg Human ATA|R|TALSGLS
Mouse KGSP RDOXOG Mouse RLO| T |ELVLRCP
Fat kasp |c|Foc1oe Rat RLQ | T |[ELVLRCE
Dog Kcsp |G| FDGAG Deg RL(Q | T |ELVLRCY
Chimp cKcs |P|GFDGIQ Chimp HLQ | T |ELVLRCQ
Rhesus cKes |P|GFDGIQ Rhesus HLo | T |ELvLRCR
Zebrafish JLQG |E | SGPRGD Zebrafish VIV |K|PKLCCYN

Figure 2. Analysis of sequence conservation in seven species of eight
mutations identified in two genes associated with OPLL. Two vari-
ants were subjected to sequence conservation analysis in seven species;
¢.1534G>A(p.Gly512Ser) was found to be evolutionarily conserved in three
primates, whereas ¢.2275C>A(p.Leu7591le) was not found in six other
vertebrate species. OPLL, ossification of the posterior longitudinal ligament.

deleterious variants were identified in seven unrelated patients
(Table IV), and these findings were further confirmed by
directional Sanger sequencing (Fig. 1). Indicating that the test
results for WGS are accurate.

c.1534G>A (p.Gly512Ser) was located in the exon regions
of 42.9% of patients with OPLL. Moreover, this variant
was found to be evolutionarily conserved in three primates.
¢.2275C>A (p.Leu7591le) was located in intron regions of 57.1%
of patients with OPLL. However, this variant was not found in
six other vertebrate species (Fig. 2). These two heterozygous
mutations were found to be relatively conserved, suggesting
highly genetic heterogeneities and complex pathogenesis.

Analysis of COL6AI and ILI7RC levels in patients' blood
samples. To elucidate the functional roles of loci and genes
associated with T-OPLL, we measured the expression levels
of genes in three patients carrying p.Gly512Ser mutations in
COL6AI and four patients carrying p.Leu7591le mutations in
ILI7RC compared with 5 healthy controls by enzyme-linked
immunosorbent assay (ELISA). We found that plasma
COLG6A1 concentrations (20.90+0.64 pg/l) were significantly
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Table V. Clinical features of patients with or without OPLL
gene mutations.

Positive Negative
Indices mutation (n=7) mutation (n=23) P-value
Age (years) 54.43+7.56 51.52+5.57 0.275
Male/female 3/4 10/13 0.660
OPLL subtype (%)
Continuous 4 (57.1) 3(13) 0.033
Local 1(14.3) 6 (26.1) 0.468
Segmental 1(14.3) 10 (43.4) 0.171
Mixed 1(14.3) 4(17.4) 0.671
JOA Score 3.29+0.95 4.26+0.45 0.001

OPLL, ossification of the posterior longitudinal ligament; NS, not
significant; JOA score, Japanese Orthopedic Association Scoring
System for Thoracic Myelopathy (a total of 11 points).

-

Figure 3. 2D-CT showed that four patients had deleterious variants. (A) The
Local subtype of T-OPLL. (B) The Mixed subtype of T-OPLL. (C) The
Segmental subtype of T-OPLL. (D) The Continuous subtype of T-OPLL.
2D-CT, two-dimensional computed tomography; T-OPLL, thoracic ossifica-
tion of the posterior longitudinal ligament.

higher (P<0.05), approximately 4-fold higher than those in
healthy controls (4.79+1.18 ug/l). Moreover, plasma IL17RC
concentrations (6.13+0.36 pg/l) were also significantly higher
(P<0.05), approximately 2-fold higher than those in healthy
controls (2.89+0.30 ug/1). We performed RT-qPCR analysis
using peripheral blood cells and found that COL6A1 mRNA
levels in three patients carrying the p.Gly512Ser mutation were
approximately 6-fold higher than those in healthy controls, the
difference was statistically significant (P<0.05). The IL17RC
mRNA levels in four patients carrying the p.Leu7591le muta-
tion were approximately 4-fold higher than those in the healthy
controls, the difference was also statistically significant
(P<0.05). Compared with healthy controls group, we observed
that these two mutations significantly increase their respective
gene expressed, suggesting that these two potential pathogenic
loci have potential effect on their respective gene expressed
cells.

Genotype-phenotype analysis. Phenotype-genotype correlations
were analysed among the seven patients with missense muta-
tions and 23 patients without significant mutations (Table V).
No differences were found between these two groups in terms of
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Figure 4. 2D-CT showed that three patients had deleterious variants and one
healthy control. (A-C) The Continuous subtype of T-OPLL. (D) A healthy
control. 2D-CT, two-dimensional computed tomography; T-OPLL, thoracic
ossification of the posterior longitudinal ligament.

sex or age at diagnosis. Two-dimensional computed tomography
(2D-CT) scans of seven patients with OPLL harbouring delete-
rious variants and one healthy control are shown in Figs. 3 and 4.
More specifically, one patient belonged to the Local subtype
(Fig. 3A), one patient belonged to the Mixed subtype (Fig. 3B),
one patient showed the Segmental subtype (Fig. 3C), and four
patients showed the Continuous subtype (Figs. 3D and 4A-C),
Fig. 4D showed the healthy control. However, the JOA score
for thoracic myelopathy was significantly lower in patients
with rare missense mutations compared with patients without
mutations (P=0.001). Additionally, radiological analysis of
OPLL morphology (17) revealed that the frequency of the
continuous subtype was significantly higher in patients with
rare missense mutations than in patients without mutations
(P=0.033). Moreover, four mutation-positive patients (57.1%)
showed the continuous subtype, one patient (14.3%) showed
the local subtype, one patient (14.3%) showed the segmental
subtype, and one patient (14.3%) showed the mixed subtype.
By contrast, three (13%) mutation-negative patients showed
the continuous subtype, six patients (26.1%) showed the local
subtype, 10 patients (43.4%) showed the segmental subtype,
and four patients (17.4%) without mutations showed the mixed
subtype.

Discussion

COLO6A1, which encodes the al chain of type VI collagen,
is located on chromosome 21q22.3 and spans approximately
23.3 kb. Additionally, as a major structural component of
microfibrils, COL6A1 plays a role in maintaining the integrity
of various tissues and has been shown to be associated with
OPLL in Japanese and Chinese populations (8,9). Previously,
COL6AI mutations associated with OPLL were found in
intronic regions. However, in the present study, we report for
the first time a mutation, ¢.1534G>A(p.Gly512Ser)/COL6A1,
in the exonic region that is associated with T-OPLL. This
mutation may be involved in transcriptional regulation, and
analysis using the SIFT, Polyphen-2, and MutationTaster
algorithms suggested that this mutation may have an adverse
impact on the structure and function of the encoded protein.
Additionally, COL6A 1 may serve as a scaffold for osteoblastic
or pre-osteoblastic cells or chondrocytes that subsequently
undergo membranous or endochondral ossification (26).
Therefore, the molecular variants of extracellular proteins may
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be involved in the ectopic bone formation that is observed in
patients with OPLL (27).

The IL17RC gene encodes a single-pass type I transmem-
brane protein located on chromosome region 3p25.3 to 3p24.1,
spanning approximately 16,550 bp (28). OPLL results in
increased bone formation in ligament tissue, and there is some
evidence showing a correlation between OPLL and increased
systemic bone mineral density. /L/7RC accelerates osteoblast
differentiation; a recent study indicated that dysfunction of
both IL17RC and the IL-17 cytokine/IL-17R signalling axis
is indispensable for osteoblastogenesis (29). Moreover, the
TGF-p signalling pathway is known to be associated with the
formation of bone mass and matrix (30). The /LI7RC gene may
also be involved in bone metabolism through canonical TGF-f
signalling (31). However, this variant was not found in six other
vertebrate species, suggesting high genetic heterogeneities. In
this study, we identified ¢.2275C>A(p.Leu7591le)/IL17RC,
which had not previously been reported to be associated
with OPLL, using the standard potential pathogenic variant
method, thereby linking /L/7RC to OPLL and suggesting that
this mutation, as well as the mutation in COL6AI, may be
involved in bone development.

At present, several lines of evidence suggest that OPLL
seems to occur and develop as a result of systemic and local
factors in combination with a genetic abnormality (32-34). The
progression of the disease also affects the gene expression in
peripheral blood cells, several genes are highly expressed
in peripheral blood of patients with OPLL (7,32). In addition,
peripheral blood is easily accessible and routinely used for
diagnostic laboratory analysis and thus is a good resource for
additional tests that might define extent of T-OPLL. Therefore,
what we observed an increased level of COL6A1 and IL17RC
with two heterozygous mutations in the patient's peripheral
blood revealed its potential role in the pathogenicity of T-OPLL.

There was a limitation in the present study. The sample
size is small, larger scale studies is necessary. However, the
T-OPLL is primarily found in individuals in northeast Asia,
the prevalence of T-OPLL in Japanese individuals is only
0.8-1.6% (6,35), the prevalence of this disease is very rare. To
the best of our knowledge, our 30 sample size is the largest
cases of single center. To accomplish this issue, international
collaboration is the good way to go.

In summary, in this study, we identified mutations in Han
Chinese patients with T-OPLL for the first time using WGS.
From our analysis, we found two new potential pathogenic
loci for OPLL: ¢.1534G>A(p.Gly512Ser) in the COL6AI
gene, which has previously been reported to be associated
with OPLL, and ¢.2275C>A(p.Leu7591le) in the ILI7RC gene,
which had not previously been reported to be associated with
OPLL. The results of the current study provide insights into
the molecular aetiology of OPLL. Further genetic and func-
tional studies, including studies with more participants of
other ethnicities, are needed to confirm these positive findings.
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