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Abstract

Ectopic ossification of the spinal ligament and 
its progression compresses the spinal cord, 
resulting in serious neurological deficiencies. 
Surgery is an established therapy that has had 
considerable success, but it is often associated 
with a higher risk of re-progression of ossifica-
tion followed by neurological complications. 
Because the detailed mechanism of the onset 
and development of ectopic ossification have 
not been clarified, pharmaceutical treatment for 
this disease has yet to be established. However, 
a safe and effective treatment is required to 
improve the quality of life of patients. The dis-
ease is thought to be multifactorial, being influ-
enced by both genetic factors and several 
environmental factors such as mechanical 
stress. In this review, we discuss recent prog-
ress in disease research, with particular focus 
on what causes initial ossification and which 
type of abnormality occurs. Mesenchymal stem 
cells of patients with ossification are thought to 
misdifferentiate into osteoblasts instead of tar-
get ligament cells because they have high 

osteogenic ability. Elucidation of the genetic 
and epigenetic transformation of these cells in 
spinal ligament tissue is crucial to understand-
ing the disease mechanism.
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Abbreviations

CXCR4 C-X-C motif chemokine receptor 4
LF Ligamentum flavum
MSCs Mesenchymal stem cells
OLF Ossification of the ligamentum flavum
OPLL Ossification of the posterior longitudi-

nal ligament
PLL Posterior longitudinal ligament
SDF-1 Stromal cell-derived factor

7.1  Introduction

The spine is formed by a series of vertebrae. 
Multiple longitudinal ligaments connect individual 
vertebrae longitudinally to stabilize the spine and 
play an important role in assuring coordinated 
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movement. Two of the spinal ligaments, the posterior 
longitudinal ligament (PLL) and the ligamentum 
flavum (LF) located on the anterior and posterior 
surfaces of the vertebral canal, respectively, are in 
contact with the spinal cord running longitudinally 
in the vertebral foramen. Ossification of the spinal 
ligament (OPLL and OLF) is a disorder in which 
the spinal ligament undergoes ectopic ossification. 
It is possible for ligament tissue to ossify to a small 
extent because of aging. However, when ossifica-
tion exceeds a certain amount it compresses the 
spinal cord, which may lead to numbness of hands 
and feet and even paralysis [1–4].

There are no established effective preventive 
methods for the development of spinal ligament 
ossification, and no treatment option other than 
spinal surgery which is extremely invasive and 
burdens the patient [5]. There is also often the pos-
sibility of recurrence after surgery. Therefore, to 
improve the quality of life of patients, the estab-
lishment of safe and effective drug treatments is 
required. For this reason, the determination of dis-
ease etiology and pathogenesis is essential.

Because the disorder was found to be hereditary, 
its cause is presumed to involve genetic factors and 
the search for causative genes is ongoing [6–10]. 
Epidemiologically, endocrine and metabolic dis-
eases are considered to be associated with the etiol-
ogy of spinal ligament ossification [11]. Clinically, 
the onset and progress of ossification are likely to 
occur at the ligament site where mechanical stress is 
applied [11]. Therefore, the ossification of spinal 
ligaments is considered to be a multifactorial dis-
ease caused by a combination of various factors [10, 
11]. To clarify the etiology of this disease, we 
returned to its origin and asked what entity causes 
the initial ossification and what type of abnormality 
occurs there. Once the mechanism of onset is clear, 
the treatment target should also become apparent.

7.2  What Type of Cells Ossify 
During Ectopic Ossification 
of the Spinal Ligament?

7.2.1  Ossification of Cells 
in Ligament Tissue

Advances in cell culture techniques enabled us to 
isolate cells from spinal ligament tissues and 

maintain them in vitro [13, 14]. Moreover, with 
informed patient consent, we also obtained spinal 
ligament tissue for research purposes that was 
assigned to be discarded after surgery [15]. From 
this tissue, ligaments can be digested with 
enzymes such as collagenase to isolate cells 
which are cultured to obtain fibroblast-like spinal 
ligament cells. Long-term culture of these cells, 
even in normal medium without passaging, 
results in their gradual calcification from the time 
point when confluency (uniform covering of cells 
over the entire surface of the culture dish) has 
passed. This can be used as an in vitro model sys-
tem for the ossification of ligament tissue [13–
15]. In ligament cells from patients with 
ossification, calcification progresses more exten-
sively in response to culture medium used to 
induce ossification compared with cells from 
patients with no ossification such as those with 
cervical myelopathy (Fig. 7.1).

When cultured spinal ligament cells are 
exposed to various stresses such as mechanical 
stress in the form of repetitive stretch stimuli, 
which is presumed to be a trigger for ossification, 
the expression of various ossification-related 
genes is induced, promoting calcification of the 
cells [14–18] (Fig. 7.2).

Furthermore, in cells from patients with 
ossification, the sensitivity of increased expres-
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Fig. 7.1 Calcification of spinal ligament cells from ossi-
fied and nonossified patients. Ligament cells prepared 
from ligament tissue of nonossified and ossified patients 
were cultured for more than 4 weeks, and mineral deposi-
tion (calcification) was detected by alizarin red S staining. 
Marked calcification occurred in cells derived from ossi-
fied patients 4 weeks after the initiation of culture
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sion of ossification-related genes in response to 
mechanical stress was shown to be much higher 
than in cells derived from non-ossifying tissues 
[13–18]. This demonstrated that ligament cells 
derived from patients with ossification are more 
likely to be ossified at the isolated cell level, 
strongly suggesting the following: (1) the main 
body undergoing ossification is the cell itself 
which comprises ligament tissue, (2) patient-
derived ligament cells undergo some transfor-
mation, and (3) the addition of various stresses 
and environmental factors to a pre-existing 
abnormality is likely to cause ossification. 
Based on these findings, we suggest that liga-
ment cells are ossified in the process of repair-
ing the damaged part of the ligament. This is 
supported by clinical findings that ossification 
is likely to occur at sites susceptible to mechan-
ical stress, and that it often progresses after spi-
nal surgery [12].

7.2.2  Mesenchymal Stem Cells 
as Ossifying Entities and their 
Localization in Ligament 
Tissue

Previous research used cells obtained by the 
digestion of ligament tissue with collagenase that 
were then cultured. Therefore, it is possible that a 
mixture of cell types had been obtained. Indeed, 
the calcification of cells in culture vessels is var-
ied, and differences in calcification abilities can 
be observed among cells. Because the identifica-
tion of cells with high ossification potentials 
would likely lead to an understanding of the 
mechanism of ossification, we hypothesized that 
cells responsible for the repair of tissue damage 
are present in ligament tissue but that they carry a 
mutation enabling them to ossify. Therefore, 
when tissue repair occurs they behave like osteo-
blasts rather than ligament cells.

First, we tried to prove that mesenchymal 
stem cells (MSCs) exist in ligament tissue. Using 
flow cytometry, we separated cells bearing MSC 
surface markers (CD73-, CD90-, and CD105- 
positive, and CD11b-, CD19-, CD34-, CD45-, 
and human leukocyte antigen-DR-negative) from 
a cell population obtained by enzymatic diges-
tion of ligament tissue with collagenase [19, 20]. 
Next, MSCs in ligament tissue were purified by a 
cell sorter, and shown to have no significant dif-
ference in their proliferative potential between 
ossified and non-ossified patient tissues. 
Furthermore, MSCs from both tissue types had 
multilineage (osteogenic, chondrogenic, and 
adipogenic) differentiation potential. However, 
the osteogenic potential of MSCs from patients 
with ossification was significantly higher than 
those from patients without ossification [21].

Subsequently, when the localization of MSCs 
was examined by immunohistochemical staining, 
pericytes around the blood vessels were found to 
express MSC markers. Additionally, while the 
tissue of non-ossified patients contained few 
blood vessels, that of ossified patients contained 
vascular tissue that extended around the ossifica-
tion site to the ligament parenchyma. Moreover, 
MSCs were widely present around blood vessels 
in the ossification area [22], while hypertrophic 
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Fig. 7.2 Mechanical stress loading on cultured ligament 
cells. Ligament cells were cultured in an extensible cham-
ber (upper panel) and subjected to uniaxial cyclic stretch 
at a constant cycle (120%, 0.5 Hz) to apply mechanical 
stress for indicated time periods. The production of the 
osteogenic marker BMP2 was analyzed by western blot 
(lower panel). β-actin was used as an internal standard of 
cell proteins. The level of BMP2 expression was enhanced 
in a time-dependent manner in ligament cells from 
patients with ossification but not in those from nonossified 
patients. The figure is reproduced with permission from 
Bone [13]
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chondrocyte-like cells, often found at the ossifi-
cation junction, expressed MSC markers [19, 
22]. This strongly suggested that MSCs partici-
pate in ectopic ossification of the ligament by 
endochondral ossification pathways including 
angiogenesis, in which changes in MSC localiza-
tion play an important role. Such changes may 
involve the MSC regulatory factor stromal cell- 
derived factor (SDF)-1 and its receptor C-X-C 
motif chemokine receptor (CXCR)-4 [23]. 
Osteogenic ligament-derived MSCs showed high 
expression of SDF-1 and CXCR4 compared with 
healthy ligaments, together with enhanced motil-
ity of MSCs and chemotaxis to SDF-1. This 
motility and chemotaxis were suppressed by 
AMD3100, a specific inhibitor of CXCR4 [24], 
suggesting that MSCs migrating by the SDF-1/
CXCR4 system cause ossification (Fig. 7.3).

7.2.3  Endochondral Ossification 
and MSCs

In the parenchyma of ossified ligament tissue, 
hypertrophic chondrocytes have been observed 
near the ossification front [19]. These cells 
express the chondrocyte-specific connective tis-
sue growth factor [25]. Furthermore, those cells 
near the ossification front were observed to 
express MSC markers, indicating that they derive 
from MSCs [22].

An abundance of blood vessels was reported 
in the ossified ligament of ossified patients and 
the amount of blood loss during their spinal sur-
gery was high [26]. This suggests that ligament 
ossification also follows the pathway of endo-
chondral ossification, which is a normal mecha-
nism of bone metabolism involving conversion to 
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Fig. 7.3 SDF-1 and CXCR4 are expressed in spinal liga-
ment tissue and control the migration activity of MSCs. 
(a) CXCR4 mRNA levels were analyzed by RT-PCR and 
its protein expression was evaluated by western blotting in 
MSCs isolated from ossified (OLF) and nonossified (non-
OLF) patients. CXCR4 expression was normalized 
against β-actin as an internal standard. (b) The migration 

activity of MSCs was analyzed by a wound healing assay 
in the presence of AMD3100, a potent inhibitor of 
CXCR4. (c) MSC migration toward SDF-1 was measured 
in a chemotaxis chamber containing various concentra-
tions of SDF-1. The figure is reproduced with permission 
from Journal of Pharmacology and Experimental 
Therapeutics [21]
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bone via cartilage through blood vessel invasion. 
We observed that chondromodulin-1, a factor 
expressed in cartilage tissue that suppresses 
osteogenesis and maintains cartilage tissue [27], 
is also expressed in MSCs of ligament tissue. 
Moreover, its expression was significantly 
reduced in MSCs from patients with ossification 
compared with those without ossification.

Considering that ligament ossification follows 
the process of endochondral ossification [27], it 
is conceivable that decreased expression of chon-
dromodulin- 1 permits vascular invasion and pro-
motes ectopic ossification. This mechanism 
could be used as a target for drug treatment.

7.3  What Determines 
the Difference Between 
Healthy and Ossifying MSCs?

7.3.1  Genetic Mechanism

How did MSCs in the spinal ligament tissue of 
ossified patients acquire (transform) their high 
ossification capacity? Progressive ossifying 
fibroplasia (fibrodysplasia ossificans progressiva, 
FOP) is an example of a genetic disease of ecto-
pic ossification caused by abnormal MSCs [28, 
29]. This disease caused by a mutation in the 
activin receptor-like kinase-2 gene results in the 
transformation of cells derived from vascular 
endothelium into mesenchymal cells, leading to 
ossification. To identify candidate genes respon-
sible for the genetic variation of spinal ligament 
ossification disease, genome-wide association 
studies have been carried out by Nakajima et al. 
[9, 30] and Takegami et al. [31]. They focused on 
R-spondin 2 as a susceptible gene for ectopic 
ossification of spinal ligaments. The R-spondin 2 
protein is a key player in endochondral ossifica-
tion that facilitates the differentiation of prolifer-
ating chondrocytes into hypertrophic 
chondrocytes. It is conceivable that its function is 
altered in patients with ossification, promoting 
ectopic ossification. However, it is unclear 
whether only one gene is responsible for disease, 
so the involvement of mutations in other genes 
will also need to be considered.

7.3.2  Epigenetic Mechanism

We are tackling this problem using an alternative 
approach of an epigenetic mechanism, in which 
transformation occurs by the modification of 
genomic DNA that is not caused by variation in 
the nucleic acid sequence. Changes in DNA 
methylation have been shown to be involved in 
the pathogenesis of several diseases [32]. For 
example, Montes et al. reported on the calcifica-
tion of vascular smooth muscle as an example of 
ectopic calcification involving an epigenetic 
mechanism [33]. The calcification of blood ves-
sels in chronic renal failure is presumed to be 
caused by decreased expression of the vascular 
smooth muscle specific protein SM22α, resulting 
in the transformation of vascular smooth muscle 
cells into osteoblasts. This study found that the 
decrease was caused by increased methylation of 
the SM22α transcriptional regulatory site. Several 
epigenetic mechanisms are known, but we 
focused on the regulation of expression by 
genomic DNA methylation. This involves a high 
density of cytosine–guanine nucleotide sequences 
(CpG) centered on the transcriptional regulatory 
region of the gene, and the suppression of gene 
expression by methylation of a CpG island.

The treatment of MSCs with an inhibitor of 
DNA methylation (5-aza-2′-deoxycytidine, 
5AdC) to demethylate DNA resulted in marked 
changes in the expression of some osteogenic 
genes [34]. We found that MSCs derived from 
tissues of both ossified and non-ossified patients 
were demethylated by 5AdC treatment. 
Analysis of expression changes in the transcrip-
tome by microarray enabled us to screen genes 
that are highly expressed through low DNA 
methylation in MSCs from patients with ossifi-
cation, and those that are suppressed through 
high methylation in MSCs from non-ossified 
patients. This approach identified two candi-
date genes involved in controlling ossification-
related genes: Wnt family member 5A (WNT5A) 
and glial cell line- derived neurotrophic factor 
(GDNF). Treatment of MSCs with small inter-
fering RNA targeting each of these genes sig-
nificantly suppressed their expression as well as 
that of osteogenic genes such as alkaline phos-
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phatase, bone morphogenetic protein 2, and 
Runt-related transcription factor 2. From this, 
we presumed that WNT5A and GDNF are 
involved in the upstream regulation of these 
osteogenic genes. It also suggested that WNT5A 
and GDNF are not suppressed by methylation 
in MSCs derived from ossified patients, so they 
are more likely to be ossified. This provided 
evidence that DNA methylation is involved in 
ligament ossification. Furthermore, because 
their expression was suppressed by strong 
methylation, MSCs deriving from patients with 
ossification can be used to identify genes con-
tributing to ossification. It has been shown that 
certain genes involved in angiogenesis are reg-
ulated by DNA methylation, and that MSCs 
deriving from ossified patients have different 
methylation profiles from those of non-ossified 
patients (our unpublished observations). In 
future work, we plan to investigate the abnor-
mal transformation of MSCs by methylation 
using next- generation sequencing to reveal the 
profile of genome-wide DNA methylation and 
its changes related to ossification.

7.4  Summary

The cells responsible for ectopic ossification of 
the spinal ligament are considered to be MSCs 
present in the ligament tissue. Their primary role 
is the repair of damaged tissue which is achieved 
by differentiation and proliferation through their 
self-replication ability and multipotency into lig-
ament cells as required. However, the MSCs of 
patients with ossification are thought to misdif-
ferentiate into osteoblasts instead of target liga-
ment cells because they have high osteogenic 
ability. We consider epigenetics to be one of the 
mechanisms responsible for the transformation 
of patient MSCs (Fig.  7.4). Currently, we are 
focusing on DNA methylation as a mechanism of 
epigenetics, but we also intend to analyze other 
mechanisms such as histone acetylation and reg-
ulation by non-coding RNA. The importance of 
basic research in clinical medicine lies in how the 
results can be connected to the therapeutics. 
Therefore, if the mechanism of MSC transforma-
tion is elucidated, it will be possible to develop 
targeted therapies and therapeutic agents.

Transformed
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like cell

Endochondral
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Fig. 7.4 Role of mesenchymal stem cells (MSCs) in the 
ossification of spinal ligaments. The function of normal 
MSCs present in ligament tissue is to differentiate and 
proliferate into ligament cells to repair damage to liga-
ment tissue. In ossified patients, MSCs in the ligament tis-
sue transform in response to a genetic mutation or an 

epigenetic change caused by several environmental fac-
tors or mechanical stresses. Therefore, during tissue 
repair, they erroneously differentiate into osteoblasts, 
undergo endochondral ossification and angiogenesis, and 
ossify ligament tissue
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