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Abstract: Spinal stenosis (SS) is a multifactorial polyetiological condition characterized by the narrow-
ing of the spinal canal. This condition is a common source of pain among people over 50 years old. We
perform a systematic review of molecular and genetic mechanisms that cause SS. The five main mech-
anisms of SS were found to be ossification of the posterior longitudinal ligament (OPLL), hypertrophy
and ossification of the ligamentum flavum (HLF/OLF), facet joint (FJ) osteoarthritis, herniation of the
intervertebral disc (IVD), and achondroplasia. FJ osteoarthritis, OPLL, and HLF/OLFLF/OLF have
all been associated with an over-abundance of transforming growth factor beta and genes related to
this phenomenon. OPLL has also been associated with increased bone morphogenetic protein 2. FJ
osteoarthritis is additionally associated with Wnt/β-catenin signaling and genes. IVD herniation is
associated with collagen type I alpha 1 and 2 gene mutations and subsequent protein dysregulation.
Finally, achondroplasia is associated with fibroblast growth factor receptor 3 gene mutations and
fibroblast growth factor signaling. Although most publications lack data on a direct relationship
between the mutation and SS formation, it is clear that genetics has a direct impact on the formation
of any pathology, including SS. Further studies are necessary to understand the genetic and molecular
changes associated with SS.

Keywords: spinal stenosis; genetics; molecular mechanisms; degenerative disease; congenital disease;
systematic review

1. Introduction

Spinal stenosis (SS) is a multifactorial polyetiological condition characterized by the
narrowing of the spinal canal, leading to spinal cord compression [1]. This condition is
a common source of pain and decreased function among people over 50 years old [2].
Lumbar SS causes morbidity requiring surgery in 14 out of every 10,000 people over 65
in the US [3]. Up to 3.9% of patients seeking care for low back pain have SS [4]. SS is
classified by etiology and anatomical location. Stenosis etiology can be primary (congenital
or acquired) or secondary (caused by other diseases). Anatomically, stenosis can be central
or foraminal, single or multilevel, isolated or tandem [5]. In this article, we review primary
SS and its molecular and genetic causes. The authors believe that a deeper understanding of
the genetic and molecular mechanisms of stenosis formation will help catalyze the creation
of novel therapies for SS patients. Thus, we also outline areas that require further study by
the spine community.
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2. Methods

A systematic review of genetic mutations associated with SS was performed. Searches
were conducted in the PubMed, CNKI, Cochrane Library, and eLibrary databases for articles
published between January 1990 and April 2021. Data were obtained by two authors and
independently reviewed by a third author. Disagreements regarding study inclusion were
discussed collectively by the entire team of authors. The study was conducted following
international recommendations for methodological quality of systematic reviews using
the AMSTAR tool [6]. First, searches were performed in each database using the following
keywords and their combinations: “genetics and spinal stenosis”, “mutation and spinal
stenosis”, “influence of genetics on spinal stenosis”, “degenerative spinal diseases and
genetics”, “congenital spinal stenosis” for English-language databases (Table 1). The
Russian language terms “генетикa спинaльнoгo стенoзa” (“genetika spinal’nogo stenoza”),
“спинaльный стенoз и мутaции” (“spinal’nyj stenoz i mutacii”), “генетикa дегенерaтивных
зaбoлевaниий пoзвoнoчникa” (“genetika degenerativnyh zabolevaniı̆ pozvonochnika”),
“врoждённый стенoз пoзвoнoчнoгo кaнaлa” (“vrozhdyonnyj stenoz pozvonochnogo
kanala”) were used for the eLibrary system. Second, article abstracts were reviewed, and
excluded if they did not meet the research criteria. Third, the full texts of the selected
articles were reviewed for eligibility under the inclusion/exclusion criteria and a list of
relevant references was created (Figure 1). The review of articles included an analysis of the
study design by the Cochrane Collaboration methods to determine the quality of evidence,
and assess the risk of personal and research bias.
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Table 1. Search results, by keywords, in electronic databases, performed on 10 June 2021.

Database Keywords Number of Sources on Search Date

PubMed

Genetics and spinal stenosis 315

Mutation and spinal stenosis 74

Influence of genetics on spinal stenosis 20

Degenerative spinal diseases and genetics 808

Congenital spinal stenosis 461

CNKI

Genetics and spinal stenosis 6

Mutation and spinal stenosis 10

Influence of genetics on spinal stenosis 0

Degenerative spinal diseases and genetics 1

Congenital spinal stenosis 72

Cochrane Library

Genetics and spinal stenosis 2

Mutation and spinal stenosis 0

Influence of genetics on spinal stenosis 0

Degenerative spinal diseases and genetics 8

Congenital spinal stenosis 11

eLibrary

Генетикa спинaльнoгo стенoзa
(“genetika spinal’nogo stenoza”) 48

Cпинaльный стенoз и мутaции
(“spinal’nyj stenoz i mutacii”) 88

Генетикa дегенерaтивных зaбoлевaниий пoзвoнoчникa
(“genetika degenerativnyh zabolevaniı̆ pozvonochnika”) 127

Bрoждённый стенoз пoзвoнoчнoгo кaнaлa
(“vrozhdyonnyj stenoz pozvonochnogo kanala”) 494

For analyzing the results of SS genetics, the following inclusion criteria was used
(Table S1):

• Topics included are descriptions of the etiology of degenerative diseases, genetic
mutations, and molecular mechanisms associated with the formation of SS;

• Timeframe included publications between 2016 and 2021;
• Study designs include retrospective and prospective cohort studies, case-control stud-

ies, systematic reviews, randomized controlled trials, and clinical case studies.
• The following exclusion criteria were used (Table S2):
• Studies do not meet one of the specified inclusion criteria (n = 18);
• Studies represent conference materials (n = 2);
• Studies represent letters to the editor (n = 2);
• Studies meet all of the inclusion criteria but the required data about genetics and

molecular mechanisms were not provided (n = 7).

3. Results

Based on the literature review, we present five leading pathologies causing SS and
their associated gene mutations (Table 2). Four pathologies are degenerative changes in the
anatomical structures (posterior longitudinal ligament, ligamentum flavum, facet joints
(FJ), intervertebral disc (IVD)) surrounding the spinal canal (Figure 2). The fifth pathology,
achondroplasia, is congenital and directly related to genetic mutations affecting the gross
skeletal structure.
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Table 2. Table of gene mutations associated with diseases inducing spinal stenosis. Unknown (UK)
associations are also noted.

Disease Gene
Name

Gene
ID

Reference
SNP Location Variation

Type Alleles
Associated
Signaling

Factors
Refs.

Other Conditions
Associated with

Allele

Ossification of the
posterior longitudinal

ligament

TGF-β1 7040 rs1800470 19p:41353016 SNV G > A, C TGF-β1 [7,8] Cystic fibrosis [9]

BMP2 650 rs1555785715 20p:6778468 SNV G > T BMP2 [8] Facial
dysmorphism [10]

Hypertrophy and
ossification of the

ligamentum flavum

UK UK UK UK UK UK Hedgehog
and BMP [11] UK

TGF-β1 7040 UK UK UK UK TGF-β1 [12] UK

FJ osteoarthritis
TGF-β1 7040 UK UK UK UK TGF-β1 [13] UK

FOXC1 2296 UK UK UK UK Wnt/β-
catenin [14] UK

IVD herniation
COL1A1 1277 rs1800012 17p:50200388 SNV C > A COL1 [15] Arthrochalasia,

Type 1 [16]

COL1A2 1278 UK UK UK UK COL1 [17] Ehlers-Danlos
syndrome [18]

Achondroplasia

FGFR3 2261 rs28931614 4p:1804392 SNV G > A, C FGFR3 [19] Decreased bone
elongation [19]

FGFR3 2261 rs267606809 4p:1804384 SNV T > C, G FGFR3 [20] Upper airway
obstruction [20]

FGFR3 2261 rs121913114 4p:1801930 SNV A > G, T FGFR3 [20] Pulmonary
hypoplasia [20]

FGFR3 2261 rs75790268 4p:1804377 SNV G > T FGFR3 [20] Rhizomelia [20]
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Figure 2. Schematic representation of the spinal motion segment: 1—nucleus pulposus; 2—annulus
fibrosus; 3—posterior longitudinal ligament; 4—spinal cord; 5—ligamentum flavum; 6—facet joints.

3.1. Ossification of the Posterior Longitudinal Ligament
3.1.1. Presentation and Epidemiology

The posterior longitudinal ligament is located on the posterior surface of the vertebral
bodies from the second cervical vertebra to the sacrum [21,22]. It prevents excessive flexion
of the spinal column, being a functional antagonist of the anterior longitudinal ligament.
Progressive ectopic ossification of the posterior longitudinal ligament (OPLL) is a disorder
resulting in SS. Patients with OPLL typically develop various neurological symptoms
ranging from discomfort to severe myelopathy due to compression of the spinal cord
and nerve roots [23,24]. OPLL occurs 70% of the time in the cervical spine, 15% in the
thoracic spine, and 15% in the lumbar spine [25]. Central isolated cervical spine stenosis
at C4 and C5 levels are most frequent (Figure 3A) with the incidence at C5 being slightly
higher [22,26–28].



Int. J. Mol. Sci. 2022, 23, 13479 5 of 17

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 18 
 

 

3.1. Ossification of the Posterior Longitudinal Ligament 

3.1.1. Presentation and Epidemiology 

The posterior longitudinal ligament is located on the posterior surface of the verte-

bral bodies from the second cervical vertebra to the sacrum [21,22]. It prevents excessive 

flexion of the spinal column, being a functional antagonist of the anterior longitudinal 

ligament. Progressive ectopic ossification of the posterior longitudinal ligament (OPLL) is 

a disorder resulting in SS. Patients with OPLL typically develop various neurological 

symptoms ranging from discomfort to severe myelopathy due to compression of the spi-

nal cord and nerve roots [23,24]. OPLL occurs 70% of the time in the cervical spine, 15% 

in the thoracic spine, and 15% in the lumbar spine [25]. Central isolated cervical spine 

stenosis at C4 and C5 levels are most frequent (Figure 3A) with the incidence at C5 being 

slightly higher [22,26–28]. 

 

Figure 3. Mechanisms leading to spinal canal stenosis: (A)—ossification of the posterior longitudinal 

ligament spinal stenosis; (B)—ossification of the ligamentum flavum; (C)—osteoarthritis and hyper-

trophy of the facet joints leading to stenosis of the spinal canal; (D)—herniated disc. 

The overall prevalence of OPLL is 1.9–4.3% in Japan, 0.8–3.0% in other Southeast 

Asian countries, and 0.1–1.7% in North America and Europe, indicating sporadic distri-

bution [25]. A recent study in North America found OPLL prevalence varied among races: 

1.3% in Caucasian Americans, 4.8% in Asian Americans, 1.9% in Hispanic Americans, 

2.1% in African Americans, and 3.2% among Native Americans [29]. OPLL occurs in men 

twice as often as in women, with an average onset age of 50 years [25]. It is estimated that 

up to 25% of patients with cervical myelopathy have OPLL [16]. 

3.1.2. Physiology and Pathogenesis 

Osteoblastogenesis is the increased proliferation of osteoblasts occurring due to the 

activation of regulatory proteins bone morphogenetic protein (BMP) and transforming 

growth factor-beta (TGF-β). BMP or TGF-β binds and activates the type 1 (RI) and type 2 

(RII) receptors for these proteins (TGF-βRI/II; BMPRI/II) [30]. Aberrant activation of BMP 

and TGF-β signaling plays a central role in the development of OPLL [31,32]. Many patho-

logical changes, including mechanical stress, inflammatory response, negative regulation 

of transcription and metabolic pathways, and genetic mutations can cause activation of 

BMP and TGF-β signaling. 

Activation of TGF-βRI/II leads to phosphorylation of SMAD anchor for receptor ac-

tivation protein (SARA), which binds to the SMAD2/3 proteins (Figure 4). The activated 

SMAD2/3 proteins form a complex with the SMAD4 protein, migrate to the nucleus, and 
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nal ligament spinal stenosis; (B)—ossification of the ligamentum flavum; (C)—osteoarthritis and
hypertrophy of the facet joints leading to stenosis of the spinal canal; (D)—herniated disc.

The overall prevalence of OPLL is 1.9–4.3% in Japan, 0.8–3.0% in other Southeast Asian
countries, and 0.1–1.7% in North America and Europe, indicating sporadic distribution [25].
A recent study in North America found OPLL prevalence varied among races: 1.3% in
Caucasian Americans, 4.8% in Asian Americans, 1.9% in Hispanic Americans, 2.1% in
African Americans, and 3.2% among Native Americans [29]. OPLL occurs in men twice as
often as in women, with an average onset age of 50 years [25]. It is estimated that up to
25% of patients with cervical myelopathy have OPLL [16].

3.1.2. Physiology and Pathogenesis

Osteoblastogenesis is the increased proliferation of osteoblasts occurring due to the ac-
tivation of regulatory proteins bone morphogenetic protein (BMP) and transforming growth
factor-beta (TGF-β). BMP or TGF-β binds and activates the type 1 (RI) and type 2 (RII)
receptors for these proteins (TGF-βRI/II; BMPRI/II) [30]. Aberrant activation of BMP and
TGF-β signaling plays a central role in the development of OPLL [31,32]. Many pathologi-
cal changes, including mechanical stress, inflammatory response, negative regulation of
transcription and metabolic pathways, and genetic mutations can cause activation of BMP
and TGF-β signaling.

Activation of TGF-βRI/II leads to phosphorylation of SMAD anchor for receptor
activation protein (SARA), which binds to the SMAD2/3 proteins (Figure 4). The activated
SMAD2/3 proteins form a complex with the SMAD4 protein, migrate to the nucleus, and
activate the Runx2, Dlx5, Osterix, Col2, and aggrecan proteins’ coding genes. These genes
are required for osteoblastogenesis [33]. Activation of TGF receptors can also activate Ras
protein which activates the protein kinase activity of Raf. Raf kinase phosphorylates and
activates mitogen-activated protein kinase (MEK1/2), which phosphorylates and activates
extracellular signal-regulated kinases (ERK1/2) [33,34]. Phosphorylated ERK1/2 then
migrate to the nucleus, reducing SMAD2/3/4 transcription as well as cell growth and
proliferation. The TGF-βRI/II pathway is also repressed by the SMAD7/Smurf2 complex
inhibition of SMAD2/3 [35].
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Figure 4. BMP/TGF-β signaling pathway for the formation of osteoblastogenesis.

Activation of BMPRI/II leads to the phosphorylation of SMAD1/5/8 proteins. Later
on, the SMAD1/5/8/4 protein complex moves to the nucleus and activates ColX and
MMP13 proteins’ coding genes. Activation of BMP receptors can also activate TGF-β-
activated kinase (TAK1), which activates the mitogen-activated protein kinase (MAPK) [35].
This process leads to the activation of p38 and JNK, which then migrate to the nucleus
and promote transcription by the SMAD1/5/8/4 complex. Negative feedback for the
BMPRI/II pathway includes inhibition of SMAD1/5/8 by SMAD6. Further inhibition
of BMPs themselves occurs due to the binding of proteins noggin and chordin to their
receptors [36].

In summary, activation of TGF-βRI/II or BMPRI/II leads to induction of SMAD2/3/4,
SMAD1/5/8/4, and/or MAPK pathways, resulting in transcription of proteins such as
aggrecan, Runx2, and Osterix. Subsequently, mesenchymal stem cells (MSCs), osteoblasts,
and chondrocytes proliferate and differentiate, causing the formation of OPLL.

3.1.3. Genetics and Molecular Mechanisms
TGF-β and Single Nucleotide Polymorphisms (SNP)

TGF-β genes, in particular TGF-β1, due to their importance in the regulation of bone
metabolism, are considered leading candidates for increasing individual susceptibility
to OPLL [25]. TGF-β is present in the ossified matrix and chondrocytes of the adjacent
cartilaginous regions of OPLL, but not in the mesenchymal stem cells and unossified
ligament, indicating that it may stimulate bone formation at a later stage of ectopic ossifica-
tion [25,33]. The gene encoding TGF-β1 location is 19q13.2 and consists of 52,325 base pairs
(bp). A stratified analysis of Japanese patients showed that patients with the rs1800470 SNP
(G > A, C) allele are more likely to have OPLL (Table 2) [7], but those results were not
replicated in Korean patients [37].
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BMP and SNP

The gene encoding BMP2 is located in 20p12.3 and consists of 12,561 bp. Patients
with the rs1555785715 (G > T) allele in the BMP2 gene are more predisposed to OPLL
than the control group [38,39]. However, Wang et al. reported that the rs1555785715
SNP showed no significant difference between the OPLL and non-OPLL groups in the
Chinese population [8]. The differences in these data may result from variations in the
genetic background between the two populations. Monobasic cyclic stretching promotes
osteogenic differentiation and BMP2 synthesis in cells with the rs1555785715 (G > T) BMP2
gene variant. Molecular changes in BMP can stimulate the differentiation of mesenchymal
stem cells and act as an initiating factor in the development of OPLL [31,38].

3.1.4. Other Mechanisms

In addition to the above processes that affect the formation of OPLL, there are other
mechanisms that correlate with the development of this pathology: miRNA regulatory
networks [40], chemokine (C-X-C motif) ligand 7 (CXCL7) [41], insulin pathways [42], etc.
The lack of sufficient evidence of research in this area stimulates the continued search for
effective therapeutic strategies for patients with OPLL.

3.2. Hypertrophy and Ossification of the Ligamentum Flavum
3.2.1. Presentation and Epidemiology

Ligamentum flavum is an anatomical structure containing 80% elastin fibers and
20% collagen fibers covering the posterior and lateral walls of the spinal canal [43,44].
Hypertrophy of the ligamentum flavum (HLF), which may or may not have accompanying
ossification (OLF), can cause SS by compressing the spinal cord, cauda equina, and nerve
roots [45]. As an independent disease, HLF/OLF often occurs in the thoracic spine followed
by the lumbar spine [46]. HLF/OLF causes central stenosis in both the thoracic and
lumbar spine regions (Figure 3B). In the thoracic region, the most common lesion occurs
at T10-11 [47]. In the lumbar spine, HLF/OLF was more common at the L3-L4 and L4-L5
levels of the vertebrae [43]. The statistics on how often HLF/OLF causes SS and which
areas are most often affected require further research. A study by Kim et al. showed that
in all back pain the prevalence of OLF in the thoracic spine was 17% [32]. The prevalence
tends to increase with age and is higher in women than men [48]. Approximately 74%
of patients with HLF/OLF had accompanying degenerative diseases of the lumbar and
cervical spine [49] indicating that the root mechanisms for HLF/OLF may combine with
other mechanisms of the SS formation.

3.2.2. Physiology and Pathogenesis

HLF/OLF is characterized by decreased elastin and increased collagen [50]. The
elastin fibers are densely and evenly spaced parallel to the long axis of the ligamentum
flavum, forming a smooth surface, and often branching to form a network. There are
several collagen fibers and scattered fibroblasts between the elastin fibers. The gradual
fibrosis of the ligamentum flavum is associated with aging and is positively correlated
with TGF-β presence [51,52]. As the disease progresses ossification can also occur [45].
TGF-β is released by endothelial cells, fibroblasts, and macrophages. Its activity is also
stimulated by endogenous factors such as angiotensin II. Under the influence of TGF-β,
fibroblasts differentiate into myofibroblasts, which have higher efficiency in synthesizing
extracellular matrix proteins than fibroblasts. In addition, TGF-β inhibits the expression of
metalloproteases, which degrade the extracellular matrix, and activates their inhibitors [53].

3.2.3. Genetics and Molecular Mechanism

Similar to OPLL, increased TGF-β1 concentrations are thought to contribute to HLF/OLF
and subsequently lumbar spine stenosis [12]. Connective tissue growth factor has also been
associated with HLF and is known to be stimulated by TGF-β1 as well [12,54]. Increased
TGF-β activity causes increased proliferation of fibroblasts and osteoblasts, which increase
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extracellular matrix production and thus lead to stenosis [55]. The accumulation of ex-
tracellular matrix is enhanced by the inhibitory and stimulatory effects of TGF-β on the
expression of matrix metalloproteases and their inhibitors, respectively [56]. Pathological
changes are greater on the dorsal side due to the higher collagen concentration compared
to other areas. Collagen fibers gradually thicken and disorganize, replacing elastic tissue
and forming HLF/OLF [57].

The study by Gao R. [11] found that the Indian hedgehog signaling pathway may be
involved in the progression of OLF. By influencing cell differentiation through this pathway,
it is potentially possible to prevent OLF.

Gene mutations associated with HLF/OLF have not yet been identified.

3.2.4. Clinic

It has been shown that TGF-β1 antibodies and inhibitors can treat some fibrosis
diseases by affecting the TGF-β1 signaling pathway [58–60]. However, none of the drugs
targeting TGF-β1 have been evaluated solely for the treatment of HLF/OLF.

3.3. Facet Joint Osteoarthritis
3.3.1. Presentation and Epidemiology

The facet joint connects the articular processes of the vertebrae [61]. Like any joint, the
bones forming it are covered with cartilage, and the joint itself is closed by a small synovial
bag containing joint fluid. These joints protect the intervertebral discs from excessive
stretching when tilting and turning the body in conjunction with the spine [62]. Facet joint
osteoarthritis is a degenerative disease in which the cartilage thickness decreases and areas
of softer cartilage appear [63]. Gradually, the affected joint space narrows and increases
in width as osteophytes form and causes SS of the spinal canal, irritating the nerve roots
and spinal cord. This facet joint hypertrophy has been found to be directly associated with
osteoarthritis degenerative changes [64]. Asymmetry of left and right facet joint angles
in the transverse and coronal planes are correlated with joint degeneration and age as
well [64], suggesting that joint space narrowing and boney hypertrophy are progressive.
The increasing asymmetry likely accelerates the pathology as the load sharing between
joints becomes imbalanced. The degenerative changes can be a source of chronic back
pain [1].

Rozhkov et al. report that back pain occurs in 28% of people over 20 years [61]. Of
these, 18% have osteoarthritis of the facet joints of the lumbar region. In the United States,
the prevalence of facet joint-associated pain is 15% [65].

Osteoarthritis leads to hypertrophy of the facet joints (Figure 3C) and the formation of
synovial cysts due to herniation of the synovial membrane through the facet capsule. This
combination causes an isolated, multilevel, foraminal stenosis, most often located in the
lumbar region [1,62].

3.3.2. Physiology and Pathogenesis

The leading causes of osteoarthritis are related to TGF-β, SMAD, and Wnt/β-catenin
signaling pathways, which destroy the balance between anabolic and catabolic activity in
the articular cartilage and lead to irreversible degradation of the extracellular matrix [35,66].
However, these pathways are currently understudied in the specific context of facet joint
osteoarthritis. We will describe the general pathophysiology of osteoarthritis here as
a starting point for future facet joint osteoarthritis investigation.

Concentrations of active TGF-β1 differ greatly between healthy and osteoarthritic
joints, being low in healthy joints and high in osteoarthritic joints, leading to the activation
of different signaling pathways in joint cells [67,68]. Expression of active TGF-β signaling
in cartilage causes chondrocyte hypertrophy, ultimately leading to cartilage degeneration
and damage, and subsequent development and progression of osteoarthritis [67,69,70].

The Wnt/β-catenin signaling pathway controls the development of bone and joints
and may be involved in OA progression [63]. When Wnt binds its frizzled receptor and
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coreceptor protein LRP 5/6, the disheveled signaling protein (Dsh) is activated, which leads
to the inactivation of a multicomponent “destruction complex” formed by the proteins
adenomatous polyposis coli (APC), Axin, casein kinase la (CKla), and glycogen synthase ki-
nase 3 beta (GSK-3β), thereby suppressing ubiquitination and degradation of β-catenin [35].
Then, β-catenin accumulates in the nucleus and binds T cell factor/lymphoid enhancer
factor (LEF/TCF), regulating the expression of Wnt target genes. Otherwise, in this de-
struction complex, β-catenin undergoes phosphorylation, followed by ubiquitination and
proteasomal degradation of β-catenin (Figure 5).
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3.3.3. Genetics and Molecular Mechanisms

The TGF-β1 gene is located in 19q13.2. This gene provides the instructions for the
synthesis of a TGF-β1 protein. TGF-β1 produces biochemical signals that are responsible
for various cellular activities such as cell growth and proliferation, cell maturation (dif-
ferentiation), cell motility, and physiological cell death (apoptosis) [30]. TGF-β1 signaling
is known to be associated with osteoarthritis [13], but contributing mutations have not
been identified.

The canonical Wnt signaling pathway includes many proteins of this family that are
located on various human chromosomes. The FOXC1 gene is associated with disruption of
the Wnt/β-catenin pathway, which could lead to OA of the facet joints [14,71]. Addition-
ally, in the absence of the Wnt ligand, cytosolic β-catenin binds the APC–Axin–GSK–3β
degradation complex, while GSK-3β phosphorylates β-catenin in this complex, causing
its proteasomal degradation [72]. The degradation of β-catenin suppresses the expression
of Wnt-sensitive genes, making it possible for the Groucho corepressor to bind to the
LEF/TCF transcription factors, thereby contributing to the development and progression
of osteoarthritis [73].

3.3.4. Clinic

Treatment with corticosteroid intra-articular injections has long been utilized to relieve
facet joint osteoarthritis-related pain. However, a recent management guidance consensus
article questions their use due to the small beneficial effect [74]. The discovery of drugs
that selectively affect Wnt/β-catenin signaling may help determine the specific roles of this
pathway in cartilage degeneration and repair [63,73].
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3.4. Intervertebral Disc Herniation
3.4.1. Presentation and Epidemiology

An IVD is a fibro-cartilaginous joint consisting of the outer concentric cartilaginous
lamellae of the annulus fibrosus and an inner deformable proteoglycan-rich nucleus pulpo-
sus centered between two cartilage endplates and their connected vertebrae [75–77]. IVD
herniation is the avulsion of the nucleus pulposus through a ruptured annulus fibrosus.
Most often, a hernia enters the lumen of the spinal canal, causing stenosis [78]. The inci-
dence of herniated discs ranges from 5 to 20 cases per 1000 adults annually, most often in
people in the third to the fifth decade of life, with a male–female ratio of 2:1 [79].

The following hernias most often occur: central (Figure 3D), subarticular (lateral), and
foraminal [1]. Since the posterior longitudinal ligament is thickest in the center, hernias
are usually directed laterally [43], making subarticular hernias most frequent. Foraminal
hernias, with the penetration of the nucleus pulposus into the intervertebral foramen, are
much less common. Such hernias cause compression of the radicular ganglion and, as
a result, significant discomfort for the patient.

In most cases, IVD herniation causes compression of the spinal root without SS, and
also undergoes natural resorption, and does not require surgical intervention [80].

Despite the fact that in most cases a herniated IVD resorbs spontaneously, the degen-
erative cascade through the stage of discogenic instability contributes to compensatory
hypertrophy of the FJ with restabilization and SS [1].

3.4.2. Physiology

The annulus fibrosus consists of several layers of fibrocartilaginous tissue, composed
of collagen types I and II [75]. Type I collagen maintains tensile strength to withstand
spinal compression, hydrostatic pressure, and nucleus pulposus retention [81]. The nucleus
pulposus is a gelatinous structure, composed primarily of collagen type II and glycosamino-
glycans, and is responsible for distributing the load across the annulus fibrosus.

3.4.3. Genetics and Molecular Mechanisms

Collagen I is a helix that consists of two α1 chains encoded by the type I alpha 1 gene
(COL1A1), and one α2 chain, encoded by the collagen type I alpha 2 gene (COL1A2) [82].
Three noteworthy studies have established an association between the SNP of the COL1A1
rs1800012 (C > A) binding site and IVD degeneration [15,75,80]. This particular SNP is
found in 17p:50200388 [83,84]. Changes in nucleotides increase the expression levels of
messenger RNA COL1A1 and, therefore, the expression of the COL1A1 protein [15]. The
COL1A2 gene also affects the formation of IVD degeneration, though a specific mutation
has not been identified [17].

Researchers have suggested that this SNP leads to an imbalance between the expres-
sion of COL1A1 and COL1A2 proteins and subsequent instability of collagen fibers [15,80].
Despite the COL1A1 gene mutation not directly causing stenosis of the intervertebral canal,
it contributes to its occurrence. Changes in the structure of the annulus fibrosus lead to its
weakening, which directly contributes to the likelihood of IVD herniation, which, in turn,
causes stenosis of the spinal canal. Interestingly, two SNPs (rs38174228 and rs11638262) of
the gene encoding for the proteoglycan aggrecan have been found to decrease the odds of
symptomatic IVD herniations in young patients [85].

3.5. Achondroplasia
3.5.1. Presentation and Epidemiology

Achondroplasia is an autosomal dominant disease and the most common form of
skeletal dysplasia [86,87]. The estimated incidence of achondroplasia is approximately
1/15,000–1/40,000 newborns [88,89] and affects all races and both sexes. SS occurs in 20% to
50% of patients with achondroplasia. The upper lumbar segment is most often affected [90].
Stenosis of the spinal canal and foramen magnum occurs for one pathophysiological rea-
son: a premature synchondrosis closure. This leads to the formation of short, thickened
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vertebrae, which decreases interpedicular distance in the caudal direction. These changes
lead to a decrease in the cross-sectional area, which affects the spinal cord and nerve roots.
Lumbar SS ultimately compresses the spinal cord and nerve roots, causing neurological
symptoms. The initial presentation is often neurogenic claudication caused by walking, in-
cluding weakness, tingling, or pain in the lower extremities. There may also be concomitant
sensory dysfunction or radicular pain [91]. Often these symptoms can be relieved by taking
a squatting position, which reduces lumbar lordosis. Symptoms can progress over time,
leading to bowel and bladder incontinence or paraplegia [86]. Babies with achondroplasia
often die while sleeping because of compression of the upper spinal cord by vertebrae and
a large opening in the skull leading to disruption of the respiratory center. This stenosis
can be classified by etiology—primary (congenital) and anatomical—central, multilevel,
and tandem stenosis.

3.5.2. Physiology and Pathogenesis

Stenosis in achondroplasia is thought to be connected to fibroblast growth factor (FGF)
signaling. The FGF receptor is concentrated in the perichondrium, cartilage, and growth
plate maturation zones. FGF binding to FGF receptor 3 (FGFR3) leads to receptor activation
and dimerization, which, in turn, changes its conformation and activates its tyrosine kinase
activity. This activation ultimately leads to the proliferation and maturation of growth plate
chondrocytes, stimulating endochondral bone growth [91,92].

When mutations occur in FGFR3, signaling is enhanced through a combination of
mechanisms that include receptor stabilization, enhanced dimerization, and increased
tyrosine kinase activity. Paradoxically, the enhancement of FGFR3 signaling profoundly
suppresses the proliferation and maturation of growth plate chondrocytes, leading to
a decrease in growth plate size and trabecular bone volume, and consequently, a decrease
in bone elongation [93]. The phenotype observed in achondroplasia results from severe
disorders caused by abnormal FGFR3 activity [87]. Despite the violation of the growth
of tubular bones, the most clinically significant changes occur in the spine in the form of
thoracolumbar kyphosis and SS.

3.5.3. Genetics

Achondroplasia results from a mutation in the FGFR3 gene encoding one member of
the FGFR subfamily with tyrosine kinase activity. The FGFR3 gene is responsible for the
production of the FGFR3 protein, which converts cartilage into bone. There is a mutation SNP
rs28931614 (G > A, C) at position 4p:1804392 in the gene for FGFR3 [19,88,94]. More than 97%
of achondroplasia cases [19,90,93] result from either a G-to-A or G-to-C transition, where
Gly380 (GGG) codon changes to Arg (AGG or CGG) in the FGFR3 transmembrane domain.
In 80% of cases, achondroplasia is not inherited but arises from a de novo mutation [88,89].
All people with a single copy of the mutated FGFR3 gene have achondroplasia since this
mutation has 100% dominance [94]. The FGFR3 gene is one of the most frequently mutated
in the human genome [19]. In all patients who do not have the p.Gly380Arg mutation,
other less common FGFR3 mutations are usually found, such as rs267606809, rs121913114,
or rs75790268 [87,90,95–98]. Nevertheless, despite different mutation sites, only a change
in the FGFR3 gene is associated with the development of achondroplasia [20,99,100].

4. Discussion

At the moment, the human genome project is almost completed. There are 79 unre-
solved gaps, which is only 5% of the total human DNA. The presence of an almost complete
genome sequence and the emergence of methods such as Sander’s dideoxynucleotide
sequencing, improved polymerase chain reaction (PCR) methods, genome-wide association
search (GWAS), multicolor FISH gene technology, and others have opened up new horizons
for studying human structure through its DNA. Despite many of these achievements and
the colossal work, we now, for the most part, only have “tools” and not actual knowledge.
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Works based on the analysis of the relationship between mutations and specific pathologies
in a person can help us answer many questions.

Here we performed a search of specialized literature in various databases and identi-
fied several articles using genome-wide association methods [101,102] and one systematic
review [103] describing the relationship between genetic changes and SS. Genetic studies
by Cheung et al. [101] and Jiang H. et al. [102] provided extensive information on genetic
mutations and the occurrence of SS; however, the results of their research do not explain
precisely how stenosis is formed or provide pathophysiological mechanisms. Furthermore,
these results cannot be generalized to ethnic groups other than the southern Chinese.
A systematic review by Lai M. [103], had a high overall methodological risk of systematic
bias, indicating a lack of objectivity of the results obtained. Also, a lack of data on the
relationship between genetic mutations and molecular processes forming changes at the
tissue and organ levels was noted.

Our systematic review highlighted the effect of mutations in various genes on the
formation of SS. During the study, four degenerative diseases and one congenital disease
were identified. The degenerative diseases included ossification of the posterior longitu-
dinal ligament, ossification of the ligamentum flavum, osteoarthritis of the facet joints,
and intervertebral disc herniation. Achondroplasia was classified as a congenital disease.
Here we create a relationship between pathological and genotype changes leading to SS.
The most prevalent causes of stenosis were ossification of the posterior longitudinal lig-
ament associated with mutations in the TGF-β1 gene when replacing the rs1800470 SNP
(G > A, C) allele, ossification of the ligamentum flavum associated with mutations leading
to hypersecretion of TGF-β, and a point activating mutation in the TGFβ-1 gene inducing
the formation of osteoarthritis of the facet joints. Disruption in the expression of proteins of
the Wnt/β-catenin signaling pathway also led to the formation of osteoarthritis. People
with a COL1A and COL1A2 genes mutation are more likely to develop a herniated disc,
and an FGFR3 gene mutation rs28931614 (G > A, C) at position 4p:1804392 contributes to
100 percent development of achondroplasia. All these pathologies cause various types of
stenosis, such as stenosis of the cervical spine with ossification of the posterior longitudinal
ligament; stenosis of the thoracic spine with ossification of the ligamentum flavum; isolated
and multilevel foraminal stenosis of the lumbar spine with osteoarthritis of the facet joints;
central, subarticular, or foraminal stenosis in the presence of a herniated disc; achondropla-
sia contributing to the formation of central, multilevel, and tandem stenosis. So, it is worth
paying attention to proteins such as TGF-β, BMP, FOXC1, COL1A, and FGFR3, since people
with mutations of their genes leading are prone to SS more often than other people.

The challenge for researchers and scientists now is to figure out how to read the
contents of all the DNA “pages” currently open and then understand how these pieces work
together, and discover the genetic basis of human health and disease. In this regard, genome-
based research will ultimately enable medical science to develop highly effective diagnostic
tools, better understand people’s health needs based on their genetic characteristics, and
develop new and highly effective treatments for disease.

In clinical practice, the nosologies considered in the article, for example, a herniated
disc and achondroplasia, in some cases are not pathologies in the absence of neurological
manifestations and do not lead to SS. The asymptomatic course of the disease and verifi-
cation in radiological studies of spinal stenosis associated with a combination of various
stenotic factors is considered a finding and does not require surgical correction [1,93].

At the same time, OPLL, FJ arthrosis, and HLF/OLF in clinical practice are considered
pathognomonic pathologies for surgical interventions. For example, cervical myelopathy in
OPLL, caudogenic intermittent claudication in FJ arthrosis, or HLF/OLF are indications for
decompressive interventions with recalibration of the diameter of the spinal canal [21,61,86].

There were limitations of the studies included in this systematic review. Most publica-
tions lack data on a direct relationship between mutation and stenosis formation. The role
of the BMP2 gene mutation in the formation of OPLL did not have a significant evidential
basis since the indications of the studies differed depending on the populations. There
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was a lack of studies on HLF/OLF proving a direct link between the expression of TGF-β
and the formation of stenosis using experimental data. The lack of information in most
publications on the dependence of the genetic mechanism of mutation with the dominant
cause of spinal stenosis does not allow us to assess the risk of developing this pathology
but is mainly of the nature of additional information supplementing clinical knowledge.
The included studies are undoubtedly useful in providing a big picture of this issue to date,
but do not provide a high level of evidence about the probability of stenosis in patients
with the proposed mutations. Further, the main limitation of this study is the incomplete
coverage of the literature. For example, we analyzed only the most common mechanisms
of OPLL formation, without a detailed presentation of the influence of such mechanisms as
CXCL7, miRNAs, insulin pathways, etc.

5. Conclusions

In conclusion, the prevalence of degenerative diseases leading to spinal stenosis
is increasing due to an increase in the life expectancy of the population. Degenerative
spine diseases are costly both for the patient, affecting their quality of life, and for the
government, affecting the economic problems associated with disability at the global level.
The authors also believe that increased patient awareness and the need for a better quality
of life will increase the need for better treatment of spinal stenosis in the future. Given the
latest advances in biochemistry and genetics, a big step has been taken towards the study
and understanding of molecular and genetic mechanisms, including the mechanisms of
formation of spinal stenosis. Even so, many of the mechanisms are still poorly understood.
Supposing that we can fully understand the molecular changes associated with spinal
stenosis, this knowledge will help predict the progression and severity of the disease and
provide more effective treatment tailored to the patient’s unique phenotypic manifestations.
This systematic review of the literature on genetic and molecular mechanisms of influence
not only provides a better understanding of molecular mechanisms but also has excellent
potential for further research in both pathology and therapy.
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Stenoses: Literature Review. Hir. Pozvonočnika (Spine Surg.) 2016, 13, 52–61. [CrossRef]
2. Fritz, J.M.; Lurie, J.D.; Zhao, W.; Whitman, J.M.; Delitto, A.; Brennan, G.P.; Weinstein, J.N. Associations between physical therapy

and long-term outcomes for individuals with lumbar spinal stenosis in the SPORT study. Spine J. 2014, 14, 1611–1621. [CrossRef]
3. Wu, A.-M.; Zou, F.; Cao, Y.; Xia, D.-D.; He, W.; Zhu, B.; Chen, D.; Ni, W.-F.; Wang, X.-Y.; Kwan, K. Lumbar spinal stenosis: An

update on the epidemiology, diagnosis and treatment. AME Med. J. 2017, 2, 63. [CrossRef]
4. Hart, L.G.; Deyo, R.A.; Cherkin, D.C. Physician office visits for low back pain. Frequency, clinical evaluation, and treatment

patterns from a U.S. national survey. Spine 1995, 20, 11–19. [CrossRef]
5. Melancia, J.L.; Francisco, A.F.; Antunes, J.L. Spinal stenosis. Handb. Clin. Neurol. 2014, 119, 541–549. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms232113479/s1
https://www.mdpi.com/article/10.3390/ijms232113479/s1
http://doi.org/10.14531/ss2016.2.52-61
http://doi.org/10.1016/j.spinee.2013.09.044
http://doi.org/10.21037/amj.2017.04.13
http://doi.org/10.1097/00007632-199501000-00003
http://doi.org/10.1016/b978-0-7020-4086-3.00035-7


Int. J. Mol. Sci. 2022, 23, 13479 14 of 17

6. Shea, B.J.; Reeves, B.C.; Wells, G.; Thuku, M.; Hamel, C.; Moran, J.; Moher, D.; Tugwell, P.; Welch, V.; Kristjansson, E.; et al.
AMSTAR 2: A critical appraisal tool for systematic reviews that include randomised or non-randomised studies of healthcare
interventions, or both. BMJ 2017, 358, j4008. [CrossRef]

7. Kamiya, M.; Harada, A.; Mizuno, M.; Iwata, H.; Yamada, Y. Association between a polymorphism of the transforming growth
factor-beta1 gene and genetic susceptibility to ossification of the posterior longitudinal ligament in Japanese patients. Spine
2001, 26, 1264–1266; discussion 1266–1267. [CrossRef]

8. Wang, H.; Liu, D.; Yang, Z.; Tian, B.; Li, J.; Meng, X.; Wang, Z.; Yang, H.; Lin, X. Association of bone morphogenetic protein-2
gene polymorphisms with susceptibility to ossification of the posterior longitudinal ligament of the spine and its severity in
Chinese patients. Eur. Spine J. 2008, 17, 956–964. [CrossRef]

9. Drumm, M.L.; Konstan, M.W.; Schluchter, M.D.; Handler, A.; Pace, R.; Zou, F.; Zariwala, M.; Fargo, D.; Xu, A.; Dunn, J.M.; et al.
Genetic modifiers of lung disease in cystic fibrosis. N. Engl. J. Med. 2005, 353, 1443–1453. [CrossRef]

10. Tan, T.Y.; Gonzaga-Jauregui, C.; Bhoj, E.J.; Strauss, K.A.; Brigatti, K.; Puffenberger, E.; Li, D.; Xie, L.; Das, N.; Skubas, I.; et al.
Monoallelic BMP2 Variants Predicted to Result in Haploinsufficiency Cause Craniofacial, Skeletal, and Cardiac Features Overlap-
ping Those of 20p12 Deletions. Am. J. Hum. Genet. 2017, 101, 985–994. [CrossRef]

11. Gao, R.; Shi, C.; Yang, C.; Zhao, Y.; Chen, X.; Zhou, X. Cyclic stretch promotes the ossification of ligamentum flavum by
modulating the Indian hedgehog signaling pathway. Mol. Med. Rep. 2020, 22, 1119–1128. [CrossRef]

12. Cao, Y.-L.; Duan, Y.; Zhu, L.-X.; Zhan, Y.-N.; Min, S.-X.; Jin, A.-M. TGF-β1, in association with the increased expression of connec-
tive tissue growth factor, induce the hypertrophy of the ligamentum flavum through the p38 MAPK pathway. Int. J. Mol. Med.
2016, 38, 391–398. [CrossRef]

13. Zhai, G.; Doré, J.; Rahman, P. TGF-β signal transduction pathways and osteoarthritis. Rheumatol. Int. 2015, 35, 1283–1292.
[CrossRef]

14. Xu, J.; Wang, K.; Zhang, Z.; Xue, D.; Li, W.; Pan, Z. The Role of Forkhead Box Family in Bone Metabolism and Diseases.
Front. Pharmacol. 2021, 12, 772237. [CrossRef]

15. Zhong, B.; Huang, D.; Ma, K.; Deng, X.; Shi, D.; Wu, F.; Shao, Z. Association of COL1A1 rs1800012 polymorphism with
musculoskeletal degenerative diseases: A meta-analysis. Oncotarget 2017, 8, 75488. [CrossRef]

16. Martín-Martín, M.; Cortés-Martín, J.; Tovar-Gálvez, M.I.; Sánchez-García, J.C.; Díaz-Rodríguez, L.; Rodríguez-Blanque, R.
Ehlers-Danlos Syndrome Type Arthrochalasia: A Systematic Review. Int. J. Environ. Res. Public Health 2022, 19, 1870. [CrossRef]

17. Hu, S.; Fu, Y.; Yan, B.; Shen, Z.; Lan, T. Analysis of key genes and pathways associated with the pathogenesis of intervertebral
disc degeneration. J. Orthop. Surg. Res. 2020, 15, 371. [CrossRef]

18. Lu, Y.; Zhang, S.; Wang, Y.; Ren, X.; Han, J. Molecular mechanisms and clinical manifestations of rare genetic disorders associated
with type I collagen. Intractable Rare Dis. Res. 2019, 8, 98–107. [CrossRef]

19. Högler, W.; Ward, L.M. New developments in the management of achondroplasia. Wien. Med. Wochenschr. 2020, 170, 104–111.
[CrossRef]

20. Rump, P.; Letteboer, T.G.W.; Gille, J.J.P.; Torringa, M.J.L.; Baerts, W.; van Gestel, J.P.J.; Verheij, J.B.G.M.; van Essen, A.J. Severe
complications in a child with achondroplasia and two FGFR3 mutations on the same allele. Am. J. Med. Genet. Part A 2006, 140A,
284–290. [CrossRef]

21. Bernstein, D.N.; Prong, M.; Kurucan, E.; Jain, A.; Menga, E.N.; Riew, K.D.; Mesfin, A. National Trends and Complications in
the Surgical Management of Ossification of the Posterior Longitudinal Ligament (OPLL). Spine 2019, 44, 1550–1557. [CrossRef]
[PubMed]

22. Boody, B.S.; Lendner, M.; Vaccaro, A.R. Ossification of the posterior longitudinal ligament in the cervical spine: A review.
Int. Orthop. 2019, 43, 797–805. [CrossRef] [PubMed]

23. Horie, S.; Sawaji, Y.; Endo, K.; Suzuki, H.; Matsuoka, Y.; Nishimura, H.; Seki, T.; Yamamoto, K. Factors associated with bone
metabolism in patients with cervical ossification of the posterior longitudinal ligament accompanied with diffuse idiopathic
skeletal hyperostosis. SICOT-J 2018, 4, 7. [CrossRef] [PubMed]

24. Qin, R.; Chen, X.; Zhou, P.; Li, M.; Hao, J.; Zhang, F. Anterior cervical corpectomy and fusion versus posterior laminoplasty
for the treatment of oppressive myelopathy owing to cervical ossification of posterior longitudinal ligament: A meta-analysis.
Eur. Spine J. 2018, 27, 1375–1387. [CrossRef]

25. Yan, L.; Gao, R.; Liu, Y.; He, B.; Lv, S.; Hao, D. The Pathogenesis of Ossification of the Posterior Longitudinal Ligament. Aging Dis.
2017, 8, 570–582. [CrossRef]

26. Liu, N.; Zhang, Z.; Li, L.; Shen, X.; Sun, B.; Wang, R.; Zhong, H.; Shi, Q.; Wei, L.; Zhang, Y.; et al. MicroRNA-181 regulates
the development of Ossification of Posterior longitudinal ligament via Epigenetic Modulation by targeting PBX1. Theranostics
2020, 10, 7492–7509. [CrossRef]

27. Kawaguchi, Y.; Nakano, M.; Yasuda, T.; Seki, S.; Hori, T.; Suzuki, K.; Makino, H.; Kimura, T. Characteristics of ossification of
the spinal ligament; incidence of ossification of the ligamentum flavum in patients with cervical ossification of the posterior
longitudinal ligament—Analysis of the whole spine using multidetector CT. J. Orthop. Sci. 2016, 21, 439–445. [CrossRef]

28. Liang, C.; Wang, P.; Liu, X.; Yang, C.; Ma, Y.; Yong, L.; Zhu, B.; Liu, X.; Liu, Z. Whole-genome sequencing reveals novel genes
in ossification of the posterior longitudinal ligament of the thoracic spine in the Chinese population. J. Orthop. Surg. Res.
2018, 13, 324. [CrossRef]

http://doi.org/10.1136/bmj.j4008
http://doi.org/10.1097/00007632-200106010-00017
http://doi.org/10.1007/s00586-008-0651-8
http://doi.org/10.1056/NEJMoa051469
http://doi.org/10.1016/j.ajhg.2017.10.006
http://doi.org/10.3892/mmr.2020.11200
http://doi.org/10.3892/ijmm.2016.2631
http://doi.org/10.1007/s00296-015-3251-z
http://doi.org/10.3389/fphar.2021.772237
http://doi.org/10.18632/oncotarget.20797
http://doi.org/10.3390/ijerph19031870
http://doi.org/10.1186/s13018-020-01902-4
http://doi.org/10.5582/irdr.2019.01064
http://doi.org/10.1007/s10354-020-00741-6
http://doi.org/10.1002/ajmg.a.31084
http://doi.org/10.1097/BRS.0000000000003127
http://www.ncbi.nlm.nih.gov/pubmed/31232979
http://doi.org/10.1007/s00264-018-4106-5
http://www.ncbi.nlm.nih.gov/pubmed/30116867
http://doi.org/10.1051/sicotj/2017061
http://www.ncbi.nlm.nih.gov/pubmed/29547116
http://doi.org/10.1007/s00586-017-5451-6
http://doi.org/10.14336/ad.2017.0201
http://doi.org/10.7150/thno.44309
http://doi.org/10.1016/j.jos.2016.04.009
http://doi.org/10.1186/s13018-018-1022-8


Int. J. Mol. Sci. 2022, 23, 13479 15 of 17

29. Fujimori, T.; Le, H.; Hu, S.S.; Chin, C.; Pekmezci, M.; Schairer, W.; Tay, B.K.; Hamasaki, T.; Yoshikawa, H.; Iwasaki, M. Ossification
of the posterior longitudinal ligament of the cervical spine in 3161 patients: A CT-based study. Spine 2015, 40, E394–E403.
[CrossRef]

30. Chen, G.; Deng, C.; Li, Y.P. TGF-β and BMP signaling in osteoblast differentiation and bone formation. Int. J. Biol. Sci. 2012, 8,
272–288. [CrossRef]

31. Islam, M.J.; Parves, M.R.; Mahmud, S.; Tithi, F.A.; Reza, M.A. Assessment of structurally and functionally high-risk nsSNPs
impacts on human bone morphogenetic protein receptor type IA (BMPR1A) by computational approach. Comput. Biol. Chem.
2019, 80, 31–45. [CrossRef] [PubMed]

32. Kim, J.K.; Ryu, H.S.; Moon, B.J.; Lee, J.K. Clinical Outcomes and Prognostic Factors in Patients with Myelopathy Caused by
Thoracic Ossification of the Ligamentum Flavum. Neurospine 2018, 15, 269–276. [CrossRef] [PubMed]

33. Hedayati, S.; Parvaneh Tafreshi, A.; Moradi, N.; Zeynali, B. Inhibition of transforming growth factor-β signaling pathway
enhances the osteogenic differentiation of unrestricted somatic stem cells. J. Cell. Biochem. 2018, 119, 9327–9333. [CrossRef]
[PubMed]

34. Nam, D.C.; Lee, H.J.; Lee, C.J.; Hwang, S.C. Molecular Pathophysiology of Ossification of the Posterior Longitudinal Ligament
(OPLL). Biomol. Ther. 2019, 27, 342–348. [CrossRef]

35. Thielen, N.; Kraan, P.; Caam, A. TGFβ/BMP Signaling Pathway in Cartilage Homeostasis. Cells 2019, 8, 969. [CrossRef]
36. McMahon, J.A.; Takada, S.; Zimmerman, L.B.; Fan, C.M.; Harland, R.M.; McMahon, A.P. Noggin-mediated antagonism of BMP

signaling is required for growth and patterning of the neural tube and somite. Genes Dev. 1998, 12, 1438–1452. [CrossRef]
37. Han, I.; Ropper, A.; Jeon, Y.; Park, H.; Shin, D.; Teng, Y.; Kuh, S.; Kim, N. Association of transforming growth factor-beta 1 gene

polymorphism with genetic susceptibility to ossification of the posterior longitudinal ligament in Korean patients. Genet. Mol. Res.
2013, 12, 4807–4816. [CrossRef]

38. Tetreault, L.; Nakashima, H.; Kato, S.; Kryshtalskyj, M.; Nagoshi, N.; Nouri, A.; Singh, A.; Fehlings, M.G. A Systematic Review of
Classification Systems for Cervical Ossification of the Posterior Longitudinal Ligament. Glob. Spine J. 2019, 9, 85–103. [CrossRef]

39. Umesawa, M.; Uchiyama, K.; Taneichi, H.; Kobashi, G. Risk Factors for Ossification of Posterior Longitudinal Ligament. In
Epidemiological Studies of Specified Rare and Intractable Disease; Washio, M., Kobashi, G., Eds.; Springer: Singapore, 2019; pp. 15–31.

40. Xu, C.; Zhang, H.; Gu, W.; Wu, H.; Chen, Y.; Zhou, W.; Sun, B.; Shen, X.; Zhang, Z.; Wang, Y.; et al. The microRNA-10a/ID3/RUNX2
axis modulates the development of Ossification of Posterior Longitudinal Ligament. Sci. Rep. 2018, 8, 9225. [CrossRef]

41. Tsuru, M.; Ono, A.; Umeyama, H.; Takeuchi, M.; Nagata, K. Ubiquitin-dependent proteolysis of CXCL7 leads to posterior
longitudinal ligament ossification. PLoS ONE 2018, 13, e0196204. [CrossRef]

42. Li, H.; Liu, D.; Zhao, C.Q.; Jiang, L.S.; Dai, L.Y. Insulin potentiates the proliferation and bone morphogenetic protein-2-induced
osteogenic differentiation of rat spinal ligament cells via extracellular signal-regulated kinase and phosphatidylinositol 3-kinase.
Spine 2008, 33, 2394–2402. [CrossRef] [PubMed]

43. Kim, Y.U.; Park, J.Y.; Kim, D.H.; Karm, M.H.; Lee, J.Y.; Yoo, J.I.; Chon, S.W.; Suh, J.H. The Role of the Ligamentum Flavum Area as
a Morphological Parameter of Lumbar Central Spinal Stenosis. Pain Physician 2017, 20, E419.

44. Viejo-Fuertes, D.; Liguoro, D.; Rivel, J.; Midy, D.; Guerin, J. Morphologic and histologic study of the ligamentum flavum in the
thoraco-lumbar region. Surg. Radiol. Anat. 1998, 20, 171–176. [CrossRef] [PubMed]

45. Zhang, B.; Chen, G.; Yang, X.; Fan, T.; Chen, X.; Chen, Z. Dysregulation of MicroRNAs in Hypertrophy and Ossification of
Ligamentum Flavum: New Advances, Challenges, and Potential Directions. Front. Genet. 2021, 12, 641575. [CrossRef] [PubMed]

46. Zhai, J.; Guo, S.; Li, J.; Chen, B.; Zhao, Y. Progression of Spinal Ligament Ossification in Patients with Thoracic Myelopathy.
Orthop. Surg. 2022, 14, 1958–1963. [CrossRef] [PubMed]

47. Okada, K.; Oka, S.; Tohge, K.; Ono, K.; Yonenobu, K.; Hosoya, T. Thoracic myelopathy caused by ossification of the ligamentum
flavum. Clinicopathologic study and surgical treatment. Spine 1991, 16, 280–287. [CrossRef]

48. Wáng, Y.X.; Wáng, J.Q.; Káplár, Z. Increased low back pain prevalence in females than in males after menopause age: Evidences
based on synthetic literature review. Quant. Imaging Med. Surg. 2016, 6, 199–206. [CrossRef]

49. Moon, B.J.; Kuh, S.U.; Kim, S.; Kim, K.S.; Cho, Y.E.; Chin, D.K. Prevalence, Distribution, and Significance of Incidental Thoracic
Ossification of the Ligamentum Flavum in Korean Patients with Back or Leg Pain: MR-Based Cross Sectional Study. J. Korean
Neurosurg. Soc. 2015, 58, 112–118. [CrossRef]

50. Sugimoto, K.; Nakamura, T.; Tokunaga, T.; Uehara, Y.; Okada, T.; Taniwaki, T.; Fujimoto, T.; Mizuta, H. Matrix metalloproteinase
promotes elastic fiber degradation in ligamentum flavum degeneration. PLoS ONE 2018, 13, e0200872. [CrossRef]

51. Park, J.-B.; Chang, H.; Lee, J.-K. Quantitative Analysis of Transforming Growth Factor-Beta 1 in Ligamentum Flavum of Lumbar
Spinal Stenosis and Disc Herniation. Spine 2001, 26, E492–E495. [CrossRef]

52. Chuang, H.C.; Tsai, K.L.; Tsai, K.J.; Tu, T.Y.; Shyong, Y.J.; Jou, I.M.; Hsu, C.C.; Shih, S.S.; Liu, Y.F.; Lin, C.L. Oxidative stress
mediates age-related hypertrophy of ligamentum flavum by inducing inflammation, fibrosis, and apoptosis through activating
Akt and MAPK pathways. Aging 2020, 12, 24168–24183. [CrossRef] [PubMed]

53. Leivonen, S.-K.; Lazaridis, K.; Decock, J.; Chantry, A.; Edwards, D.R.; Kähäri, V.-M. TGF-β-Elicited Induction of Tissue Inhibitor
of Metalloproteinases (TIMP)-3 Expression in Fibroblasts Involves Complex Interplay between Smad3, p38α, and ERK1/2.
PLoS ONE 2013, 8, e57474. [CrossRef] [PubMed]

http://doi.org/10.1097/BRS.0000000000000791
http://doi.org/10.7150/ijbs.2929
http://doi.org/10.1016/j.compbiolchem.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/30884445
http://doi.org/10.14245/ns.1836128.064
http://www.ncbi.nlm.nih.gov/pubmed/30185766
http://doi.org/10.1002/jcb.27209
http://www.ncbi.nlm.nih.gov/pubmed/30074269
http://doi.org/10.4062/biomolther.2019.043
http://doi.org/10.3390/cells8090969
http://doi.org/10.1101/gad.12.10.1438
http://doi.org/10.4238/2013.February.28.26
http://doi.org/10.1177/2192568217720421
http://doi.org/10.1038/s41598-018-27514-x
http://doi.org/10.1371/journal.pone.0196204
http://doi.org/10.1097/BRS.0b013e3181838fe5
http://www.ncbi.nlm.nih.gov/pubmed/18923314
http://doi.org/10.1007/BF01628891
http://www.ncbi.nlm.nih.gov/pubmed/9706675
http://doi.org/10.3389/fgene.2021.641575
http://www.ncbi.nlm.nih.gov/pubmed/33912216
http://doi.org/10.1111/os.13291
http://www.ncbi.nlm.nih.gov/pubmed/35837729
http://doi.org/10.1097/00007632-199103000-00005
http://doi.org/10.21037/qims.2016.04.06
http://doi.org/10.3340/jkns.2015.58.2.112
http://doi.org/10.1371/journal.pone.0200872
http://doi.org/10.1097/00007632-200111010-00007
http://doi.org/10.18632/aging.104105
http://www.ncbi.nlm.nih.gov/pubmed/33223505
http://doi.org/10.1371/journal.pone.0057474
http://www.ncbi.nlm.nih.gov/pubmed/23468994


Int. J. Mol. Sci. 2022, 23, 13479 16 of 17

54. Zhong, Z.-M.; Zha, D.-S.; Xiao, W.-D.; Wu, S.-H.; Wu, Q.; Zhang, Y.; Liu, F.-Q.; Chen, J.-T. Hypertrophy of ligamentum flavum
in lumbar spine stenosis associated with the increased expression of connective tissue growth factor. J. Orthop. Res. 2011, 29,
1592–1597. [CrossRef]

55. Specchia, N.; Pagnotta, A.; Gigante, A.; Logroscino, G.; Toesca, A. Characterization of cultured human ligamentum flavum cells
in lumbar spine stenosis. J. Orthop. Res. 2001, 19, 294–300. [CrossRef]

56. Johansson, N.; Saarialho-Kere, U.; Airola, K.; Herva, R.; Nissinen, L.; Westermarck, J.; Vuorio, E.; Heino, J.; Kähäri, V.M.
Collagenase-3 (MMP-13) is expressed by hypertrophic chondrocytes, periosteal cells, and osteoblasts during human fetal bone
development. Dev. Dyn. 1997, 208, 387–397. [CrossRef]

57. Kosaka, H.; Sairyo, K.; Biyani, A.; Leaman, D.; Yeasting, R.; Higashino, K.; Sakai, T.; Katoh, S.; Sano, T.; Goel, V.K.; et al.
Pathomechanism of loss of elasticity and hypertrophy of lumbar ligamentum flavum in elderly patients with lumbar spinal canal
stenosis. Spine 2007, 32, 2805–2811. [CrossRef] [PubMed]

58. Frangogiannis, N.G. Transforming growth factor–β in tissue fibrosis. J. Exp. Med. 2020, 217, e20190103. [CrossRef] [PubMed]
59. Yang, R.; Jia, Q.; Liu, X.F.; Ma, S.F. Effect of genistein on myocardial fibrosis in diabetic rats and its mechanism. Mol. Med. Rep.

2018, 17, 2929–2936. [CrossRef]
60. Zhai, X.X.; Tang, Z.M.; Ding, J.C.; Lu, X.L. Expression of TGF-β1/mTOR signaling pathway in pathological scar fibroblasts.

Mol. Med. Rep. 2017, 15, 3467–3472. [CrossRef]
61. Rozhkov, D.; Zinovyeva, O.; Barinov, A.; Nosovsky, A. Facet joint osteoarthritis as a cause of chronic low back pain.

Neurol. Neuropsychiatry Psychosom. 2020, 11, 176–181. [CrossRef]
62. Chazen, J.L.; Leeman, K.; Singh, J.R.; Schweitzer, A. Percutaneous CT-guided facet joint synovial cyst rupture: Success with

refractory cases and technical considerations. Clin. Imaging 2018, 49, 7–11. [CrossRef] [PubMed]
63. Ahmad, N.; Ansari, M.Y.; Haqqi, T.M. Role of iNOS in osteoarthritis: Pathological and therapeutic aspects. J. Cell. Physiol. 2020,

235, 6366–6376. [CrossRef] [PubMed]
64. Rong, X.; Liu, Z.; Wang, B.; Pan, X.; Liu, H. Relationship between facet tropism and facet joint degeneration in the sub-axial

cervical spine. BMC Musculoskelet. Disord. 2017, 18, 86. [CrossRef] [PubMed]
65. Ko, S.; Vaccaro, A.R.; Lee, S.; Lee, J.; Chang, H. The prevalence of lumbar spine facet joint osteoarthritis and its association with

low back pain in selected Korean populations. Clin. Orthop. Surg. 2014, 6, 385–391. [CrossRef] [PubMed]
66. Walton, K.L.; Johnson, K.E.; Harrison, C.A. Targeting TGF-β Mediated SMAD Signaling for the Prevention of Fibrosis.

Front. Pharmacol. 2017, 8, 461. [CrossRef] [PubMed]
67. van der Kraan, P.M. The changing role of TGFβ in healthy, ageing and osteoarthritic joints. Nat. Rev. Rheumatol. 2017, 13, 155–163.

[CrossRef]
68. Zhen, G.; Wen, C.; Jia, X.; Li, Y.; Crane, J.L.; Mears, S.C.; Askin, F.B.; Frassica, F.J.; Chang, W.; Yao, J.; et al. Inhibition of TGF-β

signaling in mesenchymal stem cells of subchondral bone attenuates osteoarthritis. Nat. Med. 2013, 19, 704–712. [CrossRef]
69. Grafe, I.; Alexander, S.; Peterson, J.R.; Snider, T.N.; Levi, B.; Lee, B.; Mishina, Y. TGF-β Family Signaling in Mesenchymal

Differentiation. Cold Spring Harb. Perspect. Biol. 2018, 10, a022202. [CrossRef]
70. MacFarlane, E.G.; Haupt, J.; Dietz, H.C.; Shore, E.M. TGF-β Family Signaling in Connective Tissue and Skeletal Diseases.

Cold Spring Harb. Perspect. Biol. 2017, 9, a022269. [CrossRef]
71. Wang, J.; Wang, Y.; Zhang, H.; Gao, W.; Lu, M.; Liu, W.; Li, Y.; Yin, Z. Forkhead box C1 promotes the pathology of osteoarthritis

by upregulating β-catenin in synovial fibroblasts. FEBS J. 2020, 287, 3065–3087. [CrossRef]
72. Stamos, J.L.; Weis, W.I. The β-catenin destruction complex. Cold Spring Harb. Perspect. Biol. 2013, 5, a007898. [CrossRef] [PubMed]
73. Chen, C.; Xu, Y. Long noncoding RNA LINC00671 exacerbates osteoarthritis by promoting ONECUT2-mediated Smurf2

expression and extracellular matrix degradation. Int. Immunopharmacol. 2021, 90, 106846. [CrossRef] [PubMed]
74. Hurley, R.W.; Adams, M.C.B.; Barad, M.; Bhaskar, A.; Bhatia, A.; Chadwick, A.; Deer, T.R.; Hah, J.; Hooten, W.M.;

Kissoon, N.R.; et al. Consensus practice guidelines on interventions for cervical spine (facet) joint pain from a multispecialty
international working group. Pain Med. 2021, 22, 2443–2524. [CrossRef] [PubMed]

75. Hanaei, S.; Abdollahzade, S.; Sadr, M.; Fattahi, E.; Mirbolouk, M.H.; Khoshnevisan, A.; Rezaei, N. Lack of association between
COL1A1 and COL9A2 single nucleotide polymorphisms and intervertebral disc degeneration. Br. J. Neurosurg. 2021, 35, 77–79.
[CrossRef] [PubMed]

76. Byvaltsev, V.A.; Kolesnikov, S.I.; Belykh, E.G.; Stepanov, I.A.; Kalinin, A.A.; Bardonova, L.A.; Sudakov, N.P.; Klimenkov, I.V.;
Nikiforov, S.B.; Semenov, A.V.; et al. Complex Analysis of Diffusion Transport and Microstructure of an Intervertebral Disk.
Bull. Exp. Biol. Med. 2017, 164, 223–228. [CrossRef]

77. Shalash, W.; Ahrens, S.R.; Bardonova, L.A.; Byvaltsev, V.A.; Giers, M.B. Patient-specific apparent diffusion maps used to model
nutrient availability in degenerated intervertebral discs. JOR Spine 2021, 4, e1179. [CrossRef]

78. De Cicco, F.; Camino Willhuber, G. Nucleus Pulposus Herniation. Available online: https://www.ncbi.nlm.nih.gov/books/
NBK542307/ (accessed on 30 October 2022).

79. Dydyk, A.; Ngnitewe Massa, R.; Mesfin, F. Disc Herniation. Available online: https://www.ncbi.nlm.nih.gov/books/NBK441822/
(accessed on 30 October 2022).

80. Zhu, Z.; Chen, G.; Jiao, W.; Wang, D.; Cao, Y.; Zhang, Q.; Wang, J. Identification of critical genes in nucleus pulposus cells isolated
from degenerated intervertebral discs using bioinformatics analysis. Mol. Med. Rep. 2017, 16, 553–564. [CrossRef]

http://doi.org/10.1002/jor.21431
http://doi.org/10.1016/S0736-0266(00)00026-7
http://doi.org/10.1002/(SICI)1097-0177(199703)208:3&lt;387::AID-AJA9&gt;3.0.CO;2-E
http://doi.org/10.1097/BRS.0b013e31815b650f
http://www.ncbi.nlm.nih.gov/pubmed/18246001
http://doi.org/10.1084/jem.20190103
http://www.ncbi.nlm.nih.gov/pubmed/32997468
http://doi.org/10.3892/mmr.2017.8268
http://doi.org/10.3892/mmr.2017.6437
http://doi.org/10.14412/2074-2711-2019-4-176-181
http://doi.org/10.1016/j.clinimag.2017.10.013
http://www.ncbi.nlm.nih.gov/pubmed/29120814
http://doi.org/10.1002/jcp.29607
http://www.ncbi.nlm.nih.gov/pubmed/32017079
http://doi.org/10.1186/s12891-017-1448-x
http://www.ncbi.nlm.nih.gov/pubmed/28219354
http://doi.org/10.4055/cios.2014.6.4.385
http://www.ncbi.nlm.nih.gov/pubmed/25436061
http://doi.org/10.3389/fphar.2017.00461
http://www.ncbi.nlm.nih.gov/pubmed/28769795
http://doi.org/10.1038/nrrheum.2016.219
http://doi.org/10.1038/nm.3143
http://doi.org/10.1101/cshperspect.a022202
http://doi.org/10.1101/cshperspect.a022269
http://doi.org/10.1111/febs.15178
http://doi.org/10.1101/cshperspect.a007898
http://www.ncbi.nlm.nih.gov/pubmed/23169527
http://doi.org/10.1016/j.intimp.2020.106846
http://www.ncbi.nlm.nih.gov/pubmed/33168412
http://doi.org/10.1093/pm/pnab281
http://www.ncbi.nlm.nih.gov/pubmed/34788462
http://doi.org/10.1080/02688697.2020.1765971
http://www.ncbi.nlm.nih.gov/pubmed/32419506
http://doi.org/10.1007/s10517-017-3963-z
http://doi.org/10.1002/jsp2.1179
https://www.ncbi.nlm.nih.gov/books/NBK542307/
https://www.ncbi.nlm.nih.gov/books/NBK542307/
https://www.ncbi.nlm.nih.gov/books/NBK441822/
http://doi.org/10.3892/mmr.2017.6662


Int. J. Mol. Sci. 2022, 23, 13479 17 of 17

81. Marcolongo, M.; Sarkar, S.; Ganesh, N. 7.11 Trends in Materials for Spine Surgery. In Comprehensive Biomaterials II;
Ducheyne, P., Ed.; Elsevier: Oxford, UK, 2017; pp. 175–198.

82. Feng, Y.; Egan, B.; Wang, J. Genetic Factors in Intervertebral Disc Degeneration. Genes Dis. 2016, 3, 178–185. [CrossRef]
83. Moradifard, S.; Hoseinbeyki, M.; Emam, M.M.; Parchiniparchin, F.; Ebrahimi-Rad, M. Association of the Sp1 binding site and -1997

promoter variations in COL1A1 with osteoporosis risk: The application of meta-analysis and bioinformatics approaches offers a
new perspective for future research. Mutat. Res./Rev. Mutat. Res. 2020, 786, 108339. [CrossRef]

84. Jin, H.; van’t Hof, R.J.; Albagha, O.M.E.; Ralston, S.H. Promoter and intron 1 polymorphisms of COL1A1 interact to regulate
transcription and susceptibility to osteoporosis. Hum. Mol. Genet. 2009, 18, 2729–2738. [CrossRef]

85. Theodore, N.; Ahmed, A.K.; Fulton, T.; Mousses, S.; Yoo, C.; Goodwin, C.R.; Danielson, J.; Sciubba, D.M.; Giers, M.B.; Kalani,
M.Y.S. Genetic Predisposition to Symptomatic Lumbar Disk Herniation in Pediatric and Young Adult Patients. Spine 2019, 44,
E640–E649. [CrossRef] [PubMed]

86. Kachonkittisak, K.; Kunakornsawat, S.; Pluemvitayaporn, T.; Piyaskulkaew, C.; Pruttikul, P.; Kittithamvongs, P. Congenital Spinal
Canal Stenosis with Ossification of the Ligamentum Flavum in an Achondroplastic Patient: A Case Report and Literature Review.
Asian J. Neurosurg. 2019, 14, 1231–1235. [CrossRef] [PubMed]

87. Chang, I.J.; Sun, A.; Bouchard, M.L.; Kamps, S.E.; Hale, S.; Done, S.; Goldberg, M.J.; Glass, I.A. Novel phenotype of achondroplasia
due to biallelic FGFR3 pathogenic variants. Am. J. Med. Genet. Part A 2018, 176, 1675–1679. [CrossRef] [PubMed]

88. Beery, T.A.; Workman, M.L.; Eggert, J.A. Genetics and Genomics in Nursing and Health Care; F.A. Davis Company: Philadelphia, PA,
USA, 2018.

89. Moore, K.L.; Persaud, T.V.N.; Torchia, M.G. The Developing Human E-Book: Clinically Oriented Embryology; Elsevier Health Sciences:
Amsterdam, The Netherlands, 2015.

90. Chen, J.; Yu, C.; Zhao, Y.; Niu, Y.; Zhang, L.; Yu, Y.; Wu, J.; He, J. A novel non-invasive detection method for the FGFR3
gene mutation in maternal plasma for a fetal achondroplasia diagnosis based on signal amplification by hemin-MOFs/PtNPs.
Biosens. Bioelectron. 2017, 91, 892–899. [CrossRef] [PubMed]

91. Unger, S.; Bonafé, L.; Gouze, E. Current Care and Investigational Therapies in Achondroplasia. Curr. Osteoporos. Rep. 2017, 15,
53–60. [CrossRef] [PubMed]

92. Liu, Y.; Xu, H.; An, M. mTORC1 regulates apoptosis and cell proliferation in pterygium via targeting autophagy and FGFR3.
Sci. Rep. 2017, 7, 7339. [CrossRef]

93. Ornitz, D.M.; Legeai-Mallet, L. Achondroplasia: Development, pathogenesis, and therapy. Dev. Dyn. 2017, 246, 291–309.
[CrossRef]

94. Pauli, R.M. Achondroplasia: A comprehensive clinical review. Orphanet J. Rare Dis. 2019, 14, 1. [CrossRef]
95. Mellis, R.; Chandler, N.; Jenkins, L.; Chitty, L.S. The role of sonographic phenotyping in delivering an efficient noninvasive

prenatal diagnosis service for FGFR3-related skeletal dysplasias. Prenat. Diagn. 2020, 40, 785–791. [CrossRef]
96. Ornitz, D.M.; Marie, P.J. Fibroblast growth factors in skeletal development. Curr. Top. Dev. Biol. 2019, 133, 195–234. [CrossRef]
97. Ajmal, M.; Mir, A.; Shoaib, M.; Malik, S.A.; Nasir, M. Identification and in silico characterization of p.G380R substitution in FGFR3,

associated with achondroplasia in a non-consanguineous Pakistani family. Diagn. Pathol. 2017, 12, 47. [CrossRef] [PubMed]
98. Meyer, A.N.; Modaff, P.; Wang, C.G.; Wohler, E.; Sobreira, N.L.; Donoghue, D.J.; Pauli, R.M. Typical achondroplasia secondary

to a unique insertional variant of FGFR3 with in vitro demonstration of its effect on FGFR3 function. Am. J. Med. Genet. Part A
2021, 185, 798–805. [CrossRef] [PubMed]

99. Friez, M.J.; Wilson, J.A. Novel FGFR3 mutations in exon 7 and implications for expanded screening of achondroplasia and
hypochondroplasia: A response to Heuertz, et al. Eur. J. Hum. Genet. 2008, 16, 277–278. [CrossRef] [PubMed]

100. Legeai-Mallet, L.; Savarirayan, R. Novel therapeutic approaches for the treatment of achondroplasia. Bone 2020, 141, 115579.
[CrossRef]

101. Cheung, J.P.Y.; Kao, P.Y.P.; Sham, P.; Cheah, K.S.E.; Chan, D.; Cheung, K.M.C.; Samartzis, D. Etiology of developmental spinal
stenosis: A genome-wide association study. J. Orthop. Res. 2018, 36, 1262–1268. [CrossRef]

102. Jiang, H.; Moro, A.; Liu, Y.; Wang, J.; Meng, D.; Zhan, X.; Wei, Q. Two GWAS-identified variants are associated with lumbar spinal
stenosis and Gasdermin-C expression in Chinese population. Sci. Rep. 2020, 10, 21069. [CrossRef]

103. Lai, M.K.L.; Cheung, P.W.H.; Cheung, J.P.Y. A systematic review of developmental lumbar spinal stenosis. Eur. Spine J. 2020, 29,
2173–2187. [CrossRef]

http://doi.org/10.1016/j.gendis.2016.04.005
http://doi.org/10.1016/j.mrrev.2020.108339
http://doi.org/10.1093/hmg/ddp205
http://doi.org/10.1097/BRS.0000000000002949
http://www.ncbi.nlm.nih.gov/pubmed/30475332
http://doi.org/10.4103/ajns.AJNS_170_19
http://www.ncbi.nlm.nih.gov/pubmed/31903369
http://doi.org/10.1002/ajmg.a.38839
http://www.ncbi.nlm.nih.gov/pubmed/30160829
http://doi.org/10.1016/j.bios.2016.10.067
http://www.ncbi.nlm.nih.gov/pubmed/27836589
http://doi.org/10.1007/s11914-017-0347-2
http://www.ncbi.nlm.nih.gov/pubmed/28224446
http://doi.org/10.1038/s41598-017-07844-y
http://doi.org/10.1002/dvdy.24479
http://doi.org/10.1186/s13023-018-0972-6
http://doi.org/10.1002/pd.5687
http://doi.org/10.1016/bs.ctdb.2018.11.020
http://doi.org/10.1186/s13000-017-0642-3
http://www.ncbi.nlm.nih.gov/pubmed/28679403
http://doi.org/10.1002/ajmg.a.62043
http://www.ncbi.nlm.nih.gov/pubmed/33368972
http://doi.org/10.1038/sj.ejhg.5201931
http://www.ncbi.nlm.nih.gov/pubmed/17895900
http://doi.org/10.1016/j.bone.2020.115579
http://doi.org/10.1002/jor.23746
http://doi.org/10.1038/s41598-020-78249-7
http://doi.org/10.1007/s00586-020-06524-2

	Introduction 
	Methods 
	Results 
	Ossification of the Posterior Longitudinal Ligament 
	Presentation and Epidemiology 
	Physiology and Pathogenesis 
	Genetics and Molecular Mechanisms 
	Other Mechanisms 

	Hypertrophy and Ossification of the Ligamentum Flavum 
	Presentation and Epidemiology 
	Physiology and Pathogenesis 
	Genetics and Molecular Mechanism 
	Clinic 

	Facet Joint Osteoarthritis 
	Presentation and Epidemiology 
	Physiology and Pathogenesis 
	Genetics and Molecular Mechanisms 
	Clinic 

	Intervertebral Disc Herniation 
	Presentation and Epidemiology 
	Physiology 
	Genetics and Molecular Mechanisms 

	Achondroplasia 
	Presentation and Epidemiology 
	Physiology and Pathogenesis 
	Genetics 


	Discussion 
	Conclusions 
	References

