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Abstract

Background Offspring consistently exhibit similar imaging features as their parents in cases of degenerative lumbar
scoliosis (DLS). Nevertheless, the role of genetic factors in the pathogenesis of DLS remains uncertain.

Methods A prospective analysis was conducted on 35 patients with DLS and their 36 offspring. Genomic DNA was
extracted from 71 blood samples for gene mutation analysis using whole exome sequencin. Various demographic
and imaging parameters were compared.

Results In 11 pedigrees of the 35 family members with DLS, 13 suspected pathogenic genes were identified. Among
the 35 DLS patients, 11/35(31.5%) exhibited susceptibility gene mutations (mutant group), while 24/35(68.5%)

had no pathogenic gene mutations (non-mutant group). AVR was more severe in mutant group than that in
no-mutant group (p <0.05). Among the 36 offspring, 11/36(30.6%) cohorts presented susceptibility genes (mutant
group), 25/36(69.4%) cohorts presented no pathogenic genes (no-mutant group). More cohorts in the mutant

group presented vertebral rotation (72.8%) and scoliosis (45.5%) than those (24%), (12%) in the no-mutant group,
respectively (p <0.05). Among the 36 offspring, 8/36(22.2%) presented scoliosis (study group), they all presented the
same scoliosis orientation and apex vertebrae/disc location to their parents, the other 28/36(77.8%) cohorts without
scoliosis were enrolled as control group, the mutation rate (62.5%) was higher in study group than that (21.4%) in
control group.

Conclusions Genetic influences are significant in the onset of DLS, with affected families showing similar scoliosis
patterns and identical apex vertebrae. Moreover, individuals with genetic mutations tend to have more pronounced
vertebral rotation and at a higher risk of developing scoliosis.
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Introduction

The etiology of degenerative lumbar scoliosis (DLS) is
multifactorial, mainly including genetic predisposition
and environmental factors [1, 2]. Recent studies sug-
gest that specific gene variants are associated with an
increased likelihood of developing spinal deformities,
including scoliosis [3, 4]. These genetic markers serve as
potential indicators for early diagnosis and risk assess-
ment. One of the pivotal genes identified is the GPR126
gene, which is involved in the regulation of intervertebral
disc development, variants in this gene have been shown
to affect the structural integrity of the spine, leading to
increased susceptibility to degeneration and subsequent
curvature [5]. Additionally, the collagen gene COL11A1
is vital for the structural integrity of ligaments and discs,
implicating its role in the development of DLS [6].

The current therapeutic strategies for DLS focus on
symptom management and improving quality of life.
Physical therapy, bracing, and pain management through
medications are commonly employed non-surgical meth-
ods [7]. Theoretically, the development of gene therapy
techniques that can modify the expression of specific
genes associated with scoliosis holds promise for future
treatments [8]. Additionally, nutritional and lifestyle
interventions tailored to an individual’s genetic makeup
could play a significant role in delaying the onset or pro-
gression of the disease. It is also worth considering the
integration of genetic screening in routine clinical prac-
tice to identify at-risk individuals and provide early inter-
vention strategies. It becomes increasingly clear that a
personalized approach, grounded in the genetic profile of
each patient, could revolutionize the standard of care for
those affected by this debilitating condition.

Nevertheless, there is currently a lack of evidence from
family studies, the pathogenic genes understanding of
DLS remains poor. In the current study, we present strat-
egies for whole exome sequencing studies to detect point
mutation, deletion and insertion underlying DLS sus-
ceptibility and aim to explore the effects of mutations in
pathogenic genes.

Materials and methods

Clinical samples

This prospective study was approved by the Institutional
Review Board (IRB) of the Third Hospital of HeBei Medi-
cal University (52022-094-1) in accordance with the Dec-
laration of Helsinki. Before data collection and analysis,
each patient provided informed consent and use of blood
samples has been agreed by all individuals. The Inclusion
criteria included (1) DLS patients with age older than 50
years, (2) The offspring (son or daughter) was =35 years
old, and had lumbar Postero-anterior and lateral X-rays,
(3) The patient and offspring were both enrolled. Exclu-
sion criteria were (1) previous history of lumbar surgery,
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(2) bone tumor, or systemic chronic diseases (ankylosing
spondylitis, rheumatoid arthritis, pyogenic spondylitis,
or tuberculosis, etc.), which may potentially affect para-
vertebral muscle atrophy, (3) patients with missing imag-
ing data or the anatomical identification was difficult to
recognize for radiological measurement. Thirty-five con-
secutive families including 35 DLS patients and their off-
spring (36 cohorts) participated in the study during the
period from June 2022 to December 2023.

X-ray assessment and MRl measurement

Bone structure parameters, including Cobb angle, api-
cal vertebrae location (AVL), apical vertebral translation
(AVT), apical vertebral rotation (AVR) based on Nash-
Moe method [12], lumbar lordosis (LL) and sacral slope
(SS, ) were measured from neutral standing Postero-
anterior and lateral radiographs. The lumbar spine was
examined using a 3.0 T MR scanner. T2-weighted (T2W)
images were obtained with TR/TE times of 3200.00
ms/108.00 ms and a slice thickness of 4 mm. The center
slice of the Images corresponding to the apical vertebral
was chosen for the paraspinal muscle (PM) evaluation.
The cross-sectional areas (CSAs) of the multifidus and
erector spine muscles at apex of main curve were mea-
sured by outlining the fascial boundary of the muscle
using the Image J - win64 software. The fat infiltration
area (FIA) in the total CSA of the muscle was evaluated
using a threshold technique. The fat infiltration rate (FIR)
was calculated as the percentage of FIA to the total CSAs
(Fig. 1). Each data was assessed 3 times, and the average
value was calculated as the final data.

Extraction of DNA and whole exome sequencing (WES)

A blood sample (2 mL) was collected from each subject
in ethylenediaminetetraacetic acid (EDTA) tube for the
genomic DNA extraction. Genomic DNA was extracted
with 250 pL whole blood using DNA isolation kit for
mammalian blood (Magen, D3111, China) and stored at
-20 °C before use. The primers, probes and reaction con-
ditions are available on request. The WES was examined
using next generation sequencing (NGS; MGI, DNBSEQ-
T7) and the number of target genes is 19,500. The length
of the target region is 41,888,254 bp, and the coverage of
the target area is 99.98%. The average depth of target area
is 164.53X, and the mean target coverage (>20X) was
99.7%. All mutation sites were detected and confirmed
using Sanger sequencing (ABI 3730XL).

Statistical analysis

Data were analyzed using Statistical Product and Ser-
vice Solutions software (version 17; SPSS, Chicago, IL).
Three-way Cohen’s Kappa correlation coefficients were
calculated to assess the intra- and interobserver reli-
ability for measuring the radiological data. Continuous
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Fig. 1 The FIA in the total CSA of the muscle was evaluated using a threshold technique

variables were recorded as meantstandard deviation,
and categorical variables were expressed as frequency or
percentages. An independent t test was used to analyze
the difference of continuous variables. An x2 analysis and
Fisher’s exact test were used to examine the differences
among categorical variables. The statistical significance
was set at p<0.05.

Results

All the DNA samples were greater than 10 kb in molec-
ular weight, which confirms intactness of the genome.
Neither DNA degradation nor RNA contamination was
observed (Fig. 2). The whole exome sequencing was
examined for each sample, and mutation point was veri-
fied by Sanger sequencing analysis. In the 35 family, 13
suspected pathogenic genes were discovered in 11 pedi-
grees, which include 11 DLS patients and 11 offspring,
details see Table 1. Some of them are classified in Clin-
Var as missense variants with uncertain significance
(ACAN ¢.6838G>A; FGFR3 c.1106 C>T; COL1A2
¢.2024G>A; FLNB c.2484+5G>A; RYRI1 ¢.12473G>A;
FBN2 ¢.139G>T). Only the variant MAPK7 ¢.886G>A is
classified as pathogenic (no assertion criteria provided).
Other genetic variants including COL5A2 ¢.529G>A;
COL12A1 c.7463 C>A; FLNA c.5425 C>T; ENI1
c.4516 C>T; POC5 ¢.1439 A>G; FBN1 c.4449G > A were
not included in the ClinVar database. Most notably, this
is the first study to our knowledge to report those sus-
ceptibility genes (other genetic variants) and these mis-
sense variants including COL1A2 c¢.2024G>A; FLNB
c.2484+5G>A; RYR1 ¢.12473G>A; FBN2 ¢.139G>T.
For example, the family #3 in Table 1. Exome sequenc-
ing identified a novel heterozygous variant in exon 47 of
the COL12A1 gene: NM_004370.5: ¢.7463 C> A, (p. Ser-
2488Tyr) and the COL12A1 variant (c.7463 C>A) was
confirmed by Sanger sequencing in the proband’s family
(Figs. 3 and 4).

Among the 35 DLS patients, 11/35(31.5%) patients pre-
sented susceptibility genes and enrolled as mutant group,
24/35(68.5%) patients presented no pathogenic genes and
enrolled as no-mutant group. AVR was more severe in
mutant group than that in no-mutant group (X*>=6.258,
p=0.030), there was no significant difference in age, gen-
der, BMI, scoliosis orientation, Cobb angle, vertebrae
number in main curve, AVT, AVL, SS, LL, FIR of paraspi-
nal muscle between mutant and no-mutant group in the
35 DLS patients (Table 3).

Among the 36 offspring, 11/36(30.6%) cohorts pre-
sented candidate-genes and enrolled as mutant group,
25/36(69.4%) cohorts presented no pathogenic genes and
enrolled as no-mutant group. More cohorts in the mutant
group presented AVR (X?=5.719, p=0.017) and scoliosis
(X*=4.946, p=0.026) than those in the no-mutant group.
There was no significant difference in age, gender, BMI
between mutant and no-mutant group in the 36 offspring
(Table 4).

Among the 36 offspring, 8/36(22.2%) presented sco-
liosis based on diagnosis criteria of 10 degrees or above,
these cohorts were enrolled as study group, they all pre-
sented the same scoliosis orientation and apex verte-
brae/disc location with their parents (Table 2; Fig. 5).
The other 28/36(77.8%) cohorts without lumbar coronal
misalignment (Cobb’s angle was smaller than 10 degrees)
were enrolled as control group, the mutation rate was
higher in study group than that in control group, there
was no significant difference in age, gender, BMI, SS, LL
between the two cohorts. (Table 5)

Discussion

It is noteworthy that out of the 35 patients with sco-
liosis 68.5% had normal genes and only 31.5% had gene
mutations, and that AVR was more severe in mutant
cohorts than that in no-mutant cohorts both in DLS
patients and their offspring. Additionally, more scolio-
sis was detected in offspring cohorts with susceptibility
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Fig. 2 DNA samples were greater than 10 kb in molecular weight, which confirms intactness of the genome

genes, they all presented the same scoliosis orientation
and apex vertebrae/disc location with their parents. Our
research delved into the possibility of a genetic predis-
position to the specific scoliosis phenotype, which could
be attributed to the inheritance of pathogenic genes. We
hypothesized that these genes might influence skeletal
development and spinal alignment through pathways that
are not yet fully understood. To explore this hypothesis,
we conducted a comprehensive analysis of the genomic
data from our patient cohorts and denote that variants
such as COL12A1, FLNA, FLNB, FN1, MAPK?7, RYR],
POCS5, FBN1, and FBN2 may exhibit associations with
DLS phenotypes. It is imperative to underscore that the
presence of DLS-associated variants does not establish
causality but rather signifies potential candidate genes
in linkage disequilibrium with the disease. Intriguingly,
these genes were found to be involved in the regulation
of bone morphogenesis, extracellular matrix organiza-
tion, and signaling pathways that have been implicated
in vertebral development. This suggests that mutations
in these genes could disrupt normal spinal development

processes, leading to the manifestation of a similar sco-
liosis phenotype in affected family members.

Collagen Type XII, encoded by the COL12A1 gene, is
integral to the extracellular matrix’s architecture through
its interaction with other matrix macromolecules [9].
This interaction is critical for preserving the structural
integrity of connective tissue. Pathogenic variants in
COL12A1 can perturb these molecular interactions,
leading to compromised assembly of the fibronectin-col-
lagen matrix, which is indispensable for the biomechani-
cal resilience and pliability of spinal tissue [10]. Such
disturbances may induce alterations in the biomechanical
properties of the vertebral column. Cells harboring these
mutations demonstrate aberrant mechanotransduction
signaling, a process essential for cellular adaptation to
mechanical stimuli [11]. This dysregulated signaling is
implicated in the etiology of abnormal spinal curvature
due to the inability to adequately redistribute mechanical
forces, potentially exacerbating the progression of scolio-
sis. Given these insights, we advocate for the incorpora-
tion of COL12A1 mutation screening in clinical settings
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Table 1 13 suspected pathogenic genes that discovered in the 11 pedigrees

Family Gender Variation Gene subregion Mutation type

PT 0G Gene Transcript variant Base Amino acid

1 M M ACAN NM_00136 6838G>A p.Ala2280Thr exon 13 missense

9268.1
FGFR3 NM_00014 c1106 C>T p.Ala369Vval exon 9 missense

25

2 F F COL5A2 NM_0003 €529G>A p.Gly177Arg exon 7 missense
935

COL1A2 NM_0000 c2024G>A p.Arg675His exon 33 missense

894

3 M M COL12A1 NM_00437 c7463 C>A p.Ser2488Tyr exon 47 missense
0.5

4 F F FLNA NM_00111 c.5425C>T p.Arg1809Trp exon 34 missense
0556.2

5 F F FLNB NM_0014 c.2484+5G>A - vs 16 missense
574

6 F F FN1 NM_2124 c4516 C>T p.Leu1506Phe exon 28 missense
824

7 M M MAPK7 NM_002749.4 c.886G>A p.Ala296Thr exon 4 missense

8 M F RYR1# NM_0005 c.12473G>A p.Arg4158His exon 90 missense
403 c10184G>T p.Arg3395Leu exon 67 missense

9 F F POC5 NM_00109 c1439A>G p.GIn480Arg exon 11 missense
92711

10 F FBN1 NM_000138.5 Cc4449G>A p.Gly1483Gly exon 36 Synonymous

11 F FBN2 NM_00199 c139G>T p.Val47Phe exon 1 missense
93

#: the father: c.12473G>A; the daughter: ¢.10184G>T. PT: patent, OG: offspring. M: man, F: female

Father 73yrs
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Fig. 3 The family #3 in Table 1 and family #1 in Table 2. Exome sequencing identified a novel heterozygous variant in exon 47 of the COL12A1 gene:
NM_004370.5: ¢.7463 C> A, (p. Ser2488Tyr) (left) and the COL12A1 variant (c.7463 C>A) was confirmed by Sanger sequencing in the proband’s family

(right)

to preemptively identify individuals predisposed to
DLS. Additionally, the development of pharmacothera-
pies aimed at the molecular derangements observed in
patients with COL12A1 mutations holds promise. Thera-
peutic agents that fortify the extracellular matrix or mod-
ulate mechanotransduction pathways may offer clinical
benefits.

The FLNA and FLNB loci are responsible for the syn-
thesis of filamin A and B, which are integral cytoplas-
mic actin-binding proteins that are pivotal in sustaining

cellular architecture and modulating intracellular signal-
ing cascades [12]. These proteins influence the architec-
tural integrity of the cytoskeleton, cellular adherence, and
the modulation of signaling networks. Mutations within
these genes may perturb these critical processes, poten-
tially altering the biomechanical attributes of the soft
connective tissue within the lumbar spine, thereby con-
tributing to the pathogenesis of scoliotic deviations [13].
Specifically, the resultant aberrant protein may impair the
biomechanical functionality of the intervertebral discs
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Table 2 Demographic and radiographic characteristics in 8 offspring with DLS

Family Age (yr) Gender PEV DEV NOIV Cobb co AVL NMRF
1 oG 49 M L2 L4 3 113 L L3 1
PT 73 M L2 L5 4 19 L L3 1
2 0G 42 F L2 L5 4 164 R L2/3 1
PT 67 F L L5 5 27 R L3 2
3 0G 40 F L1 L4 4 1.1 L L2/3 1
PT 63 M L1 L4 4 15.7 L L2/3 2
4 0G 46 M L1 L4 4 114 L L3 1
PT 70 M L2 L5 4 24.2 L L3 1
5 oG 40 F L1 L4 4 12.1 L L3 0
PT 66 M L1 L5 5 29.6 L L3 2
6 0G 42 M L2 L4 3 17.2 L L3 1
PT 65 F L1 L5 5 427 L L3/4 2
7 0G 44 F L1 L4 4 123 L L2/3 1
PT 69 F L1 L4 4 24.7 L L3 1
8 oG 35 M L2 L5 4 138 L L3/4 1
PT 56 F L1 L5 5 23.8 L L3 2

The offspring cases who had genetic mutations were highlighted in red. PT, patent; OG, offspring; PEV, proximal end vertebra; DEV, distal end vertebra; NOIV, no. of
involved vertebrae; Cobb, cobb’s angle; CO, curve orientation; AVL, apical vertebral level; NMRF, nash and moe rotation profile

Fig. 4 The family #3 in Table 1 and family #1 in Table 2, the father was 73 years old, with scoliosis toward left (Cobb's angle 19 degrees) and apex located
at 13-4 disc (left). The son was 49 years old, with scoliosis toward left (Cobb’s angle 11.9 degrees) and apex located at L3-4 disc (right)

and ligaments, heightening their vulnerability to degen-
eration when subjected to normal physiological loads.
The ensuing degradation of these connective structures
can lead to disproportionate mechanical stress on the
vertebral column, which could amplify spinal curvature,

culminating in scoliosis. The incorporation of genetic
assays for FLNA and FLNB mutations into the diagnostic
algorithm for scoliosis could enable precocious clinical
interventions, potentially decelerating the disease’s pro-
gression. Moreover, longitudinal investigations tracking
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Table 3 Demographic and radiographic characteristics between mutant and no-mutant group in 35 DLS patients

Mutant group Non-mutant group Statistics P
Number 11 24 - -
Age (years) 67.73(4.41) 67.58(6.16) t=0.069 0.945
Gender, M: F (% of F) 4:7(63.6) 9:15(62.5) - 0.626
BMI 27.19(2.79) 2837(3.81) t=-0914 0.367
Scoliosis orientation (L: R) 7/4 18/6 X’=0477 0.490
Cobb angle (°) 17.06(4.83) 18.62 (9.62) t=-0.637 0.529
Vertebrae number in main curve
3 6 8 X2=3630 0.163
4 4 10
5 1 6
AVT (mm) 18.58(6.66) 18.68(10.89) t=-0.029 0977
AVR (Nash-Moe)
| 4 19 X=6.258 0.030
Il 6 4
1l 1 1
AVL
L2-L2/3 3 12 X2=1630 0443
L3 3 5
L3-13/4 5 7
SS () 23.50(9.29) 27.11(11.74) t=-0.896 0377
LL(°) 29.88(15.37) 33.74 (16.35) t=-0.660 0514
FIR (%)
Convex side 19.12 (7.04) 17.64 (7.62) t=0.548 0.587
Concave side 29.93 (8.01) 29.57 (10.84) t=0.097 0.923

L: convex to the left; R: convex to the right

Table 4 Demographic and radiographic characteristics between
mutant and no-mutant group in 36 offspring

Mutant Non-mutant Statistics P-
group group value
Number 11 25 - -
Agel(years) 4291+556 39.96+397 t=1.812 0.619
Gender, M:F (% 38 10:15 X2=0.127 0.722
of F)
BMI 2695+4.26 2647+3.75 t=1.757 0.588
VR (y: n) 83 6:19 X*=5719 0017
Cobb angle
>10° 5 3 X’=4946 0026
<10° 6 22
y:yes; n:no

individuals harboring FLNA and FLNB mutations could
illuminate the etiopathogenic trajectory of DLS and pin-
point opportune junctures for clinical intervention.

The FN1 locus, responsible for the synthesis of fibro-
nectin, is integral to cellular adhesion, proliferation,
motility, and tissue repair processes [14]. Genetic aber-
rations within this locus may disrupt the mechanical
attributes of the lumbar spine’s extracellular matrix, cul-
minating in asymmetric mechanical stress distribution
and ensuing spinal malformation. Prior investigations
have established the prevalence of fibronectin within the
nucleus pulposus of intervertebral discs, underscoring

its necessity for disc integrity [15]. An allelic variation in
EN1 may undermine the structural and functional coher-
ence of the intervertebral disc, potentially instigating or
aggravating degenerative disc disease.

The allelic variation within the MAPK7 gene, which
influences the enzymatic activity of mitogen-activated
protein kinase 7, plays a crucial role in the MAPK sig-
nal transduction cascade [16]. This cascade is involved
in an array of cellular mechanisms such as cell growth,
morphological differentiation, and programmed cell
death. Mutations in the MAPK7 locus may perturb
these integral vertebral processes, potentially precipitat-
ing anomalous spinal curvature formation [17]. Theo-
retically, a polymorphism in MAPK7 could compromise
the viability and function of bone-forming osteoblasts
or bone-resorbing osteoclasts, thereby altering skeletal
homeostasis and possibly exacerbating the development
of scoliosis.

The RYR1 locus is responsible for coding the ryanodine
receptor, an integral transmembrane channel facilitating
the efflux of calcium ions from the sarcoplasmic reticu-
lum within myocytes [18]. Pathogenic variants in this
locus can lead to dysregulation of calcium ionostasis,
potentially impairing myofibrillar contraction dynamics
and sequentially influencing axial skeleton biomechan-
ics [19]. Electrodiagnostic studies, in the form of elec-
tromyography, alongside histopathological examination
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Fig. 5 The family #9 in Table 1 and family #7 in Table 2, the mother was 69 years old, with scoliosis toward left (Cobb's angle 24.7 degrees) and apex
located at L3 (left). The daughter was 44 years old, with scoliosis toward left (Cobb’s angle 12.3 degrees) and apex located at L3 (right)

Table 5 Demographic and radiographic characteristics in 8
offspring with DLS

study control Statistics P
group group
Number 8 28 - -
Age (years) 41251324 4271+£528  t=-0.741 0464
Gender, M:F (% of F)  4:4 (50%) 10:18 (64.3%) X?=0.102 0.749
BMI 2602+379 26.72+466  t=0.387 0.702
SS (%) 3534+836 3330+625 t=0753 0457
LL(°) 474+521 429441027 t=1.176 0.248
Mutation rate 5/8 (62.5%) 6/28 (214%) X?=4946 0.040
Cobb angle (°) of 1944+624 2035+7.13  t=-0329 0.745
the PT
PT: patent

of muscular tissue, can elucidate the pathophysiological
impact of RYR1 aberrations on musculoskeletal function
and their role in the pathogenesis of progressive lumbar
spinal deformities.

The POCS5 gene, known for its involvement in centriole
formation, may influence the integrity of the cytoskeletal
structure within spinal cells, thereby affecting their abil-
ity to maintain proper alignment and resist degenera-
tive forces [20]. Recent studies have suggested that the
aberrant expression of POC5 can lead to altered micro-
tubule dynamics, which, in turn, could compromise the
structural stability of intervertebral cells [21]. This insta-
bility may predispose the spinal column to abnormal

curvature, particularly under the continuous mechanical
stress experienced by the lumbar region. Furthermore,
the presence of the POCS5 variant has been correlated
with an accelerated degeneration of disc tissue, exacer-
bating the propensity for scoliosis development.

The FBN1 gene encodes fibrillin-1, a glycoprotein that
is essential for the formation of elastic fibers within con-
nective tissue [22]. Mutations in this gene have been
associated with Marfan syndrome, which features a
range of skeletal abnormalities. The FBN2 gene, on the
other hand, encodes fibrillin-2, playing a similar, yet dis-
tinct role in the microfibrillar network, primarily during
early development [23]. Further exploration of the patho-
physiology reveals that aberrations in these genes could
disrupt the intricate balance of extracellular matrix pro-
duction and degradation, leading to compromised struc-
tural integrity of the spinal column. This imbalance may
result in the vertebrae becoming susceptible to asymmet-
ric loading and the subsequent development of scoliosis.

In conclusion, our findings emphasize the significance
of genetic factors in the development and progression of
scoliosis. The identification of susceptibility genes and
their associated pathways offers valuable insights into the
etiology of this condition and presents new opportuni-
ties for early diagnosis and intervention. Future research
should focus on the functional characterization of these
genes to unravel the precise mechanisms by which they
contribute to scoliosis pathogenesis. This could lead to
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the development of novel therapeutic approaches that
target the molecular basis of the disease, offering hope
for improved patient outcomes. There were several
potential limitations in this study. First, only Chinese
Han individuals were included in the current study and
Ethnic variation was not covered. Second, the number of
patients included was relatively small, and the study may
be under powered to detect the potential susceptibility
genes that may influenced the DLS, further validation of
large sample clinical data from multiple centers is needed
in the future.
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