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Adolescent idiopathic scoliosis (AIS) is a 
common complex multifactorial disease and 
one of the most prevalent childhood deformi-
ties worldwide  [1,2]. On average, AIS affects 
4% of the global pediatric population  [3]. It 
represents a serious and chronic health con-
dition affecting individuals all throughout 
their lives. More than 7 million patients in 
the USA are diagnosed with scoliosis (over 
350,000 in Canada). Most are diagnosed 
with scoliosis between the ages of 10 and 
15 years, and one out of every six children 
will have a progressive curve that requires 
active treatment. Due to its persistently 
idiopathic nature, the standard care for AIS 
has not significantly changed in decades. 
Current patients are treated by observation, 
bracing and, as a last resort, spinal-fusion 
surgery. Because of the patients’ discomfort 
and risk, the application of current treat-
ments is delayed until a significant deformity 
or progression is detected. This results in 
suboptimal treatment, significant psycho-
logical sequelae and heavy economic bur-
dens for the families and healthcare systems 
(∼US$2.7 billion in USA annually).

Decoding idiopathic scoliosis: why 
are we not there yet?
Although advancements in genomic tech-
nologies are transforming many aspects of 
how we conduct genetic and genomic studies, 
success thus far has been limited in decipher-
ing complex diseases like AIS and translating 

discoveries to clinical applications for health 
improvement and reduction of economic bur-
dens associated with current treatments. This 
is largely due to apparent genetic heterogene-
ity of AIS, the fact that a limited number of 
patients exhibit a spinal deformity progressing 
to the point of requiring a corrective surgery 
and a lack of consensus about our understand-
ing of the AIS pathophysiology [4–6]. Although 
a genetic basis is acknowledged from familial 
studies, the mode of inheritance appears to 
be heterogeneous. Reports of AIS inheritance 
include autosomal dominant, autosomal 
recessive and multifactorial (reviewed by Gor-
man et al. [7]). The majority of genetic stud-
ies for AIS prior to 2010 are candidate gene 
based, with candidates selected from hypoth-
eses generated by clinical observations. Most 
of these genes remain unconfirmed or have 
mixed published results, depending on the 
design of the study and/or populations tested 
(reviewed by Gorman  et  al.  [5]). Neverthe-
less, clear conceptual gaps exist in our under-
standing of scoliosis pathogenesis that result 
in barriers to move this field forward. Firstly, 
scoliosis is not per se a disease but rather a phe-
notypic trait present and common to several 
medical conditions. Secondly, there is pres-
ently no widely accepted model for AIS that 
could explain scoliosis onset, the multiplicity 
of associated neuroendocrine abnormalities 
or the cause(s) of spinal deformity progres-
sion. While the mechanisms underpinning 
these disturbances are unknown, several lines 
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of evidence suggest that Gi-coupled receptor signaling 
dysfunction could be at the source of these abnormali-
ties  [8]. Thirdly, despite the fact that scoliosis affects 
millions of individuals worldwide, the scoliosis research 
community is very small and too often stratified by 
barely intersecting themes. Furthermore, the general 
view by many clinicians and researchers that AIS is a 
complex and multifactorial disease gives rise to diverse 
hypotheses and opinions regarding its pathophysiology, 
which are rarely challenged or verified.

“We should not be justified in devoting further time 
to opinions, which are not supported by any serious 

experiment.”
– Louis Pasteur (1822–1895)

The promises of the genome-wide 
association study & whole-exome 
sequencing era
Considering the lack of success from AIS hypothesis-
driven genetic studies and the prevalence of the dis-
ease, the application of genome-wide association study 
(GWAS) to AIS was logical, with the expectation that a 
number of modest effect variants associated to predispo-
sition and/or severity would be identified. The first AIS 
GWAS was conducted by Sharma et al. [9] who surveyed 
419 trio-families (affected children and their parents) in 
Utah, to generate a list of 100 significantly associated 
SNPs that were then combined with three independent 
replication studies for a total of 3431 individuals. The 
most significant SNP (rs10510181) had an odds ratio 
(OR): 1.37 (95% CI: 1.20–1.58; p = 8.22 × 10-7). The 
results suggested that CHL1, a member of the L1 gene 
family of neural cell adhesion molecules, might be associ-
ated with susceptibility. The authors then surveyed vari-
ants significantly associated with other genes involved in 
the axon guidance pathway: DSCAM (p = 2.26 × 10-5 
for rs2222973) and CNTNAP2 (p = 6.20 × 10-5 for 
rs11770843) but concluded that larger cohorts are neces-
sary to verify their findings and identify additional sus-
ceptibility loci. Another study using a Han Chinese pop-
ulation did not replicate the association between CHL1 
and AIS [10], suggesting that either the risk is population 
specific or is a type I error. Takahashi et al. [11] used 1376 
Japanese females with AIS and 11,297 female controls to 
demonstrate an association to three variants (combined 
p = 1.24 × 10-19; OR: 1.56) near LBX1, a transcription 
factor required for the development of inhibitory inter-
neurons in the dorsal horn of the spinal cord, as well as 
migration and development of hypaxial muscle precur-
sor cells for limb muscles. The association was indepen-
dently replicated in two Han Chinese populations  [12]. 
Of note, Kou et al. [13] demonstrated a modest associa-
tion (p = 2.25 × 10-10; OR: 1.28) between a variant in 

GPR126 and 1819 Japanese AIS cases (vs 25,939 con-
trols). In summary, these recent GWAS suggest two, 
possibly three, genes that pose a minor risk for AIS 
susceptibility.

Although GWAS have been successful in identifying 
possible risk alleles for complex diseases such as multiple 
sclerosis and autoimmune diseases, for other common 
complex diseases like autism, schizophrenia and inflam-
matory bowel disease, there is evidence implicating rare 
variants in their onsets (reviewed in  [14]). Considering 
the low number of risk alleles associated with AIS, rare 
variants are an important consideration. Rare variants 
are more likely to be mutations with functional conse-
quences and thus are more likely disease causing [15,16]. 
However, there are some important limitations to con-
sider with GWAS and whole-exome sequencing (WES) 
approaches. Indeed, the effectiveness of a study is sub-
ject to several factors such as sample size, OR, allele fre-
quency, threshold of significance and the performance 
of the commercial arrays in diverse populations.

Bench-to-bedside medicine: lessons learned 
from the ScoliScore
In 2010, a first genetic test using 53 SNPs from a saliva 
sample (ScoliScore) was released on the market  [17]. 
Unfortunately, three distinct independent studies 
were unable to replicate the initial findings published 
by Ward  et  al. in 2010  [17]. Indeed, ScoliScore mark-
ers could not predict AIS curve progression in Japanese, 
Han Chinese and French–Canadian populations [18–20]. 
Notwithstanding the initial interest that accompanied 
the launch of ScoliScore, its clinical utility and valid-
ity is increasingly challenged by clinicians due to its 
immediate limitations  [21]. Consistently, it targets only 
symptomatic white Caucasian girls between the ages of 
9 and 13 years, and relies largely on the parameters of 
age and curve magnitude at the time of the test to strat-
ify patients. The argument was raised that one could 
potentially risk-stratify patients on the basis of these two 
clinical parameters alone. Therefore, the ScoliScore is 
not considered a pure genetic test and has limited to no 
value as a screening test, because those that have scolio-
sis already know it. Additionally, many subjects fell into 
an intermediate score range, a value that was useless in 
determining the risk of scoliosis progression.

The clinical utility of any predictive test is the likeli-
hood that its use to manage the disease will significantly 
improve health-related outcomes. Given the clinical 
heterogeneity of idiopathic scoliosis and its multifacto-
rial nature, it is quite unlikely that a genetic test will be 
adopted without robust in-field testing by independent 
groups, using a multicenter protocol among different 
populations. In this clinical scenario, early detection of 
scoliosis is not only critical for successful and less inva-
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sive clinical outcomes, but broadens the range of treat-
ment options (e.g.,  minimally invasive surgeries) and 
increases effectiveness through personalized medicine.

Beyond genomics: the unexplored scoliosis 
frontiers
One of the major challenges in effective treatment of 
various disorders lies in the timing of diagnosis and 
timing of evolution of the disorder per se. Although 
major advances in medicine have been achieved over 
the last few decades, very often targets selected for treat-
ment are based either on pathogenesis or protracted 
evolution of the medical condition; these treatments 
tackle mechanisms distal to the ongoing pathophysi-
ologic process. This claim is true for AIS and a variety 
of diseases including cancer, chronic inflammatory dis-
orders and other rare and complex diseases. Research 
on biomarkers has helped to highlight their potential 
to predict the clinical phenotype, the activity of the 
disease and its severity, remission and relapse phases, 
response to treatment (e.g., bracing) and disease stag-
ing over time. Given the clinical heterogeneity of the 
disease, gender differences (higher prevalence in girls) 
and potential crosstalk with undefined environmental 
factors, more integrated and comprehensive approaches 
are required. It is conceivable that search for specific 
biomarkers or their validation be tied as closely as pos-
sible to specific functional assays. By functional assays, 
we mean deliberate interventions that produce a mea-
surable change in symptomatology, such as controlled 
exercise testing can be used both to measure physio-
logical parameters but also to generate a reproducible 
experimental stimulus. In that context, metabolomics, 
proteomics and transcriptomics approaches could be 
more useful than genomics to reveal biomarkers cor-
related with clear changes in symptomatology through 
such an intervention in a controlled experiment. For 
instance, in AIS patients involved in bracing trial, there 
will be both responders and nonresponders. Indeed, 
the factors underlying brace response remain unknown 
and the mechanisms by which biomechanical cues 
affect cellular functions are poorly understood. The 

combination of different ‘omic’ approaches could con-
tribute to better understand the differential processing 
and interpretation of these signals between affected 
and healthy individuals, which remains a largely 
unexplored frontier.

The future of scoliosis treatment
The future of scoliosis treatment lies in early molecu-
lar diagnosis and biopharmacological treatments of 
the growth abnormalities that lead to spinal curvature. 
Although several genes are known to cause spinal defor-
mities in mice and zebrafish, there has been limited prog-
ress in delineating the molecular basis underlying idio-
pathic scoliosis in humans. Therefore, it is conceivable 
that most of these genes must connect with a common 
downstream pathogenic pathway. The search for such 
a converging mechanism is most likely the key to solve 
the scoliosis enigma. By targeting the causes underlying 
scoliosis development, we are at the brink of unlocking 
the secrets of predicting which child will have a pro-
gressive curve, and more importantly, pave the way for 
the development of pharmacological treatments for the 
scoliosis prevention in at-risk pediatric populations and 
mitigating curve progression in symptomatic children.
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