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Abstract
Introduction  Adolescent idiopathic scoliosis (AIS) and schizophrenia (SCZ) are two distinct conditions with poorly under-
stood aetiologies that both emerge in otherwise healthy young adolescents. One rare genetic condition associated with both 
phenotypic outcomes is the 22q11.2 deletion (22q11DS). This microdeletion, encompassing 47 genes, occurs in approxi-
mately 1 in 2,148 live births and confers a 20-fold higher risk for both AIS and schizophrenia compared to the general 
population. In the general population (non-22q11DS carriers), AIS and SCZ have also been reported to be related and 
genetic studies suggest the involvement of genetic variants implicated in the central nervous functioning. In this study, our 
objective was to further investigate genetic overlaps between these conditions in the general population. Specifically, we 
aimed to explore the role of genes within the 22q11.2 region, not only in terms of common variants but also their potential 
impact on gene networks and biopathways.
Methods  We used summary statistics from three genome-wide association studies (GWAS): two focused on AIS (n = 11,210), 
and one on schizophrenia (n = 36,989). To explore potential overlaps between the two conditions, we conducted a comparative 
analysis on the significance-based ranked single nucleotide polymorphisms (SNPs) that are associated with both AIS and 
SCZ. Next, we employed in silico analyses to assess gene-networks enrichment for the most significant SNPs and investigate 
the contribution of genes within the 22q11.2 region. Post-hoc analysis was conducted to explore the biological pathways 
correlated with SNPs significantly associated with both AIS and SCZ.
Results  The in silico analyses revealed a significant (adjusted-p < 0.05) genetic overlap between SCZ and both AIS cohorts. 
The top 3% of the most significant SNPs associated with both conditions exhibited a distinct enrichment cluster which is 
unlikely to be a result of chance (p < 3e-04). The gene-networks analyses showed a significant overlap of 26–41% with the 
ones involving genes in the 22q11DS region. However, there was no overlap between SNPs in this region and the most 
significant SNPs identified in the GWAS.
Conclusion  This study revealed compelling evidence that beyond the shared association with 22q11DS as a rare genetic 
variant, AIS and SCZ exhibit common genetic risk variants and an overlap of important genes. The gene networks enriched 
by the most significant SNPs for both conditions also intersect with the ones involving genes in the 22q11DS region. How-
ever, SNPs within this region were not overrepresented among the most significant SNPs from GWAS for both conditions. 
Notably, gene networks linked to the risk for both conditions suggest an involvement of biopathways related to cellular 
signaling and neuronal development.

Keywords  Idiopathic scoliosis · Schizophrenia · 22q11 deletion syndrome · Pleiotropy · GWAS

 *	 Steven de Reuver 
	 s.dereuver-4@umcutrecht.nl

 *	 Elemi J. Breetvelt 
	 Elemi.Breetvelt@sickkids.ca

1	 Department of Orthopedic Surgery, University Medical 
Center Utrecht, P.O. Box 85500, 3508 GA Utrecht, 
The Netherlands

2	 The Centre for Applied Genomics, The Hospital for Sick 
Children, Toronto, ON, Canada

3	 Genetics and Genome Biology Program, Research Institute, 
The Hospital for Sick Children, Toronto, ON, Canada

4	 Department of Psychiatry, The Hospital for Sick Children, 
555 University Avenue, Toronto, ON M5G 1X8, Canada

http://orcid.org/0000-0001-7319-8327
http://crossmark.crossref.org/dialog/?doi=10.1007/s43390-024-00979-9&domain=pdf


414	 Spine Deformity (2025) 13:413–422

Introduction

Idiopathic scoliosis, a prevalent spinal condition, and 
schizophrenia, a severe mental health disorder, both 
affect otherwise healthy young adolescents and can sig-
nificantly impact their quality of life [1, 2]. Despite their 
co-occurrence in the general population, there is a scar-
city of research investigating potential shared risk factors 
or biological pathways between adolescence idiopathic 
scoliosis (AIS) and schizophrenia (SCZ). Both conditions 
are believed to have multifactorial etiology, involving a 
complex genomic architecture with a wide range of genetic 
variations, ranging from extremely rare to common vari-
ants, each with varying effect sizes [1, 3].

Interestingly, the two conditions have a shared genetic 
risk variant known as the 22q11.2 deletion syndrome 
(22q11.2DS) [4]. Despite being classified as a rare genetic 
disorder, 22q11DS is among the most prevalent of rare 
recurrent pathogenic copy-number variants (CNVs), with 
an incidence of 1 in 992 unselected pregnancies and 1 
in 2,148 live births [5–7]. Phenotypic manifestations of 
22q11.2DS are highly variable and can impact multiple 
organ systems [5]. Notably, the syndrome is consist-
ently linked to a substantially elevated risk for AIS, with 
approximately 50% prevalence compared to ~ 3% in the 
general population, as well as a similarly increased risk for 
SCZ at ~ 25%, compared to ~ 1% in the general population. 
This unique association makes 22q11.2DS one of the most 
significant single genetic risk factors for both conditions 
[1, 2, 8, 9].

Previous studies have provided evidence that clinical 
manifestations of 22q11.2DS are truly pleiotropic[10]. The 
implication is that having one condition associated with 
22q11DS does not necessarily increase the risk of devel-
oping another condition associated with the same deletion 
[11, 12] For instance, the early childhood autistic features in 
children with 22q11.2 deletion was reported not to be linked 
to an increased risk of subsequent development of psychotic 
disorders in adults with 22q11DS. Additionally, there are no 
reports suggesting that AIS and SCZ cluster together within 
clinical 22q11.2DS cohorts. However, it is worth noting 
that in a large Swedish general population study, a mod-
est association between the two conditions was found [11]. 
The association could, in part, be attributed to undetected 
22q11.2DS carriers, as scoliosis in 22q11DS carriers is clas-
sified differently in the ICD-10. Also, there may be carriers 
of other (ultra) rare CNVs associated with both conditions, 
as reported by Mulle et al. (2016) [13]. Nonetheless, con-
sidering the rarity of these CNVs, it is improbable that they 
fully account for the observed association between AIS and 
SCZ. Thus, it is possible that the two conditions share other 
(genetic) risk factors, contributing to their association.

While the Swedish population study remains the only 
investigation into the association between AIS and SCZ 
to our knowledge, other studies provide evidence of the 
involvement of the central nervous system (CNS) in the 
etiology of AIS. These studies have explored abnormal 
regional cerebral cortical thickness, different relative brain 
structure volumes and shapes [14–16], as well as CNS func-
tioning, from neurophysiology to proprioception and vestib-
ular functioning [17–19]. Moreover, genetic studies focusing 
on AIS have indicated the involvement of axonal guidance, 
CNS development, and neuro-osseous growth modulators 
in the pathophysiology of the condition [20–22]. Notably, 
some of the genes implicated by genome-wide association 
studies (GWAS) in AIS are also associated with neurodevel-
opmental disorders.

The association between AIS and SCZ in the general 
population, as well as their co-occurrence in the 22q11DS, 
could potentially be influenced by CNS functioning and 
CNS-related genes. To gain a deeper understanding of 
their genomic architecture and shed light on the phenotypic 
impact of the 22q11.2 region, identifying additional genetic 
overlaps between AIS and SCZ is essential. Exploring com-
mon genetic variants would serve as a crucial initial step in 
this direction and may help advance our understanding of 
disease etiologies.

Here, we examined the potential overlap between gene 
networks that are strongly associated with both conditions 
and those involving genes in the 22q11.2 region. Moreover, 
we sought to explore the biopathways that might play a role 
in mitigating the shared risk for both conditions based on 
our findings. It is important to note that this study is explora-
tory in nature, primarily aimed at generating hypotheses for 
future investigation.

Methods

Classical genetic methods like linkage disequilibrium score 
regression (LDSC) and genomic restricted maximum likeli-
hood (GREML) have limitations in determining the overlap 
between two conditions if there is a relatively modest sample 
size and mixed ancestry issues, as is the case in our AIS 
cohorts. Here, we have applied a novel approach to examine 
the genetic overlap between AIS and SCZ using summary 
statistics from GWAS studies.

First, we conducted a significance-based ranking of all 
SNPs, including intergenic, intronic, and exonic SNPs, using 
the -log10 of p-values. Next, we performed in silico analyses 
to assess the overlap of gene networks involving the most 
significant SNPs identified in both GWAS, and those related 
to genes in the 22q11.2 region. Then, we explored the bio-
logical pathways that are associated with the SNPs showing 
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significant association with both conditions. See Fig. 1 for 
a study overview.

Study populations

In this study, we used the GWAS summary datasets of AIS 
and SCZ. The GWAS meta-analysis summary statistics for 
AIS were downloaded from the GWAS catalog database 
(https://​www.​ebi.​ac.​uk/​gwas/​downl​oads/​summa​ry-​stati​
stics). For the discovery dataset, we used the AIS GWAS 
summary result published by Khanshour et al. in 2018, 
(referred to as AIS cohort 1). This dataset includes 7,956 
cases and 88,459 controls (https://​www.​ebi.​ac.​uk/​gwas/​publi​
catio​ns/​30395​268) [23]. For the replication dataset (referred 
to as AIS cohort 2), we obtained another AIS GWAS sum-
mary statistics published by Kou et al., in 2019, consisting 
of 3,254 cases and 63,252 controls (https://​www.​ebi.​ac.​uk/​
gwas/​publi​catio​ns/​31417​091)) [24]. GWAS summary data 
for SCZ was obtained from the Psychiatric Genomics Con-
sortium (PGC; https://​pgc.​unc.​edu/​for-​resea​rchers/​downl​
oad-​resul​ts/). This data was generated by the Schizophrenia 
Working Group of the PGC based on European and Asian 
participants for SCZ (36,989 cases and 113,075 controls). 
Summary demographics of all case–control studies can be 
found in Supplementary Table 1. The detailed sample infor-
mation and genotyping, processing, and analyzing proce-
dures for each GWAS data were described in the original 
publications.

Step1: SNP overlap between AIS and SCZ

In this step, we used a hypothesis-free approach to compare 
all SNPs, aiming to identify SNP overlap that could not be 
explained by random variation, regardless of the statisti-
cal tests used. First, we selected SNPs that were present in 
both AIS 1 and the SCZ cohorts, resulting in 3.35 million 
SNPs. Subsequently, we ranked the SNPs based on their 
significance in both cohorts independently, with the least 

significant SNPs assigned the lowest rank number and the 
most significant SNPs receiving the highest rank number. 
Next, we divided each set of SNPs into 30 evenly spaced 
categories for each condition, ensuring an equal number of 
SNPs in each subset. We then created a cross table using 
these categories, and the null hypothesis of no genetic over-
lap between the two conditions was represented by a random 
distribution of categories/cells.

We used the heatmap function from the R-package “stats” 
to generate a heatmap of the 30 × 30 cross-table, suppressing 
reordering and creating dendrograms. To assess significance, 
we computed z-scores representing the deviance of the SNP 
count from the mean for each cell. We considered z-scores 
below − 4 and above 4 as thresholds for significance, irre-
spective of the underlying distribution, adopting a conserva-
tive approach. Our estimation (see Supplementary Table 1 
for details) suggested that meaningful clustering would 
likely be observed in the right upper quadrant of the 30 × 30 
matrix. To address multiple testing, we applied a Bonferroni 
correction, assuming a normal distribution of the deviance 
from the mean SNP count per cell. We repeated the entire 
procedure for AIS cohort 2, which consisted of 5.90 million 
SNPs. Finally, we conducted a sensitive analysis involving 
20,000 random permutations to estimate the probability of 
observing the same pattern by chance.

Step 2: In silico validation and 22q11.2 region 
analysis

To validate the results obtained in step 1, we conducted an 
in silico gene–gene interaction analysis to determine the 
gene network overlap between AIS and SCZ. This analysis 
focused on the genes associated with the most significant 
SNPs identified in the GWAS of both conditions. To ensure 
consistency and avoid any potential sex biases between the 
disorders, we included only autosomal variants. Addition-
ally, to minimize the inclusion of false positive variants with 

Fig. 1   Methodology flowchart

https://www.ebi.ac.uk/gwas/downloads/summary-statistics
https://www.ebi.ac.uk/gwas/downloads/summary-statistics
https://www.ebi.ac.uk/gwas/publications/30395268
https://www.ebi.ac.uk/gwas/publications/30395268
https://www.ebi.ac.uk/gwas/publications/31417091
https://www.ebi.ac.uk/gwas/publications/31417091
https://pgc.unc.edu/for-researchers/download-results/
https://pgc.unc.edu/for-researchers/download-results/
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a pseudo-protective effect (odds ratio; OR < 1), we retained 
only those with an OR greater than one for further analysis.

We used Web-based ANNOVAR (wANNOVAR; https://​
wanno​var.​wglab.​org/) [25] to annotate the variants, focus-
ing on those within the upstream and downstream regions 
of the genes excluding intronic variants. We selected the top 
100 genes from each GWAS, using one list as a reference 
set and the other as a query set of genes. Interaction scores 
were assigned to genes not present in the reference set using 
GeneMania (http://​www.​genem​ania.​org), while for the genes 
within the reference set, the maximum interaction score was 
assigned [26]. Subsequently, we used GeneMania to expand 
the query set, ranging from 100 to 1000 genes. To perform 
enrichment analysis, we used GSEAPreranked with genes 
ranked by interaction scores as the pre-ranked list and the 
expanded query set as the gene set [27]. GSEAPreranked 
automatically performed multiple test corrections across 
various expanded query sets.

We also investigated whether the potential overlap in gene 
networks between AIS and SCZ is influenced by the overlap 
with genes in the 22q11.2 region. To achieve this, we con-
ducted gene-network analyses between the genes identified 
as top results from GWAS and the 47 genes located within 
the genomic range affected by the 22q11DS.

Step 3: Post‑hoc analyses: Biological and functional 
pathway analysis

Next, we delved into the biological pathways enriched with 
the SNPs found in cells showing the most significant overlap 
between SCZ and AIS (see step 1). By exploring these path-
ways, we aimed to gain insights into how the shared genetic 
variants may influence the vulnerability to both conditions 
at the functional level. For pathway enrichment analysis, we 
used the online portal g:Profiler (https://​biit.​cs.​ut.​ee/​gprof​
iler/​gost). As input, we used the SNP IDs without any pri-
oritizing within the strata. A conservative adjusted p-value 
of 0.00005 was considered as the significance threshold. 
Detailed information about the selected databases for com-
parison can be found in Supplementary Table 1.

To visualize the results, we utilized Cytoscape (v3.9.1) 
along with its plugin, EnrichmentMap (v3.3.4), to cre-
ate a map of enriched biological pathways [28]. In this 
map, nodes represent biological pathway, and edges 
depict relationships between them. The relationships 
were represented using a Jaccard’s index, which quanti-
fies the overlap of genes between the pathways. Only edges 
with a Jaccard’s index of at least 0.35 were displayed to 
highlight significant associations. To reduce the density 
of highly correlated networks, we implemented a step-
down approach to make the network less dense and more 
informative. We ranked the results by their p-values from 
most to least significant. Subsequently, as we traversed 

the list, we discarded similar biological pathways with a 
Jaccard’s index greater than 0.5, retaining the one with the 
lower p-value in the network. This approach allowed us to 
integrate and compare the results from both AIS cohorts 
on the same networks.

Additionally, we compared the biological pathways 
related to gene networks identified by GWAS with those 
connected to the genes in 22q11.2 critical region. To 
achieve this, we extracted a gene subset for each of the 
gene lists (i.e., top GWAS gene list, and the 47 genes in 
the 22q11.2 region) based on a GeneMania score above the 
mean of all GeneMania scores. This subset comprised the 
genes driving enrichment in the GSEAPreranked analysis. 
We defined the overlap between the two conditions and 
between each individual condition and the 22q11.2 gene 
network. Next, we employed g:profiler to obtain a list of 
biologically significant pathways (i.e., p-value < 0.00005) 
for each pair of overlaps, such as SCZ and AIS cohort 
1 overlap versus SCZ and 22q11.2DS overlap. To assess 
the level of overlap, we calculated Jaccard’s index for all 
combinations of gene lists from the GWAS and the gene 
network from the 22q11.2 region. Finally, we examined 
the distribution of SNP types in the most significant cells 
and strata to gain further insights into the genetic varia-
tions associated with the identified overlaps.

Results

1 SNP overlap between AIS and SCZ

By cross comparing the scaled SNP counts per cell between 
conditions (Fig. 2), we discovered that the majority of cells 
display counts close to the mean count. However, there are 
notable cells containing the most significant SNPs for both 
conditions, observed in the extreme upper-right quadrant. 
This pattern was consistent for both AIS1 and AIS2. In the 
comparison between AIS1 and SCZ, two cells stood out with 
z-scores exceeding 4, while in the comparison between AIS2 
and SCZ, four cells displayed z-scores above 4.

Histograms of the corresponding z-scores for the devi-
ance from the mean cell counts showed a normal distribution 
of the deviation from the mean count. Notably, all six cells 
with counts above the threshold displayed z-scores above 
5, further affirming the significance of these observations. 
Next, we applied Bonferroni correction to the p-values for 
each cell. The corrected p-values for the cells showing the 
most overlap were all below 3e-04, reinforcing the robust-
ness of our findings. Furthermore, the sensitivity analy-
sis showed that the likelihood of our observations being 
explained by random chance is exceedingly low, with a 
probability of 1 in 2 million.

https://wannovar.wglab.org/
https://wannovar.wglab.org/
http://www.genemania.org
https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
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2 in silico validation and 22q11.2 region analysis

We conducted a gene–gene interaction analysis using the 
GeneMANIA database, to determine the in-depth interac-
tions of top GWAS hits for each condition. As shown in 
Fig. 3, the results of GeneMANIA revealed a significant 
gene network overlap between the two conditions.

When the SCZ cohort served as the reference, we 
observed a substantial gene network overlap with AIS 2 
cohort (used as the query set). The overlap became signifi-
cant (adjusted p < 0.05) when expanding the list of genes in 
the query set to 300 and beyond (Fig. 3, bottom heatmap). 
In contrast, increasing the number of genes in AIS cohort 1 
did not yield a significant overlap (Fig. 3, middle heatmap). 
This discrepancy in findings between the two AIS cohorts 
may be attributed to the fact that compared to AIS1, the 
AIS 2 cohort processed a higher number of genetic vari-
ants (9,059,064 vs. 3,493,832 SNPs) and explained greater 
variance in the phenotype (4.6% in AIS2 vs. 2.6–2.9% 
in AIS1). Expanding the gene list from top loci in AIS1 
would acquire higher false positives (i.e., acquiring more 
non-associated genes) than AIS2. Using AIS cohorts as the 
reference, extending the list of genes to at least 500 and 
beyond resulted in a significant (p.adjusted p < 0.05) gene 
network overlap between conditions. These findings indicate 
a pronounced shared functional annotation overlap between 
the top GWAS hits of AIS and SCZ, which aligns with the 
findings in part 1.

Interestingly, in the next tier of gene network overlap 
analysis that focused on the genes in the 22q11.2 region, 
a substantial overlap was observed between the 22q11.2-
related networks and AIS cohort 2, as well as with the SCZ 
cohort. However, in the case of AIS cohort 1, the overlap 
only attained statistical significance when the gene list was 

Fig. 2   Heatmaps showing the magnitude of SNP overlap between 
AIS and SCZ. Each cell on the heatmaps represents one of the 30 
genomic ranges created to evenly distribute SNPs into categories/
groups. Since SNPs were ranked by significance, the first category 
(i.e., the first cell) on both X and Y axes represent the least significant 

SNPs, while the 30th cells contain the most significant SNPs. SNPs 
related to SCZ and AIS are presented on X and Y axes, respectively. 
The scaled counts of overlapping SNPs (i.e., zscores) are depicted by 
the gradient of blue colors, where darker blue indicates higher zscores 
(i.e., more SNPs overlap between conditions) 

Fig. 3   Gene network overlap between conditions. The reference data-
set is presented on the Y-axis while the query sets are on the X-axis. 
Each cubic cell on the x-axis represents a sequential increase of 100 
genes in the query set. The magnitude of overlap between the top 100 
genes from the reference dataset with the GeneMania-expanded list 
of genes from the query set is presented as a heatmap. The red color 
indicates the significance (p < 0.05) of overlap
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expanded to include 600 genes. Detailed results from the In-
silico analysis can be found in Supplementary Table 2 and 3.

3 post‑hoc analyses: Biological and functional 
pathway analysis

The biopathway analysis between the top SNPs of AIS and 
SCZ revealed multiple significant overlapping biological 
pathways (Fig. 4). Notably, the most significant pathways are 
closely related and indicate the involvement of early brain 
development mechanisms, as well as cellular and neuron 
signaling. When comparing the results for the AIS 1 and 
AIS 2 cohorts, we observed several different biological path-
ways. However, it is noteworthy that the center of the closely 
related cluster of biological pathways is shared between the 
two analyses. It is intriguing to note that most of the identi-
fied pathways are primarily associated with the brain, and no 
pathways related to immunology were detected.

In Supplementary Table 2 and 3, we present the propor-
tions of SNP types, indicating that, similar to all GWAS, 
a substantial proportion of the SNPs in the cells identified 
in part 1 are located in intergenic and non-coding regions. 
Upon investigating the biological pathways of gene-network 
overlaps between AIS cohort 1 to SCZ, as well as with 
genes in 22q11.2 region, we discovered that the two over-
laps exhibited a 40% shared similarity (Jaccard’s index) in 
biological pathways. Notably, these shared pathways were 
related to synapse, neuron projection, and cell junctions. 
In contrast, the overlaps between AIS cohort 1 and SCZ 
showed a more specific association with system development 
and cell signaling.

Discussion and conclusion

In this study, we investigated the potential genetic overlap 
between AIS and SCZ in the general population, focusing 
on common genetic variants. Through analysis of GWAS 
summary statistic data, we uncovered a significant over-
lap between the SNPs associated with AIS and SCZ. This 
overlap suggests that a portion of the common genetic vari-
ants associated with AIS also play a role in SCZ. In silico 
analyses also confirmed that genes important in AIS and 
SCZ exhibited a greater degree of overlap than what would 
be expected by chance across the entire genome. Moreover, 
only a small number of SNPs in the 22q11.21 region are 
present in cells/categories containing the most significant 
SNPs for both AIS and SCZ (0.017%). This suggests that the 
observed overlap in gene networks is unlikely to be driven 
by common variants in the 22q11.21 region. However, it is 
interesting to observe that the enriched gene networks for 
both AIS and SCZ do overlap with gene networks enriched 
for genes in the 22q11.21 region. Lastly, functional analyses 

revealed that common variants associated with both AIS and 
SCZ, are highly enriched in regulatory and synaptic/neuron 
function pathways.

In addition to the theories discussed in the introduction 
regarding the potential involvement of the central nervous 
system (CNS) in the etiology of AIS, several other concepts 
and theories have been postulated in the literature. For 
instance, associations have been observed between AIS and 
conditions such as low BMI, low leptin levels, and osteo-
penia, but it remains unclear whether these occurrences are 
caused or affected by AIS [20, 21, 29, 30]. The challenge 
lies in the fact that most studies are conducted on patients 
or models with already established scoliosis, making it 
difficult to infer causality. From a biomechanics perspec-
tive, axial rotational instability [31], may also play a role in 
AIS. This instability arises when posteriorly directed shear 
loads are applied to the spine [32], which are specific to the 
unique upright spines of humans [33]. Interestingly, AIS is 
exclusively observed in humans [34]. Recently, a prospec-
tive study showed that the relative size and angulation of 
the posteriorly directed spinal segments contribute to an 
increased risk of scoliosis. Moreover, other biomechanical 
concepts have been proposed to explain scoliosis risk. One 
concept suggests a mismatch between the growth of the ver-
tebral column height and either the spinal cord or the sur-
rounding muscles and tendons. This mismatch may act as a 
tether, leading to the buckling of the spine [35–37]. Another 
theory revolves around asymmetrical loading, resulting in an 
unclear yet significant Hueter–Volkmann effect, leading to 
asymmetric bone growth [38, 39]. Metabolic theories pro-
pose the involvement of platelet calmodulin dysfunction [40] 
and melatonin pathway dysfunction [29, 41]. Additionally, 
central cord tethering leading to lower cerebral tonsils has 
also been implicated as a potential factor in the development 
of AIS.

In our study, we found that the pathways significantly 
enriched in two distinct AIS cohorts predominantly involve 
cell (membrane) processes and signaling. However, these 
pathways also encompassed multiple synaptic and other neu-
ron functioning and development, suggesting the involve-
ment of fundamental cell and neuro-regulatory mechanisms 
in the etiology of AIS.

The primary limitation of this study is the relatively small 
sample size of available GWAS data for AIS, especially for 
AIS1. As we used summary statistics, we were unable to 
combine the two AIS GWAS datasets, potentially impacting 
our ability to detect all relevant genetic associations. This 
might explain the need to expand the number of genes to 
600 for the in silico analyses to detect significant overlap 
between 22q11.21 genes for AIS cohort 1. Additionally, this 
could also shed light on why the comparison between SCZ 
and AIS1 resulted in a smaller effect size and trend-level 
p-values. Despite these limitations, we are confident in the 
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main finding of this study, which is supported by the excep-
tionally low likelihood of obtaining similar results through 
random sampling (Supplementary data 1). It’s worth noting 

that despite the mixed ancestral background in the AIS 
cohorts, we observed a strong consistency in the results for 
both AIS cohorts 1 and 2.

Fig. 4   Biopathways overlap analysis. The biological pathways 
enriched by overlapping genetic variants between SCZ and both AIS 
cohorts are presented. The nodes represent the biopathways and the 
connecting lines indicate different correlations. Functional associa-

tions were investigated using GeneMania. The red and green traced 
depict the AIS 1 and AIS 2 cohorts, respectively. A the significant 
pathways for either AIS cohort, B A zoom-in view of the significant 
pathways for both AIS cohorts. Significance: p < 0.05



420	 Spine Deformity (2025) 13:413–422

In conclusion, this study represents the first report of 
genetic overlap between AIS and SCZ in the general popu-
lation., with a specific focus on common genetic variants. 
Our findings align with previous observations of shared 
rare genetic risk between these conditions while providing 
additional evidence for the presence of shared common risk 
alleles.

This exploratory study generates novel hypotheses con-
cerning the etiopathogenesis of AIS and highlights the 
potential shared genetic risk and genomic architecture of 
both AIS and SCZ. It suggests that subtle alterations in 
neuron and brain development may contribute to the risk 
for AIS, among various multifactorial causes. Furthermore, 
besides 22q11DS, a group of common genetic variants 
appears to be associated with an increased risk for both AIS 
and SCZ. This suggests, the existence of a shared genetic 
risk that encompasses the entire spectrum of genetic vari-
ation, ranging from rare to common variants. An interest-
ing question arises: does this shared genetic risk exert its 
influence through common biological mechanisms shared 
by both conditions, or does it operate more indirectly by 
modifying regulatory elements in the genome?

Another intriguing finding is that while SNPs in the 
22q11.21 region do not fully account for the observed 
genetic overlap at the level of common genetic variants, cer-
tain gene networks enriched with genes carrying this shared 
genetic risk for AIS and SCZ also display an enrichment 
of genes located in the 22q11.21 region. This suggests that 
within these gene networks, some genes may be influenced 
by variations in common genetic variants, which could have 
phenotypic consequences. On the other hand, for other genes 
within the same network, changes in gene dosage may have 
functional effects, similar to what is observed for some genes 
in the 22q11.2 region.

Whether the non-coding SNPs, which are linked to an 
increased risk for both conditions, contribute to a broader 
functional (regulatory) genetic network represents an 
exciting novel hypothesis that requires further explora-
tion. Moreover, the biological pathways enriched by 
SNPs associated with both AIS and SCZ are pathways 
that have been well-conserved throughout evolution. This 
raises questions about why and how these pathways are 
involved in the shared risk for two uniquely human condi-
tions. Unraveling the reasons and mechanisms behind this 
phenomenon may offer valuable insights into the complex 
nature of these disorders and provide a deeper understand-
ing of their shared genetic basis. In addition, the potential 
clinical importance of these findings lies in the possi-
bility of using genetic information to identify individu-
als at increased risk for conditions such as AIS and SCZ 
which would open opportunities for early interventions 
and mitigation of long-term outcomes. In this respect, the 
key challenge is answering the question of why predictive 

properties of genetic risk models for both AIS and schizo-
phrenia are much lower than expected based on the strong 
hereditary component found in family and twin studies. 
The current challenges with achieving clinically useful 
genetic risk prediction metrics do not imply that they will 
never be useful in clinical practice. It simply suggests that 
more fundamental research is required. The complexity of 
the genomic architecture might have been underestimated, 
and other approaches are likely needed. For schizophrenia, 
many initiatives are ongoing to elucidate this complexity, 
like focusing on the impact of a regional excess of low-
frequency variants[42]. The present study, by establish-
ing genetic overlap between AIS and schizophrenia, and 
the possible shared biological pathways, contributes to a 
better understanding of the complex architecture of both 
conditions.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s43390-​024-​00979-9.

Author contributions  SR, WE, NS, MZ, JV, RC, EB: Made substantial 
contributions to the conception or design of the work; or the acquisi-
tion, analysis, or interpretation of data; or the creation of new software 
used in the work. SR, WE, NS, MZ, JV, RC, EB: Drafted the work or 
revised it critically for important intellectual content. SR, WE, NS, 
MZ, JV, RC, EB: Approved the version to be published. SR, WE, NS, 
MZ, JV, RC, EB: Agree to be accountable for all aspects of the work in 
ensuring that questions related to the accuracy or integrity of any part 
of the work are appropriately investigated and resolved.

Funding  This work is funded by the Scoliosis Research Society (SRS) 
and the Fondation Yves Cotrel.

Data availability  Data was publically available, statistical pipelines can 
be requested via contacting the coresponding authors.

Declarations 

Conflict of interest   No potential conflict of interest to report.

Informed consent and ethical approval  All data used for analysis in 
this study were online accessible genetic databases, for their respective 
methods and ethical approvals, please see the original articles through 
the reference section.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

https://doi.org/10.1007/s43390-024-00979-9
http://creativecommons.org/licenses/by/4.0/


421Spine Deformity (2025) 13:413–422	

References

	 1.	 Cheng JC, Castelein RM, Chu WC, Danielsson AJ, Dobbs MB, 
Grivas TB, Gurnett CA, Luk KD, Moreau A, Newton PO, Stokes 
IA, Weinstein SL, Burwell RG (2015) Adolescent idiopathic sco-
liosis. Nat Rev Dis Primers 1:15–30

	 2.	 Fung WLA, Butcher NJ, Costain G, Andrade DM, Boot E, Chow 
EWC, Chung B, Cytrynbaum C, Faghfoury H, Fishman L, García-
Miñaúr S, George S, Lang AE, Repetto G, Shugar A, Silversides 
C, Swillen A, van Amelsvoort T, McDonald-McGinn DM, Bassett 
AS (2015) Practical guidelines for managing adults with 22q11.2 
deletion syndrome. Genet Med 17:599–609. https://​doi.​org/​10.​
1038/​gim.​2014.​175

	 3.	 Gorman KF, Julien C, Moreau A (2012) The genetic epidemiology 
of idiopathic scoliosis. Eur Spine J 21:1905–1919. https://​doi.​org/​
10.​1007/​s00586-​012-​2389-6

	 4.	 Malecki SL, Van Mil S, Graffi J, Breetvelt E, Corral M, Boot E, 
Chow EWC, Sanches M, Verma AA, Bassett AS (2020) A genetic 
model for multimorbidity in young adults. Genet Med 22:132–141

	 5.	 McDonald-McGinn DM, Sullivan KE, Marino B, Philip N, Swil-
len A, Vorstman JAS, Zackai EH, Emanuel BS, Vermeesch JR, 
Morrow BE, Scambler PJ, Bassett AS (2015) 22q11.2 deletion 
syndrome. Nat Rev Dis Prim. https://​doi.​org/​10.​1038/​nrdp.​2015.​
71

	 6.	 Grati FR, Molina Gomes D, Ferreira JCPB, Dupont C, Alesi V, 
Gouas L, Horelli-Kuitunen N, Choy KW, García-Herrero S, de 
la Vega AG, Piotrowski K, Genesio R, Queipo G, Malvestiti B, 
Hervé B, Benzacken B, Novelli A, Vago P, Piippo K, Leung TY, 
Maggi F, Quibel T, Tabet AC, Simoni G, Vialard F (2015) Preva-
lence of recurrent pathogenic microdeletions and microduplica-
tions in over 9500 pregnancies. Prenat Diagn 35:801–809

	 7.	 Blagojevic C, Heung T, Theriault M, Tomita-Mitchell A, 
Chakraborty P, Kernohan K, Bulman DE, Bassett AS (2021) 
Estimate of the contemporary live-birth prevalence of recurrent 
22q11.2 deletions: a cross-sectional analysis from population-
based newborn screening. CMAJ Open 9:E802–E809

	 8.	 Van L, Boot E, Bassett AS (2017) Update on the 22q11.2 deletion 
syndrome and its relevance to schizophrenia. Curr Opin Psychia-
try 30:191–196. https://​doi.​org/​10.​1097/​YCO.​00000​00000​000324

	 9.	 Homans JF, de Reuver S, Breetvelt EJ, Vorstman JAS, Deeney 
VFX, Flynn JM, McDonald-McGinn DM, Kruyt MC, Castelein 
RM (2019) The 22q11.2 deletion syndrome as a model for idi-
opathic scoliosis—A hypothesis. Med Hypotheses 127:57–62

	10.	 Vorstman JAS, Breetvelt EJ, Thode KI, Chow EWC, Bassett 
AS (2013) Expression of autism spectrum and schizophrenia in 
patients with a 22q11.2 deletion. Schizophr Res 143:55–59

	11.	 Fiksinski AM, Breetvelt EJ, Duijff SN, Bassett AS, Kahn RS, 
Vorstman JAS (2017) Autism spectrum and psychosis risk in the 
22q11.2 deletion syndrome. Findings from a prospective longitu-
dinal study. Schizophr Res. 188:59–62. https://​doi.​org/​10.​1016/j.​
schres.​2017.​01.​032

	12.	 Malmqvist M, Tropp H, Lyth J, Wiréhn A-B, Castelein RM (2019) 
Patients with idiopathic scoliosis run an increased risk of schizo-
phrenia. Spine Deformity 7:262–266. https://​doi.​org/​10.​1016/j.​
jspd.​2018.​07.​003

	13.	 Mulle JG, Gambello MJ, Sanchez Russo R, Murphy MM, Burrell 
TL, Klaiman C, White S, Saulnier CA, Walker EF, Cubells JF, 
Shultz S, Li L (1993) 3q29 Recurrent Deletion

	14.	 Wang D, Shi L, Liu S, Hui SCN, Wang Y, Cheng JCY, Chu WCW 
(2013) Altered topological organization of cortical network in 
adolescent girls with idiopathic scoliosis. PLoS ONE 8:e83767. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​00837​67

	15.	 Domenech J, García-Martí G, Martí-Bonmatí L, Barrios C, Tor-
mos JM, Pascual-Leone A (2011) Abnormal activation of the 
motor cortical network in idiopathic scoliosis demonstrated by 

functional MRI. Eur Spine J 20:1069–1078. https://​doi.​org/​10.​
1007/​s00586-​011-​1776-8

	16.	 Liu T, Chu WCW, Young G, Li K, Yeung BHY, Guo L, Man 
GCW, Lam WWM, Wong STC, Cheng JCY (2008) MR analy-
sis of regional brain volume in adolescent idiopathic scoliosis: 
neurological manifestation of a systemic disease. J Magn Reson 
Imaging 27:732–736. https://​doi.​org/​10.​1002/​jmri.​21321

	17.	 Chen Z, Qiu Y, Ma W, Qian B, Zhu Z (2014) Comparison of 
somatosensory evoked potentials between adolescent idiopathic 
scoliosis and congenital scoliosis without neural axis abnormali-
ties. Spine J 14:1095–1098. https://​doi.​org/​10.​1016/j.​spinee.​2013.​
07.​465

	18.	 Simoneau M, Lamothe V, Hutin E, Mercier P, Teasdale N, Blouin 
J (2009) Evidence for cognitive vestibular integration impairment 
in idiopathic scoliosis patients. BMC Neurosci 10:102. https://​doi.​
org/​10.​1186/​1471-​2202-​10-​102

	19.	 Shi L, Wang D, Chu WCW, Burwell GR, Wong T-T, Heng PA, 
Cheng JCY (2011) Automatic MRI segmentation and morpho-
anatomy analysis of the vestibular system in adolescent idiopathic 
scoliosis. Neuroimage 54(1):S180–S188. https://​doi.​org/​10.​
1016/j.​neuro​image.​2010.​04.​002

	20.	 Chu WCW, Lam WWM, Chan Y-L, Ng BKW, Lam T-P, Lee 
K-M, Guo X, Cheng JCY (2006) Relative shortening and func-
tional tethering of spinal cord in adolescent idiopathic scoliosis?: 
study with multiplanar reformat magnetic resonance imaging and 
somatosensory evoked potential. Spine 31:E19-25

	21.	 Clark EM, Taylor HJ, Harding I, Hutchinson J, Nelson I, Deanfield 
JE, Ness AR, Tobias JH (2014) Association between components 
of body composition and scoliosis: a prospective cohort study 
reporting differences identifiable before the onset of scoliosis. 
Journal Bone Min Res 29:1729–1736. https://​doi.​org/​10.​1002/​
jbmr.​2207

	22.	 Steppan CM, Swick AG (1999) A role for leptin in brain develop-
ment. Biochem Biophys Res Commun 256:600–602. https://​doi.​
org/​10.​1006/​bbrc.​1999.​0382

	23.	 Khanshour AM, Kou I, Fan Y, Einarsdottir E, Makki N, Kidane 
YH, Kere J, Grauers A, Johnson TA, Paria N, Patel C, Singha-
nia R, Kamiya N, Takeda K, Otomo N, Watanabe K, Luk KDK, 
Cheung KMC, Herring JA, Rios JJ, Ahituv N, Gerdhem P, Gurnett 
CA, Song Y-Q, Ikegawa S, Wise CA (2018) Genome-wide meta-
analysis and replication studies in multiple ethnicities identify 
novel adolescent idiopathic scoliosis susceptibility loci. Hum Mol 
Genet. https://​doi.​org/​10.​1093/​hmg/​ddy306

	24.	 Kou I, Otomo N, Takeda K, Momozawa Y, Lu H-F, Kubo M, 
Kamatani Y, Ogura Y, Takahashi Y, Nakajima M, Minami S, 
Uno K, Kawakami N, Ito M, Yonezawa I, Watanabe K, Kaito T, 
Yanagida H, Taneichi H, Harimaya K, Taniguchi Y, Shigematsu 
H, Iida T, Demura S, Sugawara R, Fujita N, Yagi M, Okada E, 
Hosogane N, Kono K, Nakamura M, Chiba K, Kotani T, Sakuma 
T, Akazawa T, Suzuki T, Nishida K, Kakutani K, Tsuji T, Sudo 
H, Iwata A, Sato T, Inami S, Matsumoto M, Terao C, Watanabe 
K, Ikegawa S (2019) Genome-wide association study identifies 14 
previously unreported susceptibility loci for adolescent idiopathic 
scoliosis in Japanese. Nat Commun 10:3685. https://​doi.​org/​10.​
1038/​s41467-​019-​11596-w

	25.	 Chang X, Wang K (2012) wANNOVAR: annotating genetic vari-
ants for personal genomes via the web. J Med Genet 49:433–436. 
https://​doi.​org/​10.​1136/​jmedg​enet-​2012-​100918

	26.	 Franz M, Rodriguez H, Lopes C, Zuberi K, Montojo J, Bader GD, 
Morris Q (2018) GeneMANIA update 2018. Nucleic Acids Res 
46:W60–W64. https://​doi.​org/​10.​1093/​nar/​gky311

	27.	 Subramanian A, Kuehn H, Gould J, Tamayo P, Mesirov JP (2007) 
GSEA-P: a desktop application for Gene Set Enrichment Analy-
sis. Bioinf 23:3251–3253. https://​doi.​org/​10.​1093/​bioin​forma​tics/​
btm369

https://doi.org/10.1038/gim.2014.175
https://doi.org/10.1038/gim.2014.175
https://doi.org/10.1007/s00586-012-2389-6
https://doi.org/10.1007/s00586-012-2389-6
https://doi.org/10.1038/nrdp.2015.71
https://doi.org/10.1038/nrdp.2015.71
https://doi.org/10.1097/YCO.0000000000000324
https://doi.org/10.1016/j.schres.2017.01.032
https://doi.org/10.1016/j.schres.2017.01.032
https://doi.org/10.1016/j.jspd.2018.07.003
https://doi.org/10.1016/j.jspd.2018.07.003
https://doi.org/10.1371/journal.pone.0083767
https://doi.org/10.1007/s00586-011-1776-8
https://doi.org/10.1007/s00586-011-1776-8
https://doi.org/10.1002/jmri.21321
https://doi.org/10.1016/j.spinee.2013.07.465
https://doi.org/10.1016/j.spinee.2013.07.465
https://doi.org/10.1186/1471-2202-10-102
https://doi.org/10.1186/1471-2202-10-102
https://doi.org/10.1016/j.neuroimage.2010.04.002
https://doi.org/10.1016/j.neuroimage.2010.04.002
https://doi.org/10.1002/jbmr.2207
https://doi.org/10.1002/jbmr.2207
https://doi.org/10.1006/bbrc.1999.0382
https://doi.org/10.1006/bbrc.1999.0382
https://doi.org/10.1093/hmg/ddy306
https://doi.org/10.1038/s41467-019-11596-w
https://doi.org/10.1038/s41467-019-11596-w
https://doi.org/10.1136/jmedgenet-2012-100918
https://doi.org/10.1093/nar/gky311
https://doi.org/10.1093/bioinformatics/btm369
https://doi.org/10.1093/bioinformatics/btm369


422	 Spine Deformity (2025) 13:413–422

	28.	 Merico D, Isserlin R, Stueker O, Emili A, Bader GD (2010) 
Enrichment map: a network-based method for gene-set enrichment 
visualization and interpretation. PLoS ONE 5:e13984. https://​doi.​
org/​10.​1371/​journ​al.​pone.​00139​84

	29.	 Azeddine B, Letellier K, Wang DS, Moldovan F, Moreau A (2007) 
Molecular determinants of melatonin signaling dysfunction in 
adolescent idiopathic scoliosis. Clin Orthop Relat Res 462:45–52. 
https://​doi.​org/​10.​1097/​BLO.​0b013​e3181​1f39fa

	30.	 Burwell RG, Aujla RK, Grevitt MP, Dangerfield PH, Moulton A, 
Randell TL, Anderson SI (2009) Pathogenesis of adolescent idi-
opathic scoliosis in girls - a double neuro-osseous theory involv-
ing disharmony between two nervous systems, somatic and auto-
nomic expressed in the spine and trunk: possible dependency on 
sympathetic nervous system and hormon. Scoliosis 4:24. https://​
doi.​org/​10.​1186/​1748-​7161-4-​24

	31.	 Wong C (2015) Mechanism of right thoracic adolescent idiopathic 
scoliosis at risk for progression; a unifying pathway of develop-
ment by normal growth and imbalance. Scoliosis 10:2. https://​doi.​
org/​10.​1186/​s13013-​015-​0030-2

	32.	 Homminga J, Lehr AM, Meijer GJM, Janssen MMA, Schlösser 
TPC, Verkerke GJ, Castelein RM (2013) Posteriorly directed 
shear loads and disc degeneration affect the torsional stiffness of 
spinal motion segments: a biomechanical modeling study. Spine 
38:E1313–E1319

	33.	 Schlösser TPC, Janssen MMA, Vrtovec T, Pernuš F, Öner FC, 
Viergever MA, Vincken KL, Castelein RM (2014) Evolution of 
the ischio-iliac lordosis during natural growth and its relation with 
the pelvic incidence. Eur Spine J 23:1433–1441

	34.	 Janssen MMA, de Wilde RF, Kouwenhoven J-WM, Castelein RM 
(2011) Experimental animal models in scoliosis research: a review 
of the literature. Spine J. https://​doi.​org/​10.​1016/j.​spinee.​2011.​03.​
010

	35.	 Roth M (1981) Idiopathic scoliosis from the point of view of the 
neuroradiologist. Neuroradiology 21:133–138. https://​doi.​org/​10.​
1007/​BF003​39521

	36.	 Porter RW (2001) The pathogenesis of idiopathic scoliosis: uncou-
pled neuro-osseous growth? Eur Spine J 10:473–481. https://​doi.​
org/​10.​1007/​s0058​60100​311

	37.	 Chu WC, Lam WM, Ng BK, Tze-Ping L, Lee K-M, Guo X, Cheng 
JC, Burwell RG, Dangerfield PH, Jaspan T (2008) Relative short-
ening and functional tethering of spinal cord in adolescent sco-
liosis—Result of asynchronous neuro-osseous growth, summary 
of an electronic focus group debate of the IBSE. Scoliosis 3:8. 
https://​doi.​org/​10.​1186/​1748-​7161-3-8

	38.	 Stokes IAF, Burwell RG, Dangerfield PH (2006) Biomechanical 
spinal growth modulation and progressive adolescent scoliosis – a 
test of the “vicious cycle” pathogenetic hypothesis: summary of 
an electronic focus group debate of the IBSE. Scoliosis 1:16

	39.	 Veldhuizen AG, Wever DJ, Webb PJ (2000) The aetiology of idi-
opathic scoliosis: biomechanical and neuromuscular factors. Eur 
Spine J 9:178–184. https://​doi.​org/​10.​1007/​s0058​60000​142

	40.	 Lowe TG, Burwell RG, Dangerfield PH (2004) Platelet calmodu-
lin levels in adolescent idiopathic scoliosis (AIS): can they predict 
curve progression and severity? Summary of an electronic focus 
group debate of the IBSE. Eur Spine J 13:257–265. https://​doi.​
org/​10.​1007/​s00586-​003-​0655-3

	41.	 Moreau A, Wang DS, Forget S, Azeddine B, Angeloni D, Fra-
schini F, Labelle H, Poitras B, Rivard C-H, Grimard G (2004) 
Melatonin signaling dysfunction in adolescent idiopathic scolio-
sis. Spine 29:1772–1781. https://​doi.​org/​10.​1097/​01.​brs.​00001​
34567.​52303.​1a

	42.	 Breetvelt EJ, Smit KC, van Setten J, Merico D, Wang X, Vaartjes 
I, Bassett AS, Boks MPM, Szatmari P, Scherer SW, Kahn RS, 
Vorstman JAS (2022) A Regional Burden of Sequence-Level Vari-
ation in the 22q11.2 Region Influences Schizophrenia Risk and 
Educational Attainment. Biol Psychiatry. 91(8):718–726. https://​
doi.​org/​10.​1016/j.​biops​ych.​2021.​11.​019

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1097/BLO.0b013e31811f39fa
https://doi.org/10.1186/1748-7161-4-24
https://doi.org/10.1186/1748-7161-4-24
https://doi.org/10.1186/s13013-015-0030-2
https://doi.org/10.1186/s13013-015-0030-2
https://doi.org/10.1016/j.spinee.2011.03.010
https://doi.org/10.1016/j.spinee.2011.03.010
https://doi.org/10.1007/BF00339521
https://doi.org/10.1007/BF00339521
https://doi.org/10.1007/s005860100311
https://doi.org/10.1007/s005860100311
https://doi.org/10.1186/1748-7161-3-8
https://doi.org/10.1007/s005860000142
https://doi.org/10.1007/s00586-003-0655-3
https://doi.org/10.1007/s00586-003-0655-3
https://doi.org/10.1097/01.brs.0000134567.52303.1a
https://doi.org/10.1097/01.brs.0000134567.52303.1a
https://doi.org/10.1016/j.biopsych.2021.11.019
https://doi.org/10.1016/j.biopsych.2021.11.019

	Genetic overlap between idiopathic scoliosis and schizophrenia in the general population
	Abstract
	Introduction 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study populations
	Step1: SNP overlap between AIS and SCZ
	Step 2: In silico validation and 22q11.2 region analysis
	Step 3: Post-hoc analyses: Biological and functional pathway analysis

	Results
	1 SNP overlap between AIS and SCZ
	2 in silico validation and 22q11.2 region analysis
	3 post-hoc analyses: Biological and functional pathway analysis

	Discussion and conclusion
	References




