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Background: Low back pain (LBP) is a leading cause of disability worldwide. Although body mass index (BMI) is a well-established
risk factor for LBP, a substantial proportion of patients with LBP do not present with abnormal BMI, suggesting the involvement of
BMI-independent mechanisms. However, the genetic architecture underlying BMI-independent LBP remains poorly understood. This
study aimed to identify and characterize genetic variants associated with LBP that are independent of BMI.

Methods: This study was a secondary analysis of publicly available genome-wide association study (GWAS) summary statistics.
Genetic associations were analyzed using a Genomic Structural Equation Modeling (Genomic SEM) framework. BMI summary
statistics were obtained from the Genetic Investigation of ANthropometric Traits (GIANT) consortium (~700,000 individuals of
European ancestry), and LBP data were derived from the FinnGen cohort, including 60,099 cases and 440,249 controls of European
ancestry, with LBP defined by the International Classification of Diseases, 10th Revision (ICD-10) code M54. Genome-wide
association study by subtraction (GWAS-by-subtraction) was applied to identify BMI-independent LBP associations. Statistical fine-
mapping, transcriptome-wide association studies (TWAS), proteome-wide association studies (PWAS), and colocalization analyses
were subsequently performed to prioritize putative causal genes.

Results: Three independent genome-wide significant loci associated with BMI-independent LBP were identified: rs6916321 at BINZA1
(P=2.41 x 107'%), 12596501 near HLA-B (P = 6.56 x 10~?), and a novel locus rs4148946 at SEC24C (P = 1.74 x 10~%). Fine-mapping
highlighted rs2596501 as a likely causal variant with a posterior inclusion probability of 0.9999. Multi-omic integration consistently
prioritized CHST3 as a candidate gene (P = 4.49 x 10~ in PWAS). Pathway enrichment analyses implicated neuronal signaling and
immune-related pathways, with cell-type enrichment observed in differentiated neurons (P = 0.0063). These findings were derived from
large population-based cohorts of European ancestry.

Conclusion: This study refines the genetic architecture of BMI-independent LBP and identifies novel loci with convergent multi-omic
evidence implicating CHST3 in disease susceptibility. The results highlight biological mechanisms beyond adiposity that may
contribute to LBP risk and provide a foundation for future functional and translational research.
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Introduction

Low back pain (LBP) is one of the leading causes of disability worldwide, exerting a substantial burden on healthcare
systems and quality of life." Current management strategies often rely on physical therapy and exercise. Recent studies
have highlighted the efficacy of aerobic and core stabilization exercises in improving functional capacity in chronic LBP
patients.” However, the etiology of LBP remains incompletely understood.
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One of the major challenges in dissecting the genetic architecture of LBP is the strong correlation with body mass
index (BMI). Elevated BMI is an established risk factor for LBP, not only through increased mechanical loading of the
spine but also through systemic metabolic inflammation and neuroimmune pathways.? Conventional GWAS approaches
often fail to distinguish between these mechanisms, identifying loci that may simply reflect obesity rather than intrinsic
back pathology. This lack of clarity hinders the development of targeted therapies for patients where weight loss alone
does not resolve symptoms.

Collectively, our study makes three contributions to the literature: (i) it disentangles BMI-dependent and BMI-
independent genetic components of LBP using Genomic Structural Equation Modeling (Genomic SEM)-based GWAS-
by-subtraction;*” (ii) it identifies BMI-independent loci, including a novel signal at SEC24C; and (iii) it prioritizes
putative causal genes through convergent fine-mapping, TWAS, PWAS, and colocalization, highlighting CHST3 as
a leading candidate.

Methods

Ethics Statement

This study is a secondary analysis of publicly available, de-identified summary-level data and did not involve direct
interaction with human participants or access to identifiable private information. According to the Institutional Review
Board of the Ninth Medical Center of PLA General Hospital, studies based solely on publicly available anonymized
summary statistics are exempt from Institutional Review Board review and approval. All original studies contributing to
the publicly available datasets had obtained ethical approval from their respective institutional review boards, and written
informed consent was obtained from all participants.

Data Source
This study was a cross-sectional secondary genetic association analysis based on publicly available GWAS summary
statistics from large population-based cohorts. Genome-wide association summary statistics for BMI were obtained from
the Genetic Investigation of ANthropometric Traits (GIANT) consortium (~700,000 individuals of European ancestry).®
The meta-analysis combined multiple population-based cohorts with standardized quality control and imputation
procedures, providing high-resolution estimates of genetic associations with BMI across the genome.

Summary statistics for low back pain (LBP) were obtained from FinnGen release 12 (R12) (https://www.finngen.fi/en).

FinnGen is a large-scale genomics initiative that integrates genetic information from over 500,000 Finnish biobank samples with
national health registry data to investigate disease mechanisms and genetic predispositions.” LBP cases were defined using
Classification of Diseases (ICD-10) code M54 (dorsalgia), consistent with common registry-based definitions of back pain in
FinnGen. Diagnoses were recorded by licensed physicians and captured through national healthcare registries, ensuring
standardized clinical coding. The GWAS included 60,099 cases and 440,249 controls of predominantly European ancestry.

Statistical Analysis Overview
All statistical analyses were conducted using established and validated methods for complex trait genetics, including
Genomic SEM, fine-mapping, and multi-omic integration.

GWAS-by-Subtraction Analysis

The objective of our GWAS-by-subtraction analysis was to identify, for each SNP, its association with LBP that is
independent of its association with BMI. This approach, also known as Genomic-SEM, aims to “subtract” the influence
of BMI from each SNP’s effect on LBP, revealing the SNP’s specific effect on LBP that is not mediated by BMI.** While
we assumed zero genetic correlation between the residual factors to identify independent effects, we acknowledge that
this mathematical simplification may not fully capture complex biological pleiotropy.

We performed the GWAS-by-subtraction analysis using the Genomic-SEM R package (version 0.0.5¢)’ and leveraged
publicly available GWAS summary statistics for both LBP and BMI. The analysis was based on a structural equation model
(illustrated in Figure 1), which regressed the LBP and BMI summary statistics on two latent variables: BMI and non-BMI. The
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Figure | Flowchart of the GWAS-by-Subtraction Analysis. This figure illustrates the structural equation model used for the GWAS-by-subtraction analysis. The model
decomposes the total effect of a SNP on low back pain (LBP) into two components. The two phenotypes, LBP and BMI, are regressed on two latent variables: a BMI latent
variable representing the SNP’s effect on body mass index and a non-BMI latent variable capturing the SNP’s effect on LBP that is independent of BMI. The path from the SNP
to the latent variables represents the genetic effect, while the paths from the latent variables to the phenotypes represent their influence on the observed summary statistics.
In the primary analysis, the genetic correlation between the latent variables was set to zero.

BMI latent variable captured the effect of the SNP on the BMI phenotype and the non-BMI latent variable represented the
component of the SNP’s effect on LBP that was independent of BMI. The “non-BMI” factor is a statistically derived component
of the LBP GWAS signal after removing genetic covariance with BMI, rather than a separately measured clinical phenotype.
This model allowed us to decompose the SNP’s total effect on LBP into two distinct pathways: one fully mediated by BMI and
another that was independent of BMI. From the output summary statistics of the GWAS-by-subtraction, we identified genome-
wide significant SNPs with a P-value threshold of P<5x10"®. To define independent lead SNPs, we performed clumping using
an 17<0.1 threshold for SNPs located within a 250 kb distance. The genetic correlation (ry) between the BMI-dependent and non-
BMI-dependent latent factors was set to zero in the primary analysis. In a sensitivity analysis, we investigated the robustness of
our results by setting 7, to 0.1 or 0.2 to explore the consequences of a potential violation of this assumption.

Fine-Mapping with SuSiE

Fine-mapping was conducted using the Sum of Single Effects (SuSiE) statistical framework,'® which models the effects of
multiple causal variants within a locus using summary-level association statistics. We defined 95% credible sets for each locus,
retaining single-nucleotide polymorphisms (SNPs) with posterior inclusion probability (PIP) > 0.8 as putative causal variants.

Transcriptome-Wide Association Study (TWAS)

TWAS was performed using the FUSION software'" to integrate LBP GWAS summary statistics with gene expression prediction
models from the Genotype-Tissue Expression (GTEx) v8 reference panel,'* covering 49 human tissues. TWAS Z-scores were
computed for each gene—tissue pair, and significance was determined using a false discovery rate (FDR) threshold of 0.05.
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Proteome-Wide Association Study (PWAS)

We conducted PWAS using summary-level proteomic data from the UK Biobank Pharma Proteomics Project (UKBPPP),
generated via Olink proximity extension assays and processed with the Biomarker expression Level Imputation using
Summary-level Statistics (BLISS) framework.'> The dataset comprised 49,341 European-ancestry individuals and
quantitative measurements for 2802 proteins. PWAS tests were performed by imputing genetically regulated protein
abundance into the LBP GWAS summary statistics.

Colocalization Analysis with fastENLOC

Colocalization was assessed using fastENLOC,'® incorporating SuSiE-derived credible sets as GWAS input. Pre-
formatted GTEx v8 eQTL data for 49 tissues were used as the molecular QTL reference. Colocalization was quantified
using the gene-level colocalization posterior probability (GLCP), representing the probability that a gene harbors at least
one signal cluster with local colocalization posterior (LCP) > 0. Genes with GLCP > 0.5 were considered to have strong
evidence of colocalization.

Gene-Based Enrichment Analysis

Gene-based association testing was conducted using Multi-marker Analysis of Genomic Annotation (MAGMA)" to
aggregate SNP-level P-values for each gene and identify genes significantly associated with the BMI-independent LBP
phenotype. Gene-based P-values were adjusted for multiple testing using a Benjamini-Hochberg FDR correction. We also
performed a gene-set enrichment analysis using MAGMA to test for enrichment of the BMI-independent LBP signal in
various biological pathways and gene sets from the GO, KEGG, and Reactome databases.

Cell Type Enrichment Analysis

We used the R package CellEnrich to assess whether the genetic associations for BMI-independent LBP are enriched in
specific developmental cell types. This analysis leverages single-cell RNA sequencing data to identify cell types where
genes associated with the trait are highly expressed. We tested for enrichment across a panel of annotated cell types to
determine if the genetic signal for BMI-independent LBP is concentrated in a particular cellular context.

Results

GWAS-by-Subtraction Identifies Novel Variants Associated with LBP

In the discovery stage, we performed a GWAS of LBP and employed a GWAS-by-subtraction approach by removing the genetic
effects associated with BMI. This approach identified three independent genome-wide significant SNPs (p < 5 x 10~®) from three
separate regions that were associated with the LBP component, after adjusting for BMI effects (Figure 2 and Table 1).

Of these, two lead SNPs corresponded to known loci previously associated with LBP or related traits: rs6916321 at
the BTN2A1 locus on chromosome 6 (P=2.41x10'°) and rs2596501 near the HLA-B locus, also on chromosome 6
(P=6.56x10"°). Additionally, a novel genome-wide significant signal was identified at rs4148946 on chromosome 10
(P=1.74x10%), a region not previously reported in relation to LBP susceptibility.

Fine-Mapping of Associated Loci

We next performed fine-mapping of the non-BMI-associated LBP loci using the SuSiE algorithm. As shown in Figure 3,
the Manhattan-style fine-mapping plot illustrates PIP values across the genome, with the threshold PIP > 0.8 denoting
high-confidence candidate causal variants. One such SNP, rs2596501 at 6p21 (annotated to LINC02571), achieved a PIP
of 0.9999, indicating very strong evidence of being a putative causal variant at this locus.

Table 2 provides detailed annotations of the fine-mapped SNPs. Beyond rs2596501, several additional variants
achieved moderate PIP wvalues: rs3131636 (chr6, HCP5, PIP = 0.27), rs6916321 (chr6, BTN2AI, PIP = 0.26),
rs4462678 (chr18, MAPK4, PIP ~ 0.16), and rs4148946 (chr10, SEC24C, PIP = 0.11). These credible set members
refine the association signals highlighted in the primary GWAS analysis and prioritize potential biological targets located
in immune-related (LINC02571, HCPS), metabolic (MAPK4), and protein trafficking (SEC24C) pathways.
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Figure 2 Manhattan plot of genome-wide association study results for low back pain. The x-axis represents chromosomal position, and the y-axis shows —log)o(p). The red
dashed line indicates the genome-wide significance threshold of p < 5 x 10-%. Notable genome-wide significant loci include CHST3, DCC, BTN2AI, and HLA-B.

Transcriptome-Wide Integrative Analysis
TWAS using expression prediction models across GTEx tissues identified a set of significant gene—trait associations
(FDR < 0.05). The Manhattan-style TWAS plot (Figure 4) illustrates gene-level significance across multiple tissues, with
strong signals observed for RNF212, FOXP2, NSUNS, and CHST3.

Consistent with these findings, our table of significant TWAS hits (Supplementary Table 1) highlights loci with robust

evidence linking genetically predicted expression and non-BMI-associated LBP. For example, in adipose subcutaneous tissue,
MIPOLI (TWAS Z=-4.09, FDR = 0.0377), SLC25421 (Z =-4.81, FDR = 0.0070), and NFUI (Z =4.20, FDR = 0.0295) were
significantly associated. Several associations were also observed in neural tissues relevant to non-BMI-associated LBP
regulation and pain susceptibility, including RNF212 in arterial and brain tissues (FDR < 0.05), FOXP2 in adrenal gland and
arterial tissues (TWAS Z = 4.30, FDR = 0.0241), and NSUN) in aortic and cortical brain regions (FDR =~ 0.01-0.04). Notably,
CHST3—a gene also implicated in the primary LBP GWAS and fine-mapping analyses—emerged as a recurrent TWAS hit in
multiple brain regions (eg, caudate, cortex, hippocampus; TWAS Z between —5.46 and —5.59, FDR < 0.01).

Overall, TWAS results point to convergent evidence linking adipose metabolic pathways (eg, SLC25421, MIPOLI,
NFUI) and neuronal regulatory genes (RNF212, FOXP2, CHST3, NSUNS5) with non-BMI-associated LBP variation.

Predicted Proteome-Wide Association Study Identifies Significant Genes
To identify genes whose predicted protein expression levels are associated with non-BMI-related LBP, we conducted
a predicted PWAS (Figure 5). Seven genes reached the FDR significance threshold of 0.05 (Table 3).

The most significant gene identified was HISTIH3A on chromosome 6, with a p-value of 1.13x10”" and an FDR of
0.0005. Other highly significant genes included SLC14A2 on chromosome 18 (P=3.80x10°, FDR =0.0089) and CHD7
on chromosome 8 (P=5.37x10">, FDR =0.0359). A notable finding was the identification of CHST3 on chromosome 16
(P=4.49x10"°, FDR =0.0350), which was also found to be genome-wide significant in our initial GWAS analysis,
providing convergent evidence for its association with LBP.
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Table | Genome-Wide Significant Loci from Non-BMI-Associated LBP GWAS

CHR

SNP

BP

Al A2 MAF z Beta SE P Trait Distance_to_Known Known_ID Known_PUBMED_ID Known_Author Novel Location_of_Known Gene
6 rs6916321 26464789 A G 0.244533 —6.33275 -0.09478 0.014967 241E-10 BMI -1215 rs13195401 38538606 Harris BHL False Downstream BTN2AI
6 rs2596501 31321211 C T 0.466203 5.801858 0.079131 0.013639 6.56E-09 BMI 3158 rs374195731 39134668 Shi § False Upstream HLA-B
10 rs4148946 73770073 C T 0.428429 —5.63613 -0.077 0.013661 1.74E-08 BMI —-1751012 rs1 15954650 37280435 Hawkes G True Downstream CHST3
18 rs4462678 50622395 A G 0.426441 —6.25094 —0.08603 0.013763 4.08E-10 BMI —8724 rs71368910 34594039 Sakaue S False Downstream DCC

Notes: Shown are lead SNPs, their genomic position, effect allele, minor allele frequency (MAF), effect size (B), standard error (SE), and p-value. Distance to known loci and overlap with previously published GWAS associations are
annotated. The locus at CHST3 represents a novel association.
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Figure 3 Fine-mapping of non-BMI-associated LBP loci using SuSiE. Shown are posterior inclusion probabilities (PIP) of SNPs across chromosomes. The red dashed line
indicates the PIP = 0.8 threshold for high-confidence causal variants. Notably, rs2596501 on chromosome 6 surpassed this threshold with PIP = 1.0, suggesting strong
evidence of causality.

Colocalization Analysis

To identify plausible causal genes and tissues, we performed a colocalization analysis using fastENLOC. We identified
15 genes that showed evidence of colocalization (GLCP > 0) in at least one tissue. Of these, 9 genes exhibited strong
evidence of colocalization (GLCP > 0.5) in 14 distinct gene-tissue pairs (Figure 6 and Table 4). Notably, the gene CHST3
showed strong colocalization in eight different tissues, including several brain regions (eg, Brain Caudate basal ganglia,
Brain Frontal Cortex BA9) and lymphoid cells. Other genes with significant colocalization included DDX39B in two
brain tissues and MICB in two tissues.

Cross-Omics Convergence Analysis
We conducted an integrative cross-omics comparison between TWAS-, PWAS-, and colocalization-identified loci
(Figure 7). The majority of significant findings were unique to one analytic framework: 148 genes were exclusive to
TWAS, 5 to PWAS, and 1 to colocalization. Importantly, CHST3 emerged as the sole gene consistently identified across
all three methods.

This convergence is notably because CHST3 not only showed genome-wide significance in our GWAS fine-mapping
but also demonstrated significant predicted transcriptomic associations (TWAS Z between —5.46 and —5.59, FDR < 0.01

Table 2 Fine-Mapped Variants from SuSiE Analysis

SNP CHR | BP Region CredibleSet | PIP Gene_Symbol | Biotype
rs6916321 | 6 26464789 | 6:25684587-26791233 | LI 0.261984 | BTN2AI protein_coding
rs2596501 | 6 31321211 | 6:30798168-31571218 | LI 0.99991 LINC02571 IncRNA
rs3131636 | 6 31476094 | 6:30798168-31571218 | L2 0.269028 | HCP5 IncRNA
rs4148946 | 10 73770073 | 10:73508512-75422550 | LI 0.109609 | SEC24C protein_coding
rs4462678 | 18 50622395 | 18:47730584-51062185 | LI 0.158001 | MAPK4 protein_coding

Notes: Listed are lead SNPs, chromosomes, base-pair positions, associated regions, credible set membership, posterior inclusion probability (PIP),

and annotated genes. Variants with high PIP (= 0.8).
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Figure 4 Transcriptome-wide association study results across GTEx tissues. The y-axis shows —log|o(FDR), with the red line indicating the significance threshold at FDR =
0.05. Significant genes include RNF212, FOXP2, NSUN5, and CHST3. Tissue-level signals highlight contributions from adipose, neural, and musculoskeletal contexts to BMI-
associated transcriptional regulation.
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Figure 5 Manhattan plot of predicted proteome-wide association study results for low back pain. The x-axis represents chromosomal position, and the y-axis shows the
negative logarithm of the false discovery rate (FDR) for each gene’s association. The horizontal red line indicates the significance threshold of FDR=0.05. Key genes with
significant predicted protein expression levels are labeled, including HISTIH3A, BTN2AI, SNRPG, SLC14A2, MAPK3, CHD7, and CHST3.

in multiple brain regions), significant predicted proteomic association (P = 4.49x10°°, FDR = 0.035), and strong
colocalization signals (GLCP > (.7) in multiple relevant tissues including brain and lymphoid cells.

Gene- and Pathway-Level Enrichment

To extend beyond single-variant associations, we performed gene-based and pathway-based enrichment analyses using
MAGMA. At the gene level, 20 loci reached significance after FDR correction (Figure 8a). The strongest associations
were observed for APOE, TOMM40, and PSORS1C2, alongside several genes located in the major histocompatibility
complex region (CCHCRI1, BTN2A1, HLA-associated histone genes). Additional significant associations included
GFPT1 (involved in hexosamine biosynthesis), MIPOL1 (developmental regulation), DCC (neuronal axon guidance),
and NFU1 (mitochondrial metabolism). These results highlight a convergence of metabolic, immune, and neurodevelop-
mental gene pathways underlying non-BMI-associated-LBP genetic architecture.
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Table 3 Summary of Significant Genes ldentified in the Predicted Proteome-Wide Association Study for Low Back Pain

Protein Beta SE ] Model_r2 | n_snps | MHC | Chromosome | Start End FDR

SLC14A2 1.388803 | 0.300464 | 3.80E-06 | 8.19E-05 1757 FALSE | 18 44214548 | 46683481 | 0.0089
CHD7 3.561935 | 0.881894 | 5.37E-05 | 0.000118 687 FALSE | 8 59681867 | 61866149 | 0.0359
HISTIH3A | —6.04078 | 1.138882 | I.13E-07 | 0.001289 411 FALSE | 6 25020792 | 27012344 | 0.0005
SNRPG 0.564633 | 0.138158 | 4.37E-05 | 0.000401 1135 FALSE | 2 69282485 | 71292812 | 0.0350
MAPK3 —1.4022 0.320914 | 1.25E-05 | 0.045341 622 FALSE | 16 29114686 | 31122472 | 0.0146
CHST3 —0.35925 | 0.08804 4.49E-05 | 0.000355 815 FALSE | 10 70965702 | 73013213 | 0.0350
BTN2AI —0.30927 | 0.070509 | I.I5E-05 | 0.024672 385 FALSE | 6 25458879 | 27473153 | 0.0146

Notes: The table lists genes with an FDR below 0.05, including their genomic location and association statistics from the predicted proteome-wide association
study analysis.

At the pathway level (Figure 8b), enriched biological processes included neurotransmission and psychiatric-relevant
pathways, chromatin-associated structural pathways, and gene sets related to cellular stress. The enrichment of seroto-
nergic signaling and postsynaptic regulation pathways suggests a role of neuronal processes, whereas chromatin and
stress-response pathways emphasize epigenetic modulation.

Cell-Type Specific Enrichment and Identification of Influential Genes
To pinpoint the specific cell types and genes that may mediate the genetic effects on our trait of interest, we conducted
a series of integrative analyses. First, we mapped the non-BMI genetic associations with LBP onto developmental cell
populations using UMAP (Figure 9). The analysis revealed distinct transcriptional clusters across mesodermal, ectoder-
mal, and endodermal lineages. Notably, non-BMI effects on LBP were enriched in neuroectodermal populations,
including sensory neurons and Schwann cells. Additional associations were observed in craniofacial fibroblasts and
mesodermal derivatives such as lateral plate mesoderm, suggesting potential contributions of connective tissue and
musculoskeletal development. Our enrichment analysis, a bar plot shown in Figure 10, revealed a significant enrichment
of the Differentiated neurons cell type, with a p-value of P=0.0063, surpassing all other cell types.

Following this key finding, we performed a more granular analysis to identify “influential genes” within the
Differentiated neurons cell type. This approach integrates a gene’s specificity to the cell type with its overall risk score
(z-score), allowing us to prioritize genes that are both highly expressed in differentiated neurons and strongly associated with
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Figure 6 Gene-level Colocalization Probability of 15 Genes across 49 GTEx Tissues. The heatmap displays the Gene-level Colocalization Probability (GLCP) values for |5
genes that passed colocalization screening (LCP > 0) across 49 GTEXx tissues. Each cell represents a unique gene-tissue pair, with the color intensity corresponding to the
GLCP value. A GLCP value greater than 0.5 (represented by a darker shade) indicates strong evidence of colocalization between a GWAS locus and an eQTL signal for the
given gene-tissue pair. Genes with multiple tissues showing strong colocalization are highlighted.
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Table 4 Significant Gene-Tissue Colocalization Pairs

Gene GRCP GLCP | Tissue Gene_Symbol

ENSG00000122863 | 0.01064 0.5122 | Brain_Anterior_cingulate_cortex_BA24 | CHST3
ENSG00000198563 | 0.000738 | 0.6157 | Brain_Anterior_cingulate_cortex_BA24 | DDX39B

ENSG00000122863 | 0.02775 0.7392 | Brain_Caudate_basal_ganglia CHST3
ENSG00000234006 | 0.000392 | 0.6077 | Brain_Putamen_basal_ganglia DDX39B-AS|
ENSG00000204516 | 0.06901 0.7932 | Breast_Mammary_Tissue MICB

ENSG00000122863 | 0.02981 0.8871 | Cells_EBV-transformed_lymphocytes CHST3
ENSG00000204516 | 0.02941 0.7644 | Cells_EBV-transformed_lymphocytes MICB

ENSG00000204516 | 0.07024 | 0.7896 | Esophagus_Mucosa MICB
ENSG00000146109 | 0.0364 0.5472 | Muscle_Skeletal ABTI
ENSG00000124549 | 0.07419 0.7333 | Skin_Not_Sun_Exposed BTN2A3P
ENSG00000204516 | 0.02712 | 0.9823 | Spleen MICB

Notes: This table lists the gene-tissue pairs with strong evidence of colocalization, as defined by a gene-level colocalization
posterior probability (GLCP) > 0.5. The columns include the gene symbol, the tissue where colocalization was found, and the
corresponding GLCP value.

the trait. The results, presented in a scatter plot (Figure 11), highlight a number of influential genes. Among the most
prominent, GNG3 (z-score = 2.27, specificity = 0.52), NHLH]1 (z-score = 2.93, specificity = 0.37), and RND2 (z-score =
3.31, specificity = 0.30) were identified as highly influential, possessing both high gene risk and cell-type specificity. Other
notable influential genes included HISTIH2BD, INA, DPYSLS, ZSCAN9, MAP1A, KLF7, and VATI.

Summary of Main Findings
In summary, our analyses isolated BMI-independent LBP associations, pinpointing CHST3 as a convergent multi-omic
candidate. The results consistently highlighted specific biological pathways involving neuroimmune regulation, synaptic

signaling, and extracellular matrix maintenance, distinct from general adiposity-related mechanisms.

fastENLOC TWAS

5 148

PWAS

Figure 7 Integrative cross-omics overlap of significant TWAS, PWAS, and colocalization results. Venn diagram summarizing the overlap of significant genes identified across
transcriptome-wide association study (TWAS), predicted proteome-wide association study (PWAS), and colocalization analysis (fastENLOC). A total of 148 genes were
unique to TWAS, 5 to PWAS, and | to ENLOC, while a minimal number of genes were shared across methods. Notably, CHST3 was the only gene detected by all three
analytic approaches, reinforcing its role as a convergent and potentially causal candidate in non-BMl-associated low back pain (LBP).
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Figure 8 Gene- and Pathway-Level Enrichment analysis with MAGMA. (a) Gene-level associations identified by MAGMA. The bar plot shows the top 20 genes ranked
by —log,o(FDR). Significant loci include classical candidates such as APOE and TOMM40, immune-related genes within the MHC (PSORSIC2, CCHCRI, BTN2A1), and additional
candidates related to neuronal function (DCC, MIPOLI) and mitochondrial metabolism (NFUI). (b) Top 10 MAGMA Enriched Gene Sets. Shown are the top enriched
biological processes and pathways ranked by —log,o(P). Enriched gene sets highlight serotonergic signaling (WP_SEROTONIN_AND_ANXIETY), postsynaptic transmission
(WP_DISRUPTION_OF_POSTSYNAPTIC_SIGNALING_BY_CNV), chromatin organization (GOCC_PERICENTRIC_HETEROCHROMATIN, GOCC_CHROMATIN), and cellular stress—
related responses (BRACHAT_RESPONSE_TO_CISPLATIN, DAZARD_UV_RESPONSE_CLUSTER_G).

Discussion

In this study, we applied a GWAS-by-subtraction framework to identify genetic variants associated with LBP that act
independently of BMI. By disentangling BMlI-related effects from the genetic signal of LBP, we discovered three genome-
wide significant loci—including a novel association at SEC24C (rs4148946)—and uncovered convergent multi-omic evidence
implicating CHST3 as a causal candidate. Integrative analyses further highlighted immune processes, neuronal development, and
metabolic pathways as mediators of BMI-independent LBP susceptibility. These results refine the understanding of the genetic
architecture of LBP and emphasize mechanistic pathways beyond mechanical or adiposity-driven influences.
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Figure 9 UMAP Plot of Developmental Cell Types. This UMAP plot visualizes the various developmental cell types analyzed. Each point represents a single cell, with
different colors assigned to each cell type, illustrating their distribution and relationships.

Genetic Basis of BMI-Independent LBP

Previous GWAS have identified several loci related to LBP, including SOX5, CCDC26/GSDMC, and DCC, genes
implicated in neuronal development and spinal structural integrity.'® Our analysis extends this literature by isolating loci
that remain significant after statistically removing the effects of BMI. The persistence of signals at the BTN2A1/HLA-B
region supports a role for the major histocompatibility complex (MHC) in pain-related phenotypes, consistent with its
established contribution to autoimmunity and inflammation.'”'® The novel locus near SEC24C has not previously been
linked to musculoskeletal disease; as an essential COPII vesicle coat component required for intracellular transport,
variants at this locus may influence neuronal protein trafficking and pain transmission.'® This finding illustrates how
BMI-independent analysis can reveal pathways not captured in conventional GWAS.

CHST3 as a Convergent Causal Gene
The strongest multi-omic convergence emerged for CHST3. This gene encodes chondroitin 6-sulfotransferase, regulating
glycosaminoglycan sulfation within cartilage extracellular matrix. Mutations in CHST3 cause spondyloepiphyseal

2021 and common variants have been linked to intervertebral disc

dysplasia with severe spinal manifestations
degeneration,” a key risk factor for LBP. In our analyses, CHST3 reached suggestive fine-mapping support, emerged
as a recurrent TWAS hit across multiple brain regions, showed significant predicted proteomic associations, and
colocalized with eQTL signals in eight tissues. This convergence across regulatory, transcriptomic, and proteomic layers

underscores CHST3 as a supported by convergent evidence mediator of BMI-independent LBP risk. Functionally, altered
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Figure 10 Cell Type Enrichment Analysis. This bar plot shows the results of the cell type enrichment analysis. The y-axis lists the different developmental cell types, and the
x-axis represents the negative logarithm of the p-value (-log,o(p-value)). A longer bar indicates a more significant enrichment, with Differentiated neurons showing the
highest significance.

glycosaminoglycan sulfation could impair disc homeostasis while modifying neuronal extracellular signaling, spanning
both structural and sensory determinants of pain.

Immune Contributions

Our enrichment analyses pointed to multiple immune-related loci within the MHC, including BTN2A1, NFKBIL1, and
PSORSI1C2. Immune pathways are increasingly recognized in chronic pain states; microglial activation and T-cell
infiltration have been implicated in hypersensitivity and maladaptive pain persistence.”” Beyond LBP, immune-related
variants in the MHC also confer risk for rheumatoid arthritis and other autoimmune diseases.”**> The involvement of
such loci in BMI-independent LBP suggests that immune dysregulation contributes to pain generation apart from
mechanical stress associated with body weight. These results are consistent with clinical observations linking systemic
inflammation to back pain symptom severity.*®
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Figure 11 Identification of Influential Genes in Differentiated Neurons. This scatter plot visualizes the influential genes within the “Differentiated neurons” cell type. The

x-axis represents the gene specificity score, while the y-axis represents the gene risk (z-score). Each point corresponds to a gene, with influential genes highlighted in blue
and non-influential genes in gray. The plot identifies genes that are both highly specific to differentiated neurons and strongly associated with the trait, such as GNG3,
NHLHI, and RND2.

Neuronal and Developmental Pathways
In parallel, we observed strong evidence for neuronal processes. Pathway enrichment implicated serotonergic signaling
and postsynaptic transmission, aligning with clinical data showing that serotonergic modulation influences pain experi-
ence and antidepressant response in chronic LBP.?” Our cell-type enrichment analysis revealed significant signals in
differentiated neurons, with prioritized genes including GNG3, a G-protein subunit critical for synaptic signaling,?®
NHLH]1, a transcription factor promoting neuronal differentiation,”” and RND2, which regulates dendritic spine
morphogenesis.*® Together, these findings underscore the role of neuronal development and excitability in producing
vulnerability to LBP independent of BMI, highlighting a central nervous system dimension to pain susceptibility.
Notably, genes such as MIPOL1 and NFU1 identified in TWAS and PWAS analyses point toward developmental and
mitochondrial processes, respectively. Mitochondrial dysfunction has been implicated in neuropathic pain,*' suggesting
that impaired energy metabolism may amplify neuronal sensitivity in LBP. These results collectively implicate cross-
system biological pathways—from neuronal differentiation to metabolism—in the etiology of BMI-independent LBP.

Multi-Omics Integration
A further advancement of this study is the integration of fine-mapping with transcriptomic, proteomic, and colocalization

analyses. Multi-omic overlap was modest, consistent with the complexity of trait regulation, but the convergence on
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CHST3 across all three modalities provides compelling evidence of causality. Such integrative strategies improve
prioritization of true susceptibility genes by reducing reliance on single-signal evidence, an approach increasingly
used in complex trait genetics. Beyond individual loci, this cross-omics evidence reinforces the need to study LBP not
as a purely mechanical disorder but as a condition shaped by multi-layered biological regulation.

Strengths and Limitations

The principal strength of this work is the use of GWAS-by-subtraction to reveal loci invisible in conventional GWAS due
to BMI confounding. Nevertheless, several limitations warrant caution. First, the LBP summary statistics were derived
from the FinnGen cohort. While FinnGen provides high-quality data from a well-phenotyped population, it is a genetic
isolate. The unique population structure and potential founder effects may limit the generalizability of our identified
variants to non-European or more genetically diverse populations.” Second, the GWAS-by-subtraction model assumes
zero genetic correlation between the residual factors to identify independent effects; this is a mathematical simplification
that may not fully capture complex biological pleiotropy. Additionally, pain phenotyping based on ICD codes (M54)
relies on electronic health records, which may underrepresent clinical chronicity compared to detailed imaging studies.
Formal sample size calculation was not performed, as the study leveraged the maximum available sample sizes from
existing GWAS consortia to optimize statistical power, consistent with standard practice in large-scale genetic association
studies. Last, as this study was based on summary-level GWAS data, individual-level inclusion and exclusion criteria
were defined in the original studies and could not be reassessed in the present analysis.

Implications and Future Research

By distinguishing BMI-independent genetic contributions, our findings suggest that distinct biological processes underlie
LBP beyond weight-related mechanical pathways. The robust implicating of CHST3 highlights extracellular matrix
sulfation as a promising candidate target that warrants functional validation. However, we emphasize that direct clinical
application is currently premature. While identifying pathways like glycosaminoglycan biosynthesis suggests potential
for drug repurposing, these targets must undergo rigorous functional validation in experimental models before they can
be translated into clinical practice. Future directions should include replication in multi-ancestry cohorts and experi-
mental work dissecting functional effects of SEC24C and CHST3 variants.

Conclusion

In summary, this study provides the first large-scale dissection of BMI-independent genetic risk factors for LBP. We
identified novel risk loci, emphasized the convergent role of CHST3, and revealed immune, neuronal, and metabolic
mechanisms that act independently of BMI. These findings refine the genetic architecture of LBP and suggest novel
avenues for mechanistic research. While these findings strengthen the biological basis of BMI-independent LBP, they are
not yet ready for direct clinical implementation and require replication and functional validation.
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