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Abstract

Back pain (BP) is a common condition of major social importance and poorly understood
pathogenesis. Combining data from the UK Biobank and CHARGE consortium cohorts allowed
us to perform a very large GWAS (total N = 509,070) and examine the genetic correlation and
pleiotropy between BP and its clinical and psychosocial risk factors. We identified and replicated
three BP associated loci, including one novel region implicating SPOCK2/ CHST3 genes. We
provide evidence for pleiotropic effects of genetic factors underlying BP, height, and intervertebral
disc problems. We also identified independent genetic correlations between BP and depression
symptoms, neuroticism, sleep disturbance, overweight, and smoking. A significant enrichment for
genes involved in central nervous system and skeletal tissue development was observed. The study
of pleiotropy and genetic correlations, supported by the pathway analysis, suggests at least two
strong molecular axes of BP genesis, one related to structural/anatomic factors such as
intervertebral disk problems and anthropometrics; and another related to the psychological
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component of pain perception and pain processing. These findings corroborate the current
biopsychosocial model as a paradigm for BP. Overall, the results demonstrate BP to have an
extremely complex genetic architecture that overlaps with the genetic predisposition to its
biopsychosocial risk factors. The work sheds light on pathways of relevance in the prevention and
management of LBP.
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INTRODUCTION

Back pain (BP) is a common debilitating condition with a lifetime prevalence of 40% and a
very important socioeconomic impact [26; 37]. According to the Global Burden of Disease
2016 study, it leads the list of disabling conditions in many parts of the world [8]. Known
clinical risk factors for BP include age, female gender and raised body mass index [56]. The
greatest risk for episodes of severe BP in population based studies is thought to be
attributable to intervertebral lumbar disc degeneration (LDD) [75], though its predictive and
diagnostic impact remains debated [62]. In the majority of episodes of BP the symptoms are
transient; however, about 10% of those experiencing acute BP develop a chronic condition
[37] which places a great socioeconomic burden on society [16; 25; 38].

There is a clear genetic predisposition to BP with estimates of heritability in the range of
30%—-68% [3; 28; 33; 43]. Similar or higher heritability estimates for LDD have been
obtained [4; 29]. Importantly, not only is there a phenotypic association between LDD and
LBP but a genetic correlation between the two has been reported in twin studies (11%-13%)
[3; 31], suggestive of shared genetic background. Twin studies have demonstrated that BP
also shares an underlying genetic predisposition with several of its risk factors including
depression and anxiety [49], educational attainment [73], obesity [9] as well as with other
pain conditions such as chronic widespread musculoskeletal pain [36].

We recently performed a genome-wide association study (GWAS) for chronic BP (BP
lasting longer than 3 months) from the interim release of the UK Biobank [54] and from the
Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE)
Musculoskeletal Working Group [55] (total N = 158,000 individuals). Despite a large
sample size and relatively well-defined phenotype, the study identified and replicated only
three loci associated with chronic BP. This suggests that the genetic architecture of BP is
extremely complex and far larger samples are required to make progress in the field.

In the present study we sought to expand the BP GWAS and explore the genetic associations
with many of the biopsychosocial risk factors for BP. In brief, we examined 350,000
individuals of European ancestry from the UK Biobank in the discovery phase (91,100 cases
and 258,900 controls) followed by a replication phase combining the UK Biobank
participants of European, African and Asian ancestry not included in the discovery set, and
data from the CHARGE cohorts (total N = 157,752). Post-GWAS analyses included the
analysis of pleiotropy, genetic correlations and pathway analyses (Figure 1).
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MATERIAL AND METHODS

Phenotype definition

Sample

The study was based on data from the UK Biobank Resource [54] and cohorts from
CHARGE Consortium Musculoskeletal Working Group. For UK Biobank cases of BP were
defined as those who reported “Back pain” in the response to the question: “Pain type(s)
experienced in last month”. Controls were defined as those who did not report BP in
response to this question. Individuals who did not reply or replied: “Prefer not to answer” or
“Pain all over the body” were excluded.

For CHARGE Consortium cases were defined as those reporting BP present for at least 3
months, while the controls were defined as those who reported no BP or BP with shorter
duration [55]. Thus, the definition of BP in these cohorts corresponded to chronic BP.

The available sample from UK Biobank included 487,409 individuals with imputed data. We
split the UK Biobank into discovery and replication subsets to be able to achieve at least
80% statistical power for replication based on our preliminary analysis of the interim release
of the UK Biobank dataset. For the discovery set we selected at random 350,000 British
individuals of European ancestry (EA) according to the genetic principal components
provided by the UK Biobank (Supplementary Table 1).

For replication, we used a combination of the UK Biobank participants not included in the
discovery set, and from the CHARGE Consortium [55]. Replication cohorts from the UK
Biobank comprised rest of EA individuals (n = 103,862), individuals of African ancestry
(AA, n =7,259), individuals of South Asian ancestry (Indian, Pakistani, and Bangladeshi; n
=7,159), and Chinese individuals (n = 1,485). The CHARGE Consortium provided data for
EA individuals from 15 cohorts (total n = 35,205-37,987). To reduce the risk of bias due to
population stratification, all these groups were analysed separately followed by a meta-
analysis. Total resulting sample size for replication was 154,970-157,752 individuals
(Supplementary Table 1).

Statistical analysis

Genome-wide association testing—PLINK 2.0 was used to carry out the genome-
wide association analysis in the UK Biobank discovery and replication samples. Imputed
genotypes provided by the UK Biobank were used [54] and only SNPs imputed using the
Haplotype Reference Consortium panel (http://www.haplotype-reference-consortium.org/
site) were analysed due to the reported issue with SNPs imputed using 1000 Genomes panel
(http://www.ukbiobank.ac.uk/2017/07/important-note-about-imputed-genetics-data/;
Additional results file). Logistic regression was used to evaluate additive genetic effects of
the SNPs for BP as a binary trait adjusting for age, sex, genotyping array type, and 10
genetic principal components provided by the UK Biobank.

The following filters were applied: minor allele count =100; deviation from Hardy-Weinberg
equilibrium p-value >1e-6; genotyping call rate >0.98%; individual call rate >0.98%; and
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imputation quality score =0.7 (MACH r2 calculated by PLINK 2.0). Only biallelic
autosomal markers were used and SNPs that had the same rsID in different genomic
locations were excluded.

Conditional and joint multi-SNP analysis—Conditional and joint analysis (COJO) as
implemented in the program GCTA [72] was used to find SNPs independently associated
with the phenotype. As the input, this method uses summary statistics and a reference
sample to estimate LD. We performed the analyses using p = 5x1078 and p = 1x107° as the
genome-wide significance and suggestive significance thresholds respectively. For the LD
reference, we used a sample of 10,000 British EA individuals randomly selected from
350,000 people used in the GWAS discovery phase.

Replication and meta-analysis—Replication was performed by meta-analysis of all
replication cohorts for loci selected at the discovery phase. Replication significance
threshold was set as p-value<0.01 (Bonferroni corrected 0.05/5). Subsequent analyses of
heritability, genetic correlation, and functional investigation used the results of meta-analysis
of the discovery cohort and replication cohort of EA individuals from UK Biobank
(N=453,862). METAL software [68] was used for inverse-variance-weighted meta-analysis.

LD hub [76] and Idsc [7] tools were used to calculate genetic correlations. Summary
statistics files were filtered using ldsc software with default options (r2>0.9, MAF>0.01 and
the overlap with “high quality SNPs” — a total of 1,215,001 common HapMap3 SNPs with
high imputation quality). The HLA region on chromosome 6 was excluded. These SNPs
were used for the further analysis of genetic correlations as well as to estimate genomic
control inflation factor lambda (intercept) [11]. SNP-based heritability was calculated using
the genome wide restricted multiple likelihood (GREML) algorithm [71] as implemented in
BOLT-LMM software [32].

Genetic correlation analyses

Genetic correlations were estimated using the BP meta-analysis results (N=453,862), not
including the CHARGE cohorts. Two sets of traits were analyzed. The first set included a
total of 225 traits out of 235 available on LD-hub after removing duplicates via using only
the most recent study for each trait as indicated by the largest PMID number. Another set
comprised 17 traits considered by us as risk factors for BP: self-reported osteoarthritis, self-
reported intervertebral disc problems, self-reported osteoporosis, scoliosis, smoking status,
standing height, BMI, happiness, fluid intelligence score, years of education, anxiety/panic
attacks, depression and Big Five personality traits (openness to experience,
conscientiousness, extraversion, agreeableness, and neuroticism). Genetic correlations
between BP and 225 traits were considered statistically significant at p-value < 4.4x107°
(Bonferroni corrected, 0.01/225). To visualize the results, we focused on genetic correlations
of greatest magnitude and selected only the traits with absolute values of genetic correlation
with BP >0.25. This filtering led to a total of 23 traits (excluding BP). Clustering and
visualization were carried out using “corrplot” package for R and basic “hclust” function.
For clustering, we estimated squared Euclidean distances by subtracting absolute values of
genetic correlation from 1 and used Ward’s clustering method.
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To obtain genetic correlations that were independent from each other, we estimated partial
genetic correlations with BP for a subset of traits using the inverse of the correlation matrix
Pij

element of the inverted matrix. To avoid collinearity, from the 23 traits most strongly
correlated with BP we selected 8 traits representing subclusters (having the highest absolute
value of genetic correlation with BP) of the correlation dendrogram using distance threshold
of 0.5.

followed by the correlation estimate using the equation p;; = — » Where pj;is the {/,/}

In silico functional analysis

VEP, RegulomeDB and credible set—Functional annotation of SNPs was carried out
using variant effect predictor (VEP) software [40] with GRCH37 genomic reference and
RegulomeDB database [6]. For each studied locus, we selected the “credible set” of SNPs
that had strong associations with BP and was thought likely to have causal influences on
genes within the associated loci, using the PAINTOR method [30]. To apply PAINTOR, we
used the same reference set of individuals as described above (n = 10,000; the same subset
as used in the COJO and DEPICT analyses) to generate a clumped set of SNPs followed by
the estimate of pair-wise correlation matrices for all SNPs in each region using PLINK1.9
(we did not apply PLINK?2 for these procedures as it doesn’t have this functionality). The
PAINTOR software was run using its default parameters. In the next step, for all selected
SNPs we added LD-proxies with r2>0.8 in the EUR population according to 1000G v3 data.
All output results were aggregated into one file and SNPs marked by PAINTOR as the 99%
credible set (a list of SNPs that, with a 99% probability, would include the functional
variants) were chosen for further functional annotation using VEP and RegulomeDB.

SMR/HEIDI analysis—Potential pleiotropic effects of genetic variants on BP and other
traits were tested using summary data-based Mendelian randomization (SMR) analysis and
heterogeneity in dependent instruments (HEIDI) method [77]. SMR-HEIDI is analogous to
conventional Mendelian randomization and may be conducted using summary level GWAS
data. In short, the SMR tests for association between the traits of interest mediated by a
locus, and HEIDI identifies whether the traits are affected by the same underlying causal
variant. This analysis was carried out for SNPs associated with BP in the current study.
Briefly, starting with an index SNP, we screened for traits which may be affected by genetic
variation in the same region, and then performed a pleiotropy vs linkage disequilibrium test.
In the screening stage, we used a limited list of traits including 19 traits considered as risk
factors for BP (Supplementary table 2A). To perform HEIDI analysis, regional summary
level GWAS results are required, including regression coefficients and respective standard
errors. Such data were available for seventeen traits: self-reported osteoarthritis, self-
reported intervertebral disc problems, self-reported osteoporosis, scoliosis, smoking status,
standing height, BMI, happiness, fluid intelligence score, years of education, anxiety/panic
attacks, depression and Big Five personality traits (openness to experience,
conscientiousness, extraversion, agreeableness, and neuroticism).

We also examined for overlap between the SNPs associated with BP and eQTLs in blood
[67] and 44 tissues provided by the GTEx database [17] (Supplementary tables 2B) using a
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similar procedure: we examined if a SNP was established as an eQTL for a specific gene in
the region of interest and, if positive, the HEIDI test was performed as above.

Following Bonferroni procedure, the results of the SMR test were considered statistically
significant at p < 3x107° (0.05/1685, where 1685 is the number of genes available in blood
eQTL data and GTEx data for three studied loci) for eQTLs; and p<9.8x10~4 (0.05/(17x3)
accounting for 3 studied loci and 17 complex traits) for complex traits.

For the HEIDI test, a hypothesis of pleiotropy was rejected at p < 0.01; the hypothesis was
accepted at p>0.01.

Gene prioritization, pathway and tissue enrichment analysis—To prioritize genes
in associated regions, gene set enrichment and tissue/cell type enrichment analyses were
carried out using DEPICT software v. 1 rel. 194 [47]. For this analysis we chose independent
variants (identified by COJO) found in the BP meta-analysis results (N=453,862) with
p<5x1078 (23 SNPs) and p<1x10~° (227 SNPs). We used a random subset of 10,000
individuals from the UK Biobank for calculation of LD (the same subsets as used for COJO
analysis).

We also conducted gene analysis and gene-set analysis using MAGMA v1.6 included in
FUMA web tool [66] using the default options.

Novel genomic loci associated with back pain

The discovery sample of white British individuals (as defined by genetic principal
components; N = 350,000) comprised 91,100 BP cases and 258,900 controls, giving a
prevalence of BP of 26%. Cases and controls did not differ significantly by age (mean age
57.05 years) or sex (54% female) (Supplementary Table 1). SNP-based heritability estimated
by the GREML algorithm was 6.8+0.2% on the observed scale and 12.2+0.4% on the
liability scale. LD-score regression estimated the genomic inflation factor to be 1.29 with an
intercept of 1.032+0.009 and an estimate of the standardized genomic control inflation
factor of A1000=1.00024 [1]); this suggests that most of the inflation was introduced by
polygenic effects and that the influence of confounding by population structure and cryptic
relatedness was minimal (QQ-plot in Supplementary Figure 1).

After adjusting the results of the discovery GWAS for genomic control factor of 1.032, a
total of 183 SNPs positioned over 5 loci remained statistically significant at genome-wide
significance level of p<5x10~8 (Figure 2; Table 1). COJO confirmed that the 5 regions were
independent of one another (Supplementary Table 3A). Using meta-analysis of the UK
Biobank replication cohorts and the CHARGE Consortium cohorts (total N = 154,970—
157,752), three associations were replicated (p<0.01) (Supplementary Table 3B):
rs12310519 (p = 5.00x107°), rs7814941 (p = 5.32x107°), and rs3180 (p = 6.59x1073).

Of the three replicated loci, two have been reported previously as associated with other BP
phenotypes: the chromosome 12 lead SNP rs12310519 located in the intron of the SOX5
gene was associated with chronic BP in the recent GWAS by the CHARGE and PainOMICS
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consortia [55]. The region on chromosome 8 (lead SNP rs7814941), located in an intergenic
site of GSDMC and CCDC26 was identified in a study of sciatica [5] and was among the
loci associated with chronic BP at p<5x1078 in the GWAS by the CHARGE and
PainOMICS consortia [55] but not previously replicated.

The novel replicated locus on chromosome 10 (rs3180 SNP) lies in the region between the
3’-UTR of SPOCKZ2 and downstream of the CHS73 gene. This region was previously shown
to be associated with LDD with the leading SNP rs4148941 reported as a functional variant
influencing CHST3gene expression level in intervertebral disc tissue [53]. The gene
encodes an enzyme which catalyzes sulfation of chondroitin, a component of proteoglycans
crucially important in cartilage tissue function and hydration. Rare mutations in CHS73that
disrupt its enzymatic activity have been reported in patients with recessive skeletal
abnormalities, including spondyloepiphyseal dysplasia Omani type, Larsen syndrome,
humero-spinal dysostosis, and chondrodysplasia with multiple dislocation [22; 57-60].
Another gene in the region, SPOCK?2, was previously reported as the positional candidate
for bronchopulmonary dysplasia [18], chromosome 164 carcinogenic deletion (along with
CHST?3) [42], and age of smoking initiation [10]. The gene encodes a proteoglycan SPARC/
Osteonectin (Cwcv And Kazal Like Domains Proteoglycan 2) involved in extracellular
matrix formation and is highly expressed in the central nervous system (CNS) [61]. Using
available /in-silico instruments we did not find sufficient evidence to determine whether
SPOCKZ2or CHST3was the most likely gene associated with BP on chromosome 10 (See
Additional results file).

We also sought to determine whether the three replicated loci hold known functional variants
using variant effect predictor (VEP) analysis [40] and the RegulomeDB database [6]. For
each locus we selected sets of SNPs that would most likely include a functional variant (the
so-called 99% ‘credible set’; see Material and Methods). In total, we selected 203 SNPs
(Supplementary Table 4A). According to the results of the VEP annotation, there were no
missense variants or variants with strongly predicted regulatory function in terms of
influence protein activity (Supplementary Table 4B). However, according to RegulomeDB, a
number of SNPs in the chromosome 8 and chromosome 10 loci were found likely to
influence binding of transcription factors (Supplementary Table 4C). In particular, 8 SNPs
on chromosome 8 had RegulomeDB score 2b (“Likely to affect binding”). On chromosome
10, 8 SNPs had RegulomeDB scores 1b,d,f (“Likely to affect binding and linked to
expression of a gene target”) and 6 SNPs had scores 2a,b (“Likely to affect binding™).
Importantly, the lead SNPs from these two loci, rs7814941 and rs3180, did not appear to be
functional. Also, none of the SNPs from the credible set on chromosome 12 was predicted to
be functional according to RegulomeDB. These results suggest that genetic variation in the
chromosome 8 and 10 loci likely influence back pain via gene expression rather than protein
function. At present no conclusion can be drawn for chromosome 12 region.

To achieve higher statistical power for the subsequent study of pleiotropic effects and
genetic correlations, a meta-analysis of discovery (EA British N = 350,000) and replication
sets (other EA N = 103,862) was performed, yielding a total sample size of 453,862. The
SNP-based heritability estimate from this meta-GWAS was 6.9+0.2% on the observed scale
and 12.3+0.4% on the liability scale. LD-score regression estimated the genomic inflation
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factor to be 1.37 with intercept of 1.036+0.009 (standardized genomic control inflation
factor of A1000=1.00021). A total of 651 SNPs in 23 loci achieved genome-wide significance
threshold of p<5x10~8 (Supplementary Figure 2, Supplementary Tables 5). COJO analysis
confirmed that significant loci were independent of one another. Subsequently, we refer to
the results of this meta-analysis as BPpy,, to contrast with the discovery GWAS.

Causal and pleiotropic effects of genetic factors underlying back pain and its risk factors

Identifying causal genes via a study of gene expression—For replicated regions
we aimed to identify genes whose expression might mediate the association between SNP
and BP. We performed a summary-data based Mendelian randomization (SMR) analysis
followed by heterogeneity in dependent instruments (HEIDI) analysis [77] using eQTL data
from a range of tissues including blood [67] and 44 tissues provided in the GTEX v. 6p
database [17] (Supplementary table 2A). In short, SMR tests the association between gene
expression in a particular tissue and a trait using the most highly associated SNP as a genetic
instrument. A significant SMR test indicates that a given functional variant determines both
gene expression and the trait of interest via causality or pleiotropy, but it may also suggest
that functional variants underlying gene expression are in linkage disequilibrium with those
controlling the trait. Whether a functional variant mediates both BP and gene expression was
inferred from the HEIDI test: pygp; = 0.01 (likely shared causal SNP) and pygipy < 0.01
(sharing of a causal SNP is unlikely). Results are presented in Supplementary Table 2C.

We observed a statistically significant SMR (p<3x10~°) and no difference in association
patterns for the rs3180 locus and SPOCKZ2in blood (Bsmr = 5.9; psmr = 1.0x1078) and in
adrenal gland (Bsmr = —20.6; psmr = 1.3x107). Moreover, for this locus we detected three
suggestively significant SMR coefficient and pyg|p; >0.01: two for the CHS73 gene in testis
(Bsmr = 6.3; psmr = 5.5%107°) and in EBV-transformed lymphocytes (Bspmr = —17.1; PsmMr
= 1.7x107%); and one for the SPOCK2 gene in muscle skeletal tissue (Bspr = —9.6; PsmR =
8.7x107°). The results suggest that either SPOCK2 or CHST3or both are causal genes for
BP in the region tagged by rs3180. It is worth noting though that some of the tissues with
significant findings in this analysis (testis, EBV-transformed lymphocytes, adrenal gland) do
not seem relevant to BP in an anatomical or functional sense. Nevertheless, a BP-associated
variation in the SPOCK2I CHST3region was linked with CHS73 expression in intervertebral
disc tissue in an /n vitro functional study previously [53].

For the locus tagged by rs7814941 we detected two statistically significant SMR coefficients
for the GSDMC gene. However, in all cases there was a significant (pygipy <2x1077)
difference in association patterns between the SNP and the gene expression and BP. This
suggests that the association between this region and BP is unlikely driven by variation in
GSDMC gene expression.

Pleiotropic effects of genetic variants associated with BP and other complex
traits—Using the SMR/HEIDI approach, we also tested for potential pleiotropy of effects
of three BP loci on seventeen known risk factors or related conditions for which data were
available in public databases: osteoarthritis, self-reported intervertebral disc problems,
osteoporosis, scoliosis, smoking status, standing height, BMI, well-being (happiness), fluid
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intelligence score, educational attainment (years of education), anxiety/panic attacks,
depression and the ‘Big Five’ personality traits (openness to experience, conscientiousness,
extraversion, agreeableness, and neuroticism) (Supplementary Table 2B; Supplementary
methods).

Results are presented in Supplementary Table 2D. Statistically significant (p<9.8x107%)
SMR coefficients were revealed for height with variants rs7814941 and rs3180 (psyr =
3.60x10713 and 4.35x107°, respectively). Locus rs7814941 showed significant heterogeneity
in association patterns with height (pugip; = 5.58x10712) suggesting the presence of
different functional variants for height and BP at this locus. Locus rs3180 showed no
heterogeneity in association patterns between BP and height in HEIDI (pygip; = 0.79), thus
suggesting pleiotropy — the same functional variant(s) was influencing both traits. All three
loci demonstrated significant SMR results with intervertebral disc problems (psyr =
3.30x1077, 3.75x1077, and 3.17x107°, for rs3180, rs12310519, and rs7814941, respectively;
Table 2); with all three showing no heterogeneity in association patterns between BP and
intervertebral disc problems (all pygip) > 0.01); and in all cases SMR coefficient was
positive, suggesting that the same causal genetic factors attributable to these loci increase the
risk of both BP and self-reported intervertebral disc problems.

Back pain shares genetic components with psychiatric, sociodemographic and
anthropometric traits

To establish shared genetic components between BP and other complex traits, we carried out
an agnostic analysis of 225 complex traits available in LD-hub. We observed a significant
genetic correlation (p<4.4x107°) between BP,, and 33 traits (Supplementary Table 6,
Supplementary Figure 3), with the strongest positive correlations (pg>0.35) found with BP
and neuroticism [45] (py=0.49), insomnia [19] (p4=0.46), depressive symptoms [45]
(pg=0.53) and major depressive disorder [35] (pg=0.39). The strongest negative correlations
(pg<—0.35) were between BP,, and age of first birth [2] (py=—0.49), years of schooling [46]
(pg=—0.47), mothers age at death [48] (pg=—0.43), parents age at death [48] (p4=-0.38) and
college completion [51] (pg=—0.51). The traits exhibiting strong genetic correlation with BP
fell into several distinct clusters (Figure 3): 1) the cluster of obesity-related traits, 2) the
cluster related to mood and sleep, and 3) the cluster related to sociodemographic factors
(including education) and smoking.

To identify which pair-wise genetic correlations were conditionally independent of each
other, we calculated partial genetic correlations for BPp,; and 8 traits selected from each
subcluster (using a distance threshold of 0.5 on a hierarchical clustering dendrogram) of the
genetic correlation matrix (Figure 4, Supplementary Figure 4). In short, partial correlation is
the measure of association between two variables while controlling for the effect of one or
more additional variables. This analysis found such traits as “mother age of death”, “lung
cancer”, and “former vs current smoking”, and “age of first birth” to not be independently
correlated with BP. Partial correlations for depressive symptoms and sleep duration were
similar to the pair-wise correlations. Finally, partial correlations with BP for “waist
circumference” and “college completion” were much smaller than the pair-wise correlations
but remained statistically significant (p<4.4x1072).
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In addition to an agnostic analysis of all complex traits from LD-hub, we also carried out a
focused analysis of genetic correlations between BP and 17 complex traits considered as risk
factors for BP: self-reported osteoarthritis, self-reported intervertebral disc problems, self-
reported osteoporosis, scoliosis, smoking status, standing height, BMI, happiness, fluid
intelligence score, years of education, anxiety/panic attacks, depression and Big Five traits
(Supplementary Table 2B). The strongest positive correlations were found for self-reported
intervertebral disc problems (pg = 0.77, p = 6.7x10724); self-reported osteoarthritis (Pg =
0.55, p = 7.5x10741): and depression (pg=0.44,p= 1.3x10723). The strongest negative
correlation was found for education attainment (pg = —0.47, p = 7.1x107102). Scoliosis,
smoking status and BMI had moderate positive genetic correlation with BPy, (pg = 0.35,
0.35 and 0.33 respectively, with p=0.001, 7.3x10742 and 2.0x10756 respectively). Overall,
the results of the analysis of the risk factors were consistent with the analysis of 225 traits.

Genetic factors underlying back pain are involved in neurological pathways

We used DEPICT with all independent variants (as identified by COJO analysis) from BP 4
with p < 1e-5 (227 SNPs in total) and identified potential enrichment of gene sets
(FDR<0.2) related to nervous system development and skeletal muscle development
(Supplementary Table 7A-C). We did not identify a significant enrichment of expression
across any tissues and cell types (FDR > 0.2), although we observed a trend towards
enrichment of components of CNS (Supplementary Table 7A-C). Similar results were
observed when analyzing enrichment of expression of genes located around 23 BP 4
independent genome-wide significant variants (Supplementary Table 7D-F).

Analysis by MAGMA [66] revealed three significant gene sets (Supplementary Table 8):
M12307 (“Nikolsky breast cancer 1624 amplicon”, FDR=0.02; copy number amplicons of
53 genes enriched with major tumorigenic pathways and breast cancer-causative genes [41]),
G0:0051590 (positive regulation of neurotransmitter transport, FDR=0.02) and
G0:0021952 (central nervous system projection neuron axonogenesis, FDR=0.02). Tissue
expression analysis for 30 general tissue types revealed significant enrichment of expression
in brain (FDR=0.01).

DISCUSSION

The current study is the largest genetic association study to date for BP and included more
than 500,000 individuals. The results provide insights into the genetic composition of
predisposition to BP, one of the leading causes of disability worldwide. We quadrupled the
number of genome-wide significantly associated BP loci (from five [55] to 23), and
increased the number of replicated BP loci from one to three. Our work has implicated two
new positional candidate genes: SPOCK2and CHST3. The region where these genes reside
has previously been described as associated with LDD in Chinese individuals, and an /n
vitro functional study suggested a mechanism linking variation in this locus (specifically,
rs4148941) and expression of CHST73, a functionally highly plausible gene [53]. Our /in
sifico functional analysis, however, suggests that the closely adjacent SPOCKZ gene may be
another candidate in the region. In particular, we provide evidence of relationships between
both SPOCKZ2and CHST3gene expression and the risk of BP. At the same time, using
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available /in-silico instruments, we couldn’t provide enough evidence in favor of SPOCKZ2 or
CHST3as the most likely gene associated with BP on the locus on chromosome 10 (see
Additional results file).

We found evidence of pleiotropic effects for the genetic factors underlying BP, height, and
intervertebral disc problems. From epidemiological studies, both height and LDD are known
to be associated with BP and have been proposed to have causal effects on BP [24; 75]. The
genetic pleiotropy identified in the current study provides insight into the molecular
background underlying these associations. Importantly, while only one of the three loci
(rs3180) exhibited pleiotropic effects for BP and height, all three demonstrated pleiotropy
for BP and self-reported intervertebral disk problems. In addition, the observed genetic
correlation between height and BP was small and statistically insignificant (pg=0.05,
p=0.07), while the genetic correlation between intervertebral disc problems and BP was high
and strongly statistically significant (pg = 0.77, p = 6.7x10724), These results strongly
suggest shared underlying genetic factors between intervertebral disk degeneration and BP,
as compared to height and BP, and are in keeping with the epidemiological evidence of
strong association of BP with disc degeneration [31; 34] and a weaker association with
height [56]. An alternative explanation for our observation that loci influencing BP also
affect intervertebral disc problems might be an overlap between individuals reporting both
BP and intervertebral disc problems in UK Biobank. Indeed, 66% of people in the UK
Biobank who reported intervertebral disc problems also reported BP. Yet only 5% people
who reported BP also reported intervertebral disc problems: the correlation between the two
phenotypes was small (r = 0.13), although significant (p<2.2e-16). In support of a shared
genetic basis for BP and intervertebral disc problems, we found that the lead SNPs tagging
regions near SOX5 (rs12310519) and GSDMC/CCDCZ26 (rs7814941 via proxy rs4733724)
had nominally significant associations (p = 1.1x10™ and p = 0.023, respectively) with MRI-
proven LDD in a meta-analysis of 4600 individuals who were independent from the current
study sample and not selected by BP status [69].

To our knowledge, this is the first study to use contemporary quantitative genetic methods to
replicate the results of twin studies examining shared genetic influences on BP with other
traits, including putative BP risk factors [3; 13; 20; 23; 27; 31; 34; 52]. In so doing, we took
the broadest approach to date and examined a wide range of complex traits and known risk
factors, revealing three clusters sharing significant genetic correlations with BP: the obesity-
related traits, the mood and sleep related traits, and the sociodemographic factors (including
education) and smoking. Moreover, we identified mutually independent genetic correlations
between BP and depression, sleep disturbance, waist circumference and college completion.
The magnitude and direction of many of the observed genetic correlations in the current
study follow from the results of classic epidemiology and genetic epidemiology studies of
BP suggesting, perhaps, that the environmental components to these risk factors have been
overstated or at least themselves have a genetic basis, at least in part. For instance, we
observed strong positive genetic correlations between BP and depression related phenotypes,
and between BP and obesity-related traits. These traits are known to co-occur with BP and
twin studies have suggested that they share underlying genetic factors [49], with similar
genetic correlations also seen for other pain phenotypes [15; 39; 44]. Our results confirm a
recent twin report of genetic correlation of sleep disturbance with BP [50]. Overall, the
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analysis of genetic correlations provides evidence for shared molecular pathways underlying
BP and traits considered as BP risk factors, thus providing the basis for identification of
causal links between them.

Our pathway analysis revealed the importance of genetic factors in CNS and skeletal muscle
in BP. While the CNS has long been recognized as the key component in the pathogenesis of
chronic pain [21], the role of skeletal muscle is still not well defined [64; 65]. Altogether,
these data provide a starting point for further functional analyses of mechanisms underlying
BP (Figure 5). The study of pleiotropy and genetic correlations, supported by the pathway
analysis, suggests at least two strong molecular axes of BP genesis, one related to structural/
anatomic factors such as intervertebral disk problems and anthropometrics; and another
related to the psychological component of pain perception and pain processing. These two
axes correspond roughly to the different “biomedical” and “biopsychosocial” viewpoints
that have dominated BP research and clinical care for the past several decades [14]. Pathway
analysis also produced an unexpected enrichment for genes involved in “Nikolsky breast
cancer 16924 amplicon” gene set. This gene set includes 53 genes and represents one of 30
genomic regions with copy number gain found in the analysis of 191 breast tumours [41]. It
is not known to be enriched for pain-related or other relevant pathways; therefore, its
relationship with BP needs to be explored further.

Despite the study of close to half a million people, we identified and replicated only 3 loci.
Also, in keeping with other common complex traits, the SNP-based heritability was rather
low (12% on the liability scale). These estimates are lower than those observed in twin
studies [3; 28; 33; 43]. This situation is not uncommon, because in GWAS only a subset of
common genetic variants that are captured by SNPs presented on major genotyping
microarrays is examined, while heritability attributed to rarer variants and other variation
(e.g. indels and copy number variants) is omitted [74]. The low SNP-based heritability
suggests that BP is genetically a very complex, highly polygenic phenotype. This is also
supported by the small effect sizes observed in our study (e.g. p = —0.056+0.007,
corresponding to odds ratio of 0.95 with 95% CI 0.93-0.96). In part, this can also be
explained by the heterogeneity of the phenotype itself, as BP arises from many triggers
having different underlying molecular pathologies [63]. Our approach used a standard
definition of “any back pain” in the discovery stage, but permitted some heterogeneity with
respect to BP duration among cohorts included in the replication stage (any BP in the UK
Biobank sub-cohorts vs chronic BP in the CHARGE cohorts). In our prior study [55], we
focused on chronic back pain (duration > 3 months) and it was our intention for the current
study to see if the phenotype of “current back pain” might yield different results from
chronic back pain. This turned out not to be the case, as the results of both GWAS are
broadly similar. Future progress of genetic studies of BP would benefit from more consistent
phenotyping. Our experience to date of working with back pain consortia — with no more
than 3 cohorts having closely comparable back pain definitions and question items — has
shown that it is extremely difficult to bring together cohorts of comparable size having
uniform phenotype definition. This reflects the current state of BP research, where there is
no universally accepted gold standard for defining BP [55]. Recently established consensus
guidelines for core BP definitions may facilitate future efforts to harmonize definitions
between cohorts [12]. Our study results may also have been affected by the definition of
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controls used, as many people who did not report having BP did in fact experience pain in
other sites (e.g. knee, hip, neck, shoulder). Given that there is an overlap between the genetic
components of different pain locations [70], this may bias the study towards the null and
towards the variants that are specific for BP only. In any case, the selection of controls in our
study likely led to conservative result estimates, and makes false positive findings very
unlikely.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of the study.
GWAS for back pain used a combination of UK Biobank and Cohorts for Heart and Aging

Research in Genomic Epidemiology (CHARGE) consortium cohorts. Discovery was
performed using 350,000 individuals of European ancestry from the UK Biobank.
Replication cohorts included individuals of European (EA), African (AA) and South Asian
(SA) ancestry and Chinese individuals from the UK Biobank and CHARGE cohorts (N =
154,970-157,752). Meta-analysis was carried out using the discovery cohort and other
individuals of European ancestry from the UK Biobank (N = 453,862) and the results used
to estimate genetic correlations with risk factors, establish causal or pleiotropic relationships
using summary-data based Mendelian randomization (SMR) followed by heterogeneity in
dependent instruments (HEIDI) analysis, and to perform DEPICT and MAGMA analyses to
reveal functional relevance.

EA, European ancestry
AA, African ancestry
SA, South Asian ancestry
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Figure 2. Manhattan plot of discovery GWAS for back pain.
Correction was made for genomic control (1.032). The red line corresponds to genome-wide

significance threshold of 5x1078, while the blue line corresponds to a suggestive association
threshold of 5x10~7. Only SNPs with p<0.1 are presented. Asterisks depict replicated loci.
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Figure 3. Heatmap for 23 traits with strongest statistically significant genetic correlations with
back pain (absolute pg = 0.25; ps4.4><10_5).
Hierarchical clustering was carried out based on genetic correlations between all pairs of

traits. PMID references are placed in square brackets. The dashed line on the cluster
dendrogram refers to the threshold of 0.5, depicting 9 subclusters (including BP).
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Figure 4. Partial genetic correlation and pair-wise genetic correlation barplots for 8 traits (one
trait from each subcluster with threshold of 0.5 on hierarchical clustering dendrogram of genetic
correlation matrix).

Error bars correspond to 95% confidence intervals. Asterisks depict traits in which partial

correlation with BP is significant (p<4.4x107°).

Pain. Author manuscript; available in PMC 2020 June 01.



1duosnuey Joyiny wA 1duosnue Joyiny wA

1duosnuen JIoyiny vA

Freidin et al. Page 26

. Pleiotropy
Candidate genes
8 (SMR-HEIDI) Pathways
SPOCKZ) Intervertebral disc {DEPICT, MAGNA)
CHslS problems «  Potential enrichment for gene sets (FDR
SOX5 - Haight <0.2) related to regulation of nervous
GSDMC g system development and skeletal muscle

development
. G0:0051590, positive regulation of
Genetic correlations neurotransmitter transport (FDR=0.02)
. G0:0021952, central nervous system

«  Obesity-related traits projection neuron axonogenesis (FDR=0.02)

*  Traits related to mood and sleep
*  Traits related to sociodemographic factors
(including education and smoking)

The formation of the spine / cartilage

. . Signaling / neurogenesis
/ bone / connective tissues g g/ &

Figure 5. Summary of genes and pathways in back pain.
Left part of the figure summarizes information about positional candidate genes and genetic

correlations. Green arrows depict pleiotropy by SMR/HEIDI method. Dashed green lines
depict suggested pleiotropy by SMR/HEIDI. Left part of the figure summarizes the results of
pathway analyses.
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Table 2.

Results of summary-level Mendelian randomization and pleiotropy analysis of SNPs associated with BP

Trait Statistics SNP (Gene)
rs3180 (SPOCK2/CHST3)  rs12310519 (SOX5) rs7814941 (GSDMC/CCDC26)

Height Bsmr -1.677 0.800 6.013
Psmr 4.3x107° 7.4x1073 3.6x10713
PHEIDI 0.79 - 5.6x10712
Intervertebral disc problems Bsmr 0.068 0.050 0.040
Psmr 3.3x1077 3.8x1077 3.2x107°
PHEIDI 0.75 0.12 0.50

Results of SMR/HEIDI tests using data from GeneAtlas. For the HEIDI tests, a hypothesis of pleiotropy was rejected at p < 0.01; with p > 0.01, we
considered pleiotropy as a likely explanation. Two traits (height and intervertebral disc problems) with at least one significant SMR coefficient

(p<9.8><10_4) among three loci are presented. BSMR is SMR coefficient; pSMR is p-value for SMR test; pHE|DI is p-value for HEIDI test (not
calculated if pSMR was insignificant, “~*).
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