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Winsvold et al: GWAS Meta-Analysis of Cluster Headache

Objective: The objective of this study was to aggregate data for the first genomewide association study meta-analysis
of cluster headache, to identify genetic risk variants, and gain biological insights.
Methods: A total of 4,777 cases (3,348 men and 1,429 women) with clinically diagnosed cluster headache were rec-
ruited from 10 European and 1 East Asian cohorts. We first performed an inverse-variance genomewide association
meta-analysis of 4,043 cases and 21,729 controls of European ancestry. In a secondary trans-ancestry meta-analysis, we
included 734 cases and 9,846 controls of East Asian ancestry. Candidate causal genes were prioritized by 5 complemen-
tary methods: expression quantitative trait loci, transcriptome-wide association, fine-mapping of causal gene sets,
genetically driven DNA methylation, and effects on protein structure. Gene set and tissue enrichment analyses, genetic
correlation, genetic risk score analysis, and Mendelian randomization were part of the downstream analyses.
Results: The estimated single nucleotide polymorphism (SNP)-based heritability of cluster headache was 14.5%. We
identified 9 independent signals in 7 genomewide significant loci in the primary meta-analysis, and one additional locus
in the trans-ethnic meta-analysis. Five of the loci were previously known. The 20 genes prioritized as potentially causal
for cluster headache showed enrichment to artery and brain tissue. Cluster headache was genetically correlated with
cigarette smoking, risk-taking behavior, attention deficit hyperactivity disorder (ADHD), depression, and musculoskele-
tal pain. Mendelian randomization analysis indicated a causal effect of cigarette smoking intensity on cluster headache.
Three of the identified loci were shared with migraine.
Interpretation: This first genomewide association study meta-analysis gives clues to the biological basis of cluster
headache and indicates that smoking is a causal risk factor.

ANN NEUROL 2023;94:713-726

we established the International Consortium for Cluster
Headache Genetics (CCG) and analyzed data from
10 European and 1 East Asian CH cohorts; those used in

Cluster headache (CH) is a primary headache disorder
that affects 0.1% of the population and is 4 times

. . 1 . .
more common in men than in women. It is characterized

by episodes of excruciating unilateral pain centered around
the eye or the temple.” The large majority of patients are
either current or previous smokers and there is a higher prev-
alence of illicit drug use, depression, and sleep disorders
among patients with CH than in the general population.'~

Much is unknown about the pathophysiology of CH,
but hypothalamic, trigeminovascular, and autonomic nervous
system dysfunction are likely involved."* Previous twin- and
family-based studies have suggested the involvement of
genetic factors,” and 2 recent genomewide association studies
(GWAS) in individuals of European ancestry®” demonstrated
robust genetic associations for CH, independently identifying
4 genetc risk loci on chromosome 1 (near the gene
DUSPI0), chromosome 2 (within MERTK and near SATB2),
and chromosome 6 (within FHL5), with odds ratios (ORs)
ranging from 1.30 to 1.61. A third GWAS in Han Chinese
individuals replicated 2 of these loci (MERTK and SATB2)
and reported an additional locus in the gene CAPN2.®

To identify additional genetic factors and increase
power for functional interpretation of the genetic signals,

the 4 previous GWASs of CH®” and 5 additional
cohorts, increasing the sample size for analysis 3.2-fold
compared to the largest previous CH GWAS.”

Methods
Cohorts and Phenotyping

For reference, acronyms are listed in Table S1. Data were
obtained from 10 European and 1 FEast Asian cohorts
(Table 1), with a combined sample size of 4,777 patients
with CH (3,348 men and 1,429 women) and 31,575 con-
trols, of which 4,043 patients (85%) were of European and
734 (15%) of East Asian ancestry. Cases were recruited
between 2005 and 2022 through specialized headache
clinics and diagnosed according to standardized Interna-
tional Classification of Headache Disorder (ICHD)
criteria.”'? Details on the recruitment and phenotyping in
each cohort are provided in Table S2. All studies were
approved by local research ethics committees, and written
informed consent was obtained from each study participant.
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Additional supporting information can be found in the online version of this article.
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Study Cases (n)

European ancestry

Dutch Cluster Headache Cohort® 943
UK Cluster Headache Cohort® 852
Swedish Cluster Headache Cohort 1° 591
German Cluster Headache Cohort 477
Danish Cluster Headache Cohort 492
Swedish Cluster Headache Cohort 2 255
Trondheim Cluster Headache Cohort® 144
Greek Cluster Headache Cohort 99
Barcelona Cluster Headache Cohort 97
Italian Cluster Headache Cohort® 93
Total European ancestry samples 4,043

East Asian ancestry
Taiwan Cluster Headache Cohort! 734
Total 4,777

TABLE 1. Cluster Headache GWAS Studies Included in the Meta-Analysis

Cases: Current or
Controls (n) Cases: Men (%) previous smokers (%)
1,424 68.2% 81.1%
5,614 64.1% NA
1,134 67.0% 71.0%
938 72.5% NA
9,658 65.9% 0.76%
241 61.6% 68.2%
1,800 73.6% NA
91 82.8% NA
482 82.5% NA
347 82.6% 90.3%
21,729 68.2% 77.3%
9,846 80.5% 58.9%
31,575 70.0% 74.3%

Note: “*Previously published in whole or in part by *Harder et al® *O’Conner et al’; “Bacchell et al’; and “Chen et al.®
Abbreviations: GWAS = genomewide association studies; NA = information not available; UK = United Kingdom.

GWAS and Meta-Analysis
A standardized quality control (QC) and analysis protocol
was applied to each individual GWAS, while allowing for
adaptations to comply with local data sharing regulations
and analysis pipelines. Details are given in Table S3. Sam-
ples in each cohort were genotyped on genomewide arrays,
and QC was performed on each dataset prior to imputa-
tion. Only variants with an imputation quality of > 0.3"’
and a minor allele count of > 12 were kept for further
analysis. For X chromosome analyses, male patients were
coded as diploid. Prior to the meta-analysis, the per-study
allele labels and allele frequencies were compared with
those of the imputation reference panels using EasyQC,"’
and removed or reconciled mismatches. The analysis of
the Taiwanese cohort was performed separately.®

We first conducted an inverse variance weighted
fixed-effects meta-analysis of European ancestry cohorts
using METAL,'? without genomic control. A total of
14,860,930 variants were present in at least one cohort
and included in the meta-analysis, and 5,199,189 (35%)
variants were present in all 10 cohorts. To identify addi-
tional loci, we next conducted a secondary trans-ancestry
GWAS meta-analysis that also included the East Asian

716

ancestry cohort, using MR-MEGA with default settings,'”
which accounts for allelic heterogeneity between ancestries.
Of 15,425,163 variants analyzed, 3,792,160 were present in
the East Asian cohort. Of these, 3,225,258 (85%) were also
present in at least one European cohort. Genomewide signifi-
cance was set to p < 5 x 107°,

Due to heterogeneity in allele frequencies and differ-
ences in linkage disequilibium (LD) structure between
European and East Asian populations, which complicates LD
modeling, we focused subsequent fine-mapping and func-
tional analyses on data from the European ancestry GWAS.

Single nucleotide polymorphism (SNP)-based herita-
bility was calculated using LD-Score Regression (LDSC)'
after excluding variants that (1) were not present in the
HapMap 3 reference panel, (2) explained > 1% of pheno-
type variation, or variants in LD (#* > 0.1) with these, and
(3) were in the major histocompatibility complex region.
Heritability estimates were converted to the liability scale
assuming a population prevalence of CH of 0.1%."

Fine-mapping for significant loci was performed
using PICS2" with 1,000 Genomes EUR LD reference.
Next, a stepwise conditional analysis was performed using
FINEMAP.'®!” Only biallelic, non-indel variants were
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included, and a p value <5 x 1078 was used to define
SNPs that were conditionally independent from the lead

variant.

Candidate Gene Mapping

To prioritize candidate genes for a causal association to
CH, 5 methods were applied: (1) expression quantitative
trait locus (€QTL) analysis, (2) transcriptome-wide associ-
ation (FUSION), (3) fine-mapping of causal gene sets
(FOCUS), (4) association to genetically driven DNAm
(MetaMeth), and (5) genes affected by protein-altering
variants in high LD with the lead CH variants.

eQTL Analysis. Association between variants and gene
expression (cis-eQTL) was estimated based on RNA
sequencing and genotype data from 59,327 individuals
(Table S4).'® For each CH variant, it was tested whether
the variant itself, or variants in high LD (#* > 0.8), associ-
ated with one or more top cis-eQTLs, defined as the vari-
ant with the lowest p value within a distance of 1 Mb
from the gene for each gene and tissue. The significance
threshold was determined at p <1 X 10~°. Details on
data sources and methods are described previously.'®

Transcriptome-Wide Association Study Analysis. To iden-
tify genes whose expression is significantly associated with
CH, the CH meta-analysis results were integrated
with gene expression data from single tissues (Table S5)
using Transcriptome-Wide Association Study Analysis
(TWAS)-FUSION." TWAS expression weights were
computed using 5 linear models (Table S5), followed by
cross-validation to determine the best performing model
for a given gene. The imputed gene expression was then
used to test for association with CH, taking into account
the LD structure and Bonferroni correcting for the num-
ber of genes tested for the given tissue. A joint/conditional
analysis was performed to test for the significance of
GWAS signals after removing TWAS-significant signals
(expression weight from TWAS). Each variant association
from the CH meta-analysis was conditioned on the joint
model and a p value for conditional analysis results was
obtained by permutation testing.

Fine-Mapping of Causal Gene Sets. Fine-Mapping of
Causal Gene Sets (FOCUS)?° took as input the CH
meta-analysis results, the previously calculated TWAS
expression prediction weights, and LD information for all
SNPs in the risk regions, and estimated the probability for
any given set of genes to explain the respective TWAS sig-
nal. FOCUS was run for chromosomes 1, 2, 6, 7, and
17, in which TWAS-Fusion showed suggestive association

of genes with tissues.
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Genetically Driven DNA Methylation Scan (MetaMeth).
Association between CH and genetically driven DNA
methylation (DNAm) was assessed using the MetaMeth
function in EstiMeth (version 1.1).*' EstiMeth includes
86,710 models reflecting a robust genetically driven signal
at methylation of 5-C-phosphate-G-3' (CpG) sites in
whole blood.”’ The approach was applied to the CH
meta-analysis results, and significance was set at p value
< 0.05 after false discovery rate (FDR) correction. Each
CpG was paired with its annotated gene(s) and represen-
ted in a Miami plot using the R-project (https://www.R-
project.org/) ggplot package.>”

Protein-Altering Variants (VEP-Ensembl). At deCODE
Genetics (Iceland), for each of the lead CH wvariants, it
was determined if it was in high LD (#* > 0.80, based on
the Icelandic genotype data) with protein-altering (coding
or splice) variants with moderate or high impact, as

annotated using release 100 of the Ensembl Variant Effect
Predictor (VEP-Ensembl) tool.”*

Gene Set and Tissue Enrichment Analyses

Genes prioritized by at least one of the five methods were
used as input to the GENE2FUNC tool implemented in
FUMA* to examine enrichment in differentially
expressed gene (DEG) sets for 54 tissues from GTEX ver-
sion 8,%° and in biological pathways and functional cate-
gories from MsigDB, WikiPathways, and the NHGRI
GWAS catalog.”* The p values < 9.26 x 10™* (0.05/54
tests) were considered statistically signiﬁcant.24 We also
applied 2 approaches based on variant-level summary sta-
tistics: (1) DEPICT version 1.194 analysis®® applied to
independent variants with a nominal association to CH
(p<lx 1079, and (2) LD-Score Regression applied to
specifically expressed genes (LDSC-SEG) version 1.0.1.7
applied to the full set of summary statistics from the
meta-analysis. Both methods were run with default set-
tings. FDR < 0.05 was considered statistically significant.

Drug Target Identification

For genes prioritized by at least 1 of the 5 methods, we
examined their druggability status using the dataset from
Finan et al*® (Table S6). For detailed structured informa-
tion about drugs and drug targets, we integrated informa-
tion from the DrugBank online database (hteps://www.
drugbalnk.com)29 (version 5.1.9, released 2022-01-04).

Genetic Risk Score Analysis

Genetic risk scores (GRSs) were based on summary statis-
tics from the meta-analysis of all European ancestry
cohorts except the given cohort to create independent test
samples. In 3 cohorts (Dutch, Swedish cohort 1, and
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Danish) GRSs were calculated with LDpred2,30 which
uses genomewide data from the discovery dataset without
applying a p value threshold. In the German cohort, GRS
were calculated using PRSice2®' (Table S7). Sample-
specific GRSs were normalized using the target sample
mean and standard deviation. Using linear regression,
adjusting for sex and the first 4 to 6 principal components,
we examined the association of GRS in each cohort to case—
control status, and among cases to episodic versus chronic
CH, male versus female patients, age at onset, currently
smoking yes versus no, and ever versus never smoked was
examined for each cohort. The p values < 0.0024 (0.05/21
tests) were considered statistically significant.

Genetic Correlation

In a hypothesis-free fashion, LDSC (version 1.0.1.)'* was
used to calculate pairwise genetic correlations between
CH and 1,150 phenotypes from published GWASs
(Table S8) based on GWAS summary statistics. Applying
a stringent Bonferroni correction (0.05/1,150), the signifi-
cance threshold was set at (p < 4.35 x 107°). To evaluate
differences in the correlation profiles for CH and
migraine, the genetic correlation was calculated between
migraine (48,975 migraine cases and 540,381 controls
from Hautakangas et al,’’ not including 23andMe) and
each of the traits that were significantly correlated with
CH, whereas Bonferroni correcting for the number of
tests (0.05/84, p < 5.95 x 107°).

Colocalization Analysis

To test whether CH loci that were in close proximity to
previously reported migraine loci share causal variants for
both CH and migraine, the Bayesian colocalization proce-
dure implemented in the R package “coloc” (version
5.1.0) was used with default settings32 and the migraine
dataset described above. Colocalization was tested for the
region between the 2 nearest recombination hotspots (https://
bitbucket.org/nygcresearch/Idetect-data/src/master/EUR/).

Mendelian Randomization Analysis

To test for a causal effect of smoking on CH, we per-
formed a summary statistics-based 2-sample inverse-
variance weighted (IVW) Mendelian randomization
analysis,” using as instrumental variables 40 independent
variants significantly (p <5 X 10®) associated with “Cig-
arettes smoked per day” in a previous GWAS,* as an
indication for smoking intensity (Table S9). Because the
IVW method assumes the absence of horizontal pleiotropy,
several sensitivity analyses were used to exclude pleiotropy.
Cochran’s Q tests were used to detect heterogeneity.”” In
addition, the Mendelian randomization-Egger intercept was
used to detect directional pleiotropy.*>*® Both models were
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fit using robust regression and assuming a #distribution of
the ficted parameters. Analyses were performed using the
Mendelian Randomization package (version 0.5.1) in R (ver-
sion 3.6.3). To verify the causality between smoking and
CH, we applied a latent causal variable (LCV) model to esti-
mate the genetic causality proportion (GCP).”” Here, a
latent variable mediates the genetic correlation, avoiding false
positives due to genetic correlations when determining cau-
sality. A GCP of 0 is interpreted as no, and GCP of 1 as
complete genetic causality.

Results
European Ancestry GWAS Meta-Analysis

Seven independent genomewide significant CH associated
(p<5x 107®) risk loci (Table 2, Figs 1 and 2) were
identified. Associations were consistent across the
10 cohorts (heterogeneity p > 0.10; see Tables 2 and S10).
Named by their nearest protein-coding gene, 4 of the risk
loci were previously reportedé’7 (DUSP10, MERTK,
FTCDNLI, and FHL5), whereas 3 are novel (WNT2,
PLCE1, and LRPI). A stepwise conditional analysis using
FINEMAP'® revealed that 2 of the identified loci (MERTK
and WNT2) contained additional independent signals,
increasing the number of independent association signals to
9 (Table S11). Fine-mapping with PICS2" suggested that
the lead signal in the LRPI locus (rs11172113) is most likely
the causal variant (posterior probability 65.8%). Five other
variants in 3 other loci had PICS2 posterior probability
> 10% for being causal (Table S12).

The genomic inflation factor (A) f was 1.086,
whereas the LD score regression intercept was 1.004
(SE = 0.007), with a ratio of 0.033 (SE = 0.062), indi-
cating that 96.7% of the observed signal is caused by true
polygenic heritability rather than confounding factors,
such as population stratification. The estimated
SNP-based  heritability () of CH was 14.5%
(SE = 1.74%) on the liability scale.

Trans-Ancestry GWAS Meta-Analysis

One additional genomewide significant CH locus, in
CAPN2, was identified when adding the East Asian cohort
in an ancestry-adjusted GWAS meta-analysis (Table 3,
Table S13, Fig 3). This locus, previously reported and
internally replicated within the East Asian cohort,® was
exclusively driven by the same cohort in our analysis (see
Table S13). However, a nearby locus reached nominal sig-
nificance in the European ancestry meta-analysis, with
lead variant rs68046706 (OR = 1.76, 95% confidence
interval [CI] = 1.10-1.26, p = 3.86 X 107°) 86 kb away
from rs10916600. The WNT2 locus identified in the
European ancestry meta-analysis, for which the lead vari-
ant was not present in the East Asian cohort, fell below
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TABLE 2. Summary of the Genomic Loci Associated with Cluster Headache in Primary Meta-Analysis of Ten
European-Ancestry Cohorts

Locus EA/NEA Variant type
name Lead variant (Chr:Pos) (EAF) OR (95% CI) p (Het p) [Prioritized genes]

DUSPI0 1517011182 (1:222164327)  G/A (0.793)  1.38 (1.29-1.48)  7.76 x 10 2' (0.58)  Regulatory region
(DUSPI0]

MERTK 1513399108 (2:112747123)  G/A (0.627) 1.41 (1.33-1.50) 1.74 x 107>° (0.16)  Intron [MERTK,
TMEMB87B, FBLN7,
SLC20A1)

FTCDNLI 156714578 (2:200485487)  A/G (0.655)  1.53 (1.43-1.63)  2.83 x 10~ (0.65) Intergenic [SATB2]

FHLS5 159486725 (6:97061159)  T/C (0.346) 1.29 (1.21-1.36)  2.50 x 1077 (0.29) Intron [UFLI, FHLS5,
KLHL32, and
NDUFAF4)

WNT2 152402176 (7:116908448)  C/G (0.291)  1.20 (1.12-1.27)  2.61 x 1078 (0.51) Intergenic [CFTR,
CAPZA2, ST7)

PLCEI] 1557866767 (10:96023077)  T/C (0.588) 1.18 (1.12-1.25)  4.45 x 107° (0.51)  Intron [PLCEI]

LRPI rs11172113 (12:57527283)  T/C (0.600) 1.18 (1.12-1.25)  5.15 x 1077 (0.52) Intron [LRPI]

Note: Locus name = the closest protein-coding gene within a 250-Kb window. Chr = chromosome; CI = confidence interval; EA = effect allele,
which here is set to correspond with the risk allele; EAF = effect allele frequency; Het p = p value from Cochran’s Q-test for heterogeneity;
NEA = non-effect allele; OR = odds ratio; Pos = position (hgl9).

Prioritized genes = genes prioritized by at least 1 of 5 complementary methods: (1) expression quantitative trait (€QTL) analysis, (2) transcriptome-
wide association analysis using FUSION, (3) fine-mapping of causal gene sets (FOCUS), (4) association to genetically driven DNAm (MetaMeth), and
(5) protein-altering variants in high LD (* > 0.8) with lead variant. Genes identified by = 2 of the methods are marked in bold.

significance (p = 5.91 x 1077). At the PLCEI locus, the All the 5 previously reported GWAS-significant loci
new lead variant was a missense variant (rs2274224) in were re-identified in our study, whereas none of the asso-
PLCE]I. Cohort-wise associations for all the identified loci ciations reported from candidate gene studies were repli-
are given in Tables S10 and S13. cated (Table S14).

40
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FIGURE 1: Manhattan plot showing genomewide significant loci associated with cluster headache in meta-analysis of
10 European cohorts (4,043 cases and 21,729 controls). The horizontal axis shows the chromosomal position and the vertical axis
shows the significance (—log10 p value) of tested markers. Each dot represents a genetic variant. The threshold for genomewide
significance (p < 5 x 1078) is indicated by a red dotted line, and genomewide significance loci are shown in blue. [Color figure
can be viewed at www.annalsofneurology.org]
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FIGURE 2: Quantile-quantile (Q-Q) plot for association with
cluster headache in meta-analysis of 10 European cohorts
(4,043 cases and 21,729 controls). The horizontal axis shows
—log10 p values expected under the null distribution. The
vertical axis shows observed —log10 p values. Genomic
inflation factor (A) =1.086. Red =common variants
(MAF > 5%), blue = low frequency variants (MAF = 0.5-5%),
green = rare variants (MAF = 0.1-0.5%), purple = very rare
variants (MAF < 0.1%). MAF, minor allele frequency; SNPs,
single nucleotide polymorphisms. [Color figure can be
viewed at www.annalsofneurology.org]

Candidate Gene Mapping and Functional
Characterization

The subsequent downstream analyses were based on the
European ancestry meta-analysis. To prioritize candidate
genes for a causal association with CH, we applied
5 methods. (1) The eQTL analysis found that at the
MERTK locus, three variants in high LD (* > 0.92) with

the lead variant rs13399108 modulate the expression of
TMEMS7B (in fibroblasts and aortic artery) and SLC20A1
(in whole blood). At the FHLS5 locus, 2 variants (#* > 0.84
with the lead variant rs9486725) associate with the expres-
sion of UFLI (in whole blood, white blood cells, and tib-
ial artery). At the LRPI locus, the T allele of lead variant
rs11172113 associates with an increased LRPI mRNA
expression in aortic artery, adipose tissue, and tibial artery
(Table S15). (2) The transcriptome-wide association study
(TWAS-FUSION) identified 8 candidate genes at 5 loci
with a significant TWAS p value <1.0 X 10°°
(Table S5). (3) Fine-mapping by FOCUS identified 8 can-
didate genes based on posterior inclusion probability (PIP)
>0.5 (Table S16). Four genes (MERTK, TMEMS87B,
SATB2, and CFIR) were prioritized by both TWAS-
FUSION and FOCUS with high confidence (PIP > 0.99
in the same tissue in both analyses). (4) Using
MetaMeth, 13 CpG sites at 9 genes were predicted to
be hypo- or hypermethylated in CH (Table S17, Fig 4).
(5) At 2 loci, the lead variant was in high LD with
protein-altering missense variants. That is, at the FHL5
locus, the intronic lead variant rs9486725 is in strong
LD (/* > 0.98) with p-Arg204Gly (rs2273621) and p.-
Ser243Arg (rs9373985) in FHL5; and at the PLCE]
locus the intronic lead variant rs57866767 is in strong
LD (#* = 1) with p.Argl267Pro (rs2274224) in PLCEI
(Table S18).

Twenty genes were prioritized by at least 1 of the
5 methods. A summary of the gene prioritization results is
given in Table S19.

When considering the 20 prioritized genes, FUMA**
found a significant enrichment for genes differentially

TABLE 3. Summary of the Genomic Loci Associated with Cluster Headache in Trans-Ancestry GWAS
EA/NEA
Locus name Lead variant (Chr:Pos) (EAF) % (df) 2 association 2 ancestry Variant type
DUSP10 1512129860 (1:222153461)  G/T (0.196)  90.86 (4) 8.64 x 1077 9.59 x 107>  Regulatory region
CAPN2 1510916600 (1:223897012)  T/C (0.214) 6643 (4) 1.28 x 107" 1.80 x 10~'"  Intron
MERTK rs10188642 (2:112741099)  A/G (0.521) 18248 (4) 2.19 x 107°%  0.40 Intron
FTCDNLI 14673382 (2:200492346)  G/A (0.653) 164.96 (4) 1.26 x 107>*  0.52 Intergenic
FHL5 rs11153085 (6:97066355) T/A (0.326) 88.53 (4) 270 x 107'*  0.30 Regulatory region
PLCE1 12274224 (10:96039597)  G/C (0.551) 58.68 (4) 5.48 x 1072 0.28 Missense variant
LRPI rs11172113 (12:57527283)  T/C (0.635) 46.08 (4) 237 x 107° 0.40 Intron
Note: Locus name = the closest protein-coding gene within a 250-Kb window.
Abbreviation: y* = chi square test statistic from MR-MEGA; Ancestry = heterogeneity due to different ancestry; Chr = chromosome; df = number
degrees of freedom; EA = effect allele, which here is set to correspond with the risk allele; EAF = effect allele frequency; NEA = non-effect allele;
Pos = position (hg19).
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FIGURE 3: Manhattan plot showing genomewide significant loci associated with cluster headache in trans-ancestry meta-analysis
(4,777 cases and 31,575 controls). The horizontal axis shows the chromosomal position and the vertical axis shows the significance
(—log10 p value) of tested markers. Each dot represents a genetic variant. The threshold for genomewide significance
(p <5 x 1078) is indicated by a red dotted line, and genomewide significance loci are shown in blue. Three genomewide significant
variants (rs9307511 on chr4 and rs338106 and rs747974 on chr 13) were considered spurious associations as they lacked a
supporting LD structure, were driven by the East Asian cohort alone, and were previously interpreted as being spurious

associations in this cohort.? LD = linkage disequilibrium. [Color figure can be viewed at www.annalsofneurology.org]

expressed in artery (tibial artery) and brain (substantia nigra;
Fig 5 and Table S20), and a significant overlap with genes
reported in the GWAS catalog for 10 traits, most significantly
for headache and migraine (Table S21). The summary
statistics-based enrichment analyses DEPICT and LDSC-SEG
did not yield significant enrichment for gene sets or tissues

after correcting for multiple testing (Tables S22-526). Of the

20 prioritized genes (Table S19), 10 are highlighted as
druggable in the druggable genome database.”® Of these,
5 encode targets of 33 existing drugs registered in Drungmk29
(Table S6), including 3 genes that were implicated in CH by
at least 2 gene prioritization methods (ie, MERTK, CFTR and
LRPI). Calpain 2, encoded by CAPNZ in the trans-ancestry
locus, was not registered in DrugBank.
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FIGURE 4: Miami plot of genetically driven DNA methylation genes in cluster headache. Computational prediction of genetically
driven CpG methylation associated with cluster headache, using MetaMeth. Genes annotated to significant CpGs are shown
(FDR-corrected p value < 0.05). Horizontal axis shows the chromosomal position and the vertical axis shows significance (—log10
p value). The top panel shows predicted hypermethylation, whereas the bottom panel shows predicted hypomethylation.
CpG = 5'-C-phosphate-G-3’; FDR = false discovery rate. [Color figure can be viewed at www.annalsofneurology.org]
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FIGURE 5: Tissue enrichment for the putative causal genes. Enrichment of the 20 genes with supportive evidence for implication
in cluster headache in DEG sets for 54 tissues from GTEX version 8. The analysis was performed using FUMA and based on pre-
calculated DEG sets defined by a two-sided t test per tissue versus all other tissues. The red line shows the significance threshold
after adjustment for multiple testing by Bonferroni correction (p = 0.05/54 tests = 9.26 x 10~%). DEG = differentially expressed
gene; EBV = Epstein-Barr virus. [Color figure can be viewed at www.annalsofneurology.org]

Genetic Risk Score Analysis

GRS for CH were associated with case—control status in
leave-one-out analyses in each of the 4 tested independent
cohorts. Among cases with CH, no association was seen
between GRS and episodic versus chronic CH, age-at-
onset, sex, current smoking, or ever smoking (Table S7).

Genetic Correlation

After correcting for multiple testing, CH was genetically
correlated with 84 traits (Table S8). The strongest correla-
tion was with “cigarettes per day™®* (rg = 0.36,
p=06.32x 107'%). Notably, 10 (12%) of the correlated
traits were related to smoking behavior. CH was also posi-
tively correlated with measures of risk-taking behavior,
attention deficit hyperactivity disorder (ADHD), mood

722

disorders, musculoskeletal pain, migraine, and with unfa-
vorable lifestyle factors, including low physical activity,
low nutritional diet, and lower educational attainment
(Table S8). When examining the correlation of the same
84 traits to migraine, the genetic correlations to pain,
depression, and ADHD were similar to those seen for
CH, whereas no correlation was observed between
migraine and smoking traits or measures of risk-taking
behavior.

Three of the CH loci are near previously identified
risk loci for migraine (ie, FHL5, PLCEI, and LRPI 7
Table §27). Colocalization analysis indicated that CH and
migraine are caused by the same causal variant at each of
the 3 loci (posterior probability 98.6% for FHL5 locus,
99.6% for PLCEI locus, and 100% for LRPI locus).
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Effect sizes were, however, consistently higher for CH
(ORs = 1.29, 1.18, 1.18) than for migraine (1.09, 1.06,
1.11) with non-overlapping Cls for the ORs (Table S28).
Among 122 loci associated with migraine in the most
recent GWAS,'” no other migraine variant was associated
with CH after Bonferroni correction (Table S29). The
effect sizes (beta) for association to migraine and CH were
not significantly correlated (Pearson » = 0.16, p = 0.074)
for the remaining 119 variants, after excluding the
3 overlapping loci.

Mendelian Randomization Analysis

Using the random-effect IVW method, we observed a
strong association between the instrumental variables for
smoking intensity and CH (f=1.11, SE =0.43,
2= 6.3 x 107°). The direction and magnitude were sim-
ilar in the Mendelian randomization-Egger analysis
(# =1.04, SE=0.55, p =4.6 x 10~%). The Cochran’s
Q test statistic was significant (p = 0.03), indicative of
some heterogeneity, but the Mendelian randomization-
Egger intercept showed no evidence for bias caused by
directional pleiotropy (p = 0.79). Mendelian randomiza-
tion may, however, yield false positive results in the pres-
ence of genetic correlation between the 2  traits
examined.”” To test for this, we performed a latent causal
variable model, finding that smoking intensity had a
nearly full (>0.6) genetic causality with CH
(prcv = 8.57 x 107'%,  GCP = 0.74 £+ 0.18). Com-
bined, the results strongly support a causal effect of
smoking intensity on CH. Full results are presented in

Tables S30 to S32.

Discussion

In a GWAS meta-analysis for CH in European ancestry
cohorts, we identified 9 independent associations in 7 risk
loci and confirm the strong associations at 4 loci
(ORs = 1.29-1.53) reported in recent smaller GWAS.>8
One additional locus, previously reported and internally
replicated in the East Asian cohort,® was identified in a
subsequent trans-ancestry GWAS meta-analysis that
included this cohort.

We estimate that common genetic variants explain
14.5% of CH’s phenotypic variance. Twenty genes were
prioritized as candidates for being involved in CH. These
showed enrichment for arterial tissue, in addition to brain,
fueling the idea that CH may have a vascular involve-
ment.! Still, because no significant tissues were identified
by summary statistics-based enrichment analyses (using
DEPICT and LDSC-SEG), more evidence is needed to
draw definite conclusions. Several of the 20 prioritized
genes encode targets for existing drugs, and may represent
candidates for repurposing studies. The clinical utility of
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GRS remains to be explored. We found no association
between GRS and specific clinical phenotypes, suggesting
that the signal is not driven by any of the subgroups.

Differences in CH clinical presentation between
Asian and European populations, such as reduced restless-
ness and circadian rhythmicity, may indicate distinct
genetic predispositions.”® The CAPN2 locus was selec-
tively driven by the East Asian cohort, and may exemplify
how the contribution of individual risk loci varies between
populations. Future well-powered trans-ancestral studies
should further explore ancestry-related risk loci, and
whether these are related to differences in clinical
presentation.

In our hypothesis-free genetic correlation analysis,
CH was correlated with several traits, including smoking,
risk-taking behavior, ADHD, mood disorders, musculo-
skeletal pain, and migraine. The strongest genetic correla-
tion was with smoking, which is consistent with the
observation that as many as 70 to 90% of patients with
CH smoke,">?? seen also in our cohorts (Table S2). The
high proportion of smokers among patients with CH may
theoretically be explained by smoking causing CH or vice
versa, or because they have shared causal factors. Whether
smoking is causing CH is heavily debated. On the one
hand, smoking initiation typically predates the onset of
CH? and, among those with CH who have never smoked,
the majority were exposed to parental smoking in child-
hood.*® Furthermore, it seems that smoking is associated
with more severe manifestations of CH' and some data
suggest that the prevalence of CH has followed trends in
smoking prevalence.”” On the other hand, arguments
against a causal effect of smoking include the typically
long latency between smoking onset and CH debut
(> 15 years).” In addition, in retrospective studies, patients
with CH who stopped smoking several years earlier did
not experience an improvement in their CH."’

To investigate the potential causality of smoking on
CH, we performed a Mendelian randomization and LCV
analysis.”’ The analyses indicated a causal effect of
smoking intensity on CH, with high statistical confidence.
Of note, the high observed proportion of smokers among
cases with CH is expected if smoking is a causal risk fac-
tor. Because cases were recruited independently of
smoking status, and the proportion of smokers is similar
to previous reports, we find it unlikely that recruitment
bias explains the results.

Although our study cannot give definite answers
regarding mechanisms linking smoking to CH, we note
that several of the prioritized genes are influenced by
smoking. Cigarette smoking leads to overexpression of
MERTK" and reduced expression and function of CFTR
in airway tissues.”> Notably, our TWAS also revealed an

723

85UB017 SUOWILWIOD dA 8.0 3(deol dde 8Ly Aq peusenob a2 ool O ‘8sN JO S9InJ 10} AIq1T8UlUO A8]IAA U (SUOIPUOD-pUE-SWLBIW00 A8 1M AReq | Ul Uo//Sciy) SUOIPUOD pue swie | 8u18es ' [£202Z/0T/70] Uo Arlqiauluo Ao|1m ‘BepoineN Ind winiuez seyosined Aq €729z BUe/z00T 0T/I0P/W00 A8 | im" Ake.d 1 |pul|uoy/sdny Wwolj pepeojumod v ‘€202 ‘6728TEST



ANNALS of Neurology

increased expression for MERTK and reduced expression
for CFTR in CH. It has been shown that smoking can
induce epigenetic changes that persist even 30 years after
smoking cessation,*® therefore, the observation that
patients who stop smoking do not experience an improve-
ment of their CH might be explained by stable epigenetic
modifications. In a large study, DNA methylation at
2,568 CpG sites related to 1,450 genes were found to be
associated with former smoking at FDR < 0.05.** Four of
our prioritized genes are among these (ie, FBLN7,
SLC20A1, KDM4B, and ST7), that is 4 of 20 versus
1,450 of 23,300 genes (post hoc 1-tailed binomial
» = 0.033). More detailed molecular studies in relevant
tissues are needed to identify mechanisms linking
smoking to CH.

The suggestion that smoking is a causal risk factor
for CH has potential clinical implications. Smoking is a
modifiable risk factor, and it gives a further impetus to
promoting smoking cessation in this group of patients.
The long-term effect of smoking cessation on CH should
be carefully revisited by well-designed prospective studies.

Notably, CH was to some extent genetically corre-
lated with measures of risk-taking behavior apart from
smoking. Although our results support a causal effect of
smoking on the development of CH, it is possible that
patients with CH are also more likely to start smoking
because of a tendency toward risk-taking, as has been
suggested.”’45 The genetic correlations to smoking and
risk-taking behavior were not seen for migraine.

Whereas primary headache disorders are among the
top causes of disability worldwide,”® it is unknown to
what extent they represent biologically distinct disorders
or rather variations in clinical presentation with a shared
biological basis.”” Migraine is the only other primary
headache disorder that has been explored in well-powered
GWAS."” We found that 3 of the 8 risk loci for CH are
shared with migraine, and colocalization analyses give a
high probability that the same causal variants in these loci
give rise to both disorders. Notably, the remaining 5 CH
loci show no association to migraine (p values > 0.10).
Likewise, apart from the 3 overlapping loci, none of the
other 119 known migraine loci'” show association with
CH. Our results, therefore, suggest that CH and migraine
have a partly shared and partly distinct genetic basis, likely
reflecting partly shared and partly distinct biological mech-
anisms. This corresponds well with the clinical impression
of the 2 disorders as being distinct entities, but with cer-
tain shared clinical characteristics, including unilateral
headache cranial autonomic symptoms, and response to
some of the same medications.””*® Future studies with
deep phenotyping should explore if the shared genetic risk
factors are directly related to shared clinical features, such
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as prominent autonomic symptoms in some patients with
migraine.49

We note that for all 3 shared loci, the effect sizes
were higher for CH (ORs = 1.18-1.29) than for migraine
(ORs = 1.06-1.11) with nonoverlapping Cls. Even for
the most consistently identified migraine risk locus, LRPI
(p value 1.38 x 107°° in the latest migraine GWAS),"”
the effect size was higher for CH (1.18 vs 1.11). This
holds true also when comparing to GWAS of clinic-based
migraine cohorts (OR = 1.11).>° The larger effect sizes
suggest that the 3 shared loci are stronger drivers of disease
susceptibility in CH than in migraine, and also makes it
unlikely that the observed associations are a result of mis-
classification of patients with migraine as having CH.

A major strength of our study is the substantially
larger sample size compared to previous studies, which
allows for downstream functional analyses, and clinical
diagnoses made according to ICHD criteria.>'® This was
made possible through the establishment of the CCG,
which has brought together 16 headache research groups
from 13 countries (www.clusterheadachegenetics.org). A
limitation of the current study is that it included only
a single non-European cohort, from East Asia, limiting
the possibility for conducting ancestry-specific meta-
analyses and downstream analyses, for non-European
ancestries. This highlights the need for future, well-
powered trans-ancestry genetic studies in CH.

In conclusion, in this GWAS meta-analysis, we iden-
tify 9 independent associations in 7 risk loci for CH in
European ancestry samples and one additional locus
in East Asian samples. The prioritized genes show enrich-
ment in arterial and brain tissues. CH shares certain risk
loci with migraine, and is most strongly genetically corre-
lated with smoking. Of clinical interest, Mendelian ran-
domization analysis indicates a causal effect of cigarette
smoking on the development of CH.
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