Reviewers' comments:
Reviewer #1 (Remarks to the Author):

The authors report results from genome-wide association (GWA) analysis of a novel multi-ethnic
cohort. Their results have potential to provide important new knowledge on the genetics of
migraine; however, I note the following comments that need addressing.

The authors should review and discuss the paper by Chang et al (2018) which conducted a
migraine GWAS in a sample of African-American cases and controls [PMID: 30266756]. The
authors should also note and discuss the Anttila et al (2013) EU migraine GWAS which conducted
a heterogeneity analysis between men and women at the 146 index SNPs (with a P-value < 1E-05)
[PMID: 23793025]; and Nyholt et al (2015) which assessed the genetic overlap (SNP effect
concordance) across female and migraine GWAS data [PMID: 25179292].

The manuscript currently emphasises results indicating sex-specific SNP risk loci; however, the
data as presented lack the necessary details to unequivocally support such an interpretation. In
particular, the authors need to provide details for the effect (A1?) and non-effect (A2?) allele
frequencies in the cases and controls for the male- and female-specific GWAS. In particular, the
authors should confirm and discuss whether the difference in association signals in the female and
male GWAS are driven (due to) the difference in case and/or control allele frequencies in the male
and female samples. Indeed, I would suggest the authors directly compare the female to male
cases frequencies (and female to male control frequencies) to show that the difference in
association signal is be driven by case frequencies

Re SNP (risk allele) effect, the authors should clarify which allele the effects (odds ratios [ORs])
refer to both in the text and tables (e.g., Table 2 lists alleles [e.g., "C/G"] but does not specify
which allele the OR refers to.

Indeed, the authors need to provide details (definitions) for ALL the columns in their tables
(including Suppl Tables).

In particular, in addition to the p-values and ORs provided in ‘Supplementary Table 2. Look-up of
the 41 previously reported migraine loci in the combined (GERA+UKB) multiethnic analysis
results’, the authors should clearly define/tabulate the ORs of the previously reported migraine
along with the ORs in their GERA+UKB analysis to confirm the allelic effect are in the same
direction as well as having a significant p-value (i.e., truly replicate).

Lastly, I generally found the Discussion slightly superficial as it did not sufficiently delve into the
potential mechanisms (relevance) of the newly identified SNP (and associated gene) loci and
pathways. The authors need to perform a more comprehensive literature search and interpretation
of their GWAS findings to provide greater insight into the importance of their findings.

Reviewer #3 (Remarks to the Author):

In this study, Choquet et al. investigated the genetic architecture of migraine by performing a
multi-ethnic genome-wide association study (GWAS) on migraine in the UKB and GERA, which was
then meta-analysed with the previously performed IHGC GWAS. To gain more insight into possible
reasons for the difference in migraine prevalence between men and women, they additionally
performed sex-specific GWAS. This is an important study reporting the largest GWAS on migraine
thus far, identifying an additional ~30 associated loci, which is of relevance for other researchers
in the field. There are however some points that need addressing prior to publication, which will be
covered in a point-by-point fashion below.

Major points:
1. Particularly the meta-analysis combined with the IHGC data is of importance for the field.
Although I understand the approach of first meta-analysing UKB+GERA prior to meta-analysing



with the IHGC summary statistics, the follow-up analyses (from SNP prioritization onwards) are
again performed in the first UKB+GERA set. Since the largest meta-analysis including IHGC has
the most power, I think it would be better to perform all follow-up analyses in the complete set
including IHGC. This could replace the current follow-up analyses, or could be performed in
addition to the current follow-up analyses.

2. The authors aim to answer a very relevant question in the migraine field, namely whether
genetic factors can partially explain differences in migraine prevalence between men and women.
They performed sex-specific GWAS to answer this question, but there are additional analyses that
could be performed to provide more answers to this question. For example, it might be interesting
to check the genetic correlation between the two meta-analyses, or to investigate whether
different pathways play a role in the two.

3. In the Methods section, the authors write they have included 487k UKB participants in the
GWAS, which was performed in PLINK. However, there are many related individuals present in the
UKB. These related individuals should either be excluded from the analysis if a normal logistic
regression is performed, or software that takes into consideration the genetic relationships should
be used - such as BOLT-LMM. Could the authors explain how they have dealt with the relatedness
in this sample?

Minor points:

4. (Abstract) In line with the first point, my suggestion would be to mention the number of
identified loci of the meta-analysis including IHGC, and the number of novel loci of this combined
GWAS compared to Gormley et al.

5. (Introduction) ‘[...] and severe disruptions of the brain parenchyma’.

It is not generally accepted that the brain parenchyma is severely disrupted by migraine, the
authors could consider to rephrase this sentence.

6. (Results — Multiethnic meta-analysis of GERA and UKB) Similar to the replication section, it
would be interesting to replicate the UKB+GERA findings in the IHGC GWAS using a Bonferroni
significance threshold.

7. (Results - Replication of previous migraine GWAS results) My suggestion would be to only to
consider the meta-analysis performed by Gormley et al. since this is the most recent and most
complete GWAS which includes the previously performed GWAS.

8. (Results - Ethnic-specific and conditional analyses) Please add the number of cases and controls
for each ancestry-specific meta-analysis, as this is probably the most important reason why no
additional loci have been identified in the non-European ancestry analyses.

9. (Results - Ethnic-specific and conditional analyses) Although no novel loci were identified in the
non-European ancestry analysis, could the authors provide some information on whether the
identified loci in the multi-ethnic analysis was still present in the ancestry-specific analyses?

10. (Results — SNP prioritization and annotations) Could the authors provide some more more
information on the two likely causal variants, e.g. are they exonic/intronic, what is their CADD
score, etc.?

11. (Results — Gene-Based Association Analysis) Since gene-based analyses take a different
approach and have a more lenient threshold, were there also genes identified outside the originally
identified loci?

12. (Results - Genetic correlation between migraine and other phenotypes) Why was a P-value
threshold of <5x10-8 used for this analysis?

13. (Discussion) Do the authors think the genetic correlation with neck, shoulder and back pain
may in part be explained by a misclassification of migraine cases, with some being actually tension
headaches rather than migraine?



Reviewers' comments:
Reviewer #1 (Remarks to the Author):

The authors report results from genome-wide association (GWA) analysis of a novel multi-ethnic cohort. Their results
have potential to provide important new knowledge on the genetics of migraine; however, | note the following
comments that need addressing.

We thank the reviewer for the positive feedback and the helpful comments.

The authors should review and discuss the paper by Chang et al (2018) which conducted a migraine GWAS in a sample
of African-American cases and controls [PMID: 30266756]. The authors should also note and discuss the Anttila et al
(2013) EU migraine GWAS which conducted a heterogeneity analysis between men and women at the 146 index SNPs
(with a P-value < 1E-05) [PMID: 23793025]; and Nyholt et al (2015) which assessed the genetic overlap (SNP effect
concordance) across female and migraine GWAS data [PMID: 25179292].

We have now cited the paper by Chang et al (2018) in the Introduction, as follows:

“In the past decade, genome-wide association studies (GWASs) have reported 42 genetic loci associated with migraine

at genome-wide significance®.”

We also specified in the Introduction that our study includes adult individuals (in contrast to the Chang et al (2018) study
which conducted a migraine GWAS in African-American children):

“Here, we present a large and ethnically diverse human genetic study of migraine, including, for the first time to our
knowledge, East Asian, African American and Hispanic/Latino adult individuals.”

We have also discussed the Anttila et al (2013) and Nyholt et al (2015) in the Discussion, as follows:

“Our study also reported, for the first time to our knowledge, sex-specific loci associated with migraine susceptibility in
women but not in men. Previous studies®” evaluated the concordance of genetic risk for migraine between women and
men but did not reveal any heterogeneity in the effect sizes of the genome-wide significant loci.”

The manuscript currently emphasises results indicating sex-specific SNP risk loci; however, the data as presented lack
the necessary details to unequivocally support such an interpretation. In particular, the authors need to provide
details for the effect (A1?) and non-effect (A2?) allele frequencies in the cases and controls for the male- and female-
specific GWAS. In particular, the authors should confirm and discuss whether the difference in association signals in
the female and male GWAS are driven (due to) the difference in case and/or control allele frequencies in the male and
female samples. Indeed, | would suggest the authors directly compare the female to male cases frequencies (and
female to male control frequencies) to show that the difference in association signal is be driven by case frequencies

We confirm that ‘A1’ corresponds to the effect allele (EA) and ‘A2’ to the other allele. We now provide this information
along with the effect allele frequencies (EAF) in the cases and controls for the male- and female-specific lead SNPs in the
Supplementary Datas 5 and 7, as well as in the table below for the 4 lead SNPs that show sex differences in effect sizes
and significance of association. For of the 4 women-specific lead SNPs, we compared the EAF between cases and
controls in women and men separately:

Women (N=302,262) Men (N=252,307)
Locus SNP EA EAF Cases EAF Controls Chi-2 EAF Cases | EAF Controls Chi-2
(N=22,500) | (N=279,762) | P-value | (N=6,352) | (N=245,955) | P-value
CPS1 rs1047891 A 0.32 0.31 0.0006 0.31 0.31 0.86
PBRM1 rs11718509 A 0.38 0.39 0.19 0.39 0.38 0.22
SLC25A21 | rs10150336 | T 0.51 0.52 0.0005 0.52 0.52 0.79
ASTNZ2 rs7858153 A 0.24 0.23 6.59x10° 0.23 0.23 0.60
N, number of individuals
We also compared the EAF between women and men cases and women and men controls:
Locus SNP EA Cases (N=28,852) Controls (N=525,717)
EAF Women EAF Men Chi-2 EAF Women EAF Men Chi-2
(N=22,500) (N=6,352) P-value | (N=279,762) | (N=245,955) P-value




CPS1 rs1047891 A 0.32 0.31 0.13 0.31 0.31 0.14
PBRM1 rs11718509 | A 0.38 0.39 0.20 0.39 0.38 0.016
SLC25A21 | rs10150336 | T 0.51 0.52 0.21 0.52 0.52 0.31
ASTN2 rs7858153 A 0.24 0.23 0.020 0.23 0.23 0.98

We found that the EAF of each SNP were near identical across the 4 sub-groups (i.e. women and men cases, and women
and men controls) and we added some text in the Results section to reflect this new evidence that the differences in
association signals in the women and men meta-analyses were not due to the difference in case and/or control EAF in
the women and men samples, as follows:

“Sex-specific analyses identified additional loci

(...)

For each of the 4 women-specific lead SNPs, we compared the effect allele frequencies (EAF) between cases and
controls in women and men separately, as well as between women and men cases and women and men controls
(Supplementary Data 6). We found that the EAF of each SNP were near identical across the 4 sub-groups (i.e. women
and men cases, and women and men controls). This shows that the differences in association signals in the women and
men meta-analyses were not due to the difference in case and/or control EAF in the women and men samples.”

Re SNP (risk allele) effect, the authors should clarify which allele the effects (odds ratios [ORs]) refer to both in the
text and tables (e.g., Table 2 lists alleles [e.g., “C/G”] but does not specify which allele the OR refers to. Indeed, the
authors need to provide details (definitions) for ALL the columns in their tables (including Suppl Tables).

We confirm that in all the tables, we reported the ORs corresponding to the ‘A1’ (effect allele). Further, for Table 2 and
Supplementary Datas 1, 4, and 5, we now provide this information and other details (i.e. abbreviations) and we have
renamed the columns ‘Effect /Other Allele’ instead of ‘A1/A2’.

In particular, in addition to the p-values and ORs provided in ‘Supplementary Data 2. Look-up of the 41 previously
reported migraine loci in the combined (GERA+UKB) multiethnic analysis results’, the authors should clearly
define/tabulate the ORs of the previously reported migraine along with the ORs in their GERA+UKB analysis to
confirm the allelic effect are in the same direction as well as having a significant p-value (i.e., truly replicate).

We now provide the ORs of the previously reported migraine-associated lead SNPs (from the Gormley et al. study) along
with the ORs from the combined (GERA+UKB) meta-analysis in the Supplementary Data 3. We have also added a column
reporting the direction of effect to confirm that the allelic effects are in the same direction across the 2 studies.

Lastly, | generally found the Discussion slightly superficial as it did not sufficiently delve into the potential
mechanisms (relevance) of the newly identified SNP (and associated gene) loci and pathways. The authors need to
perform a more comprehensive literature search and interpretation of their GWAS findings to provide greater insight
into the importance of their findings.

To gain biological insights from our GWAS of migraine and to provide some interpretation of our GWAS findings, we
used DEPICT?, an integrative tool that employs predicted gene functions to systematically prioritize the most likely
causal genes at associated loci, highlight enriched pathways and identify tissues/cell types where genes from associated
loci are highly expressed. We conducted our DEPICT analyses using as input independent genome-wide significant
genetic variants from the combined (GERA+UKB+IHGC) European-specific meta-analysis.

We now present those new results in the Supplementary Information as well as in the Results section, as follows:
“Gene-Based Association Analysis and Gene Prioritization

To prioritize genes within the 73 loci identified in the combined (GERA+UKB+IHGC) European-specific meta-analysis, we
used the DEPICT® integrative tool. DEPICT gene prioritization analysis detected 15 genes, of which 9 were within novel
migraine-associated loci, to prioritize after false discovery rate (FDR) correction (Supplementary Data 11). These included:
LEPR on chromosome 1, TJP2 on chromosome 9, AMBRA1 on chromosome 11, HOXB2, HOXB3, HOXB6, and POLR2A on
chromosome 17, TGFB1 on chromosome 19, and JAG1 on chromosome 20.

Biological pathway annotations and prioritization




While DEPICT gene-set enrichment analysis using independent genome-wide significant genetic variants from the
combined (GERA+UKB+IHGC) European-specific meta-analysis did not detect pathways to prioritize after FDR correction
(Supplementary Data 12), (...) DEPICT tissue-enrichment analysis using independent genome-wide significant genetic
variants from the combined (GERA+UKB+IHGC) European-specific meta-analysis identified 2 tissues or cell type
annotations to prioritize after FDR correction: the arteries (cardiovascular system), consistent with the previously
reported Gormley et al. study®, and the serous membrane (Supplementary Data 13).”

Those important DEPICT results gave us the opportunity to delve into the potential mechanisms (relevance) of the newly
identified loci (and prioritized genes) and to improve the Discussion:

“The identified loci give new insight and additional evidence about the genes and pathways/systems underlying migraine
susceptibility. For instance, we identified a new region associated with migraine at 17g21 and our DEPICT gene analysis
prioritized 3 members of the Antp homeobox family genes (i.e. HOXB2, HOXB3, and HOXB6) at this region that encode
proteins with a homeobox DNA-binding domain. Those 3 genes have been involved in the early development®®3 (i.e.
hindbrain, nervous system, or epidermal development) and common variants in HOXB3 have been shown to be associated
with motion sickness, which is a condition that shares underlying genetic factors with migraine**. Our DEPICT gene analysis
also prioritized TGFB1 at the novel 19913 migraine-associated locus. TGFB1 encodes the transforming growth factor beta
1 protein which is a multifunctional proinflammatory cytokine that regulates cell proliferation, differentiation and growth.
Early works suggested that TGFB1 could play a role in migraine susceptibility. Plasma level of TGFB1 has been shown to
increase in patients with migraine during headache-free periods compared to healthy subjects without headache®.
Another study investigated the TGFB1 genotype in pediatric migraine patients and reported significant differences
between control and migraine patients*®. Our DEPICT gene analysis also prioritized JAG1 at the novel 20p12 migraine-
associated locus. JAG1 encodes the jagged 1 protein is the ligand for the receptor notch 1, which is involved in signaling
processes. JAGI plays a role in the formation of blood cellular components!’*® and has been involved in the pathogenesis
of patent foramen ovale, which is an atrial septal deformity associated with major causes of morbidity, including stroke
and migraine?> %, Future investigations may provide insights into how these genes influence migraine susceptibility.”

Further, after performing a more comprehensive literature search, we have expanded the Discussion, and for instance,
we discussed the previous evidence for our identified locus CALCB (that encodes CGRP which is an authorized migraine
preventive treatment), as follows:

“(...) our multiethnic meta-analysis results identified variants in CALCB associated with migraine susceptibility. CALCB
encodes the calcitonin related polypeptide beta (CGRP), which has been shown to contribute to migraine???*. Several
monoclonal antibodies targeting CGRP or its receptor have been proven to be effective therapeutics for the preventive
treatment of migraine®> 2 and have been recently approved by the U.S. Food and Drug Administration?”-28.”

Reviewer #3 (Remarks to the Author):

In this study, Choquet et al. investigated the genetic architecture of migraine by performing a multi-ethnic genome-
wide association study (GWAS) on migraine in the UKB and GERA, which was then meta-analysed with the previously
performed IHGC GWAS. To gain more insight into possible reasons for the difference in migraine prevalence between
men and women, they additionally performed sex-specific GWAS. This is an important study reporting the largest
GWAS on migraine thus far, identifying an additional ~30 associated loci, which is of relevance for other researchers in
the field. There are however some points that need addressing prior to publication, which will be covered in a point-
by-point fashion below.

We thank the reviewer for the positive feedback and constructive review.
Major points:

1. Particularly the meta-analysis combined with the IHGC data is of importance for the field. Although I understand
the approach of first meta-analysing UKB+GERA prior to meta-analysing with the IHGC summary statistics, the follow-
up analyses (from SNP prioritization onwards) are again performed in the first UKB+GERA set. Since the largest meta-
analysis including IHGC has the most power, | think it would be better to perform all follow-up analyses in the
complete set including IHGC. This could replace the current follow-up analyses, or could be performed in addition to
the current follow-up analyses.

We agree with the reviewer that the largest meta-analysis including IHGC has the most power, and we have now
conducted follow-up analyses (i.e. CAVIAR, DEPICT) based on the meta-analysis (UKB+GERA+IHGC) results and presented



those results in the Supplementary Information in addition to the current ones. We have also added some text in the
Results section as follows:

“SNP prioritization and annotations

To prioritize variants within the 22 loci identified in the combined multiethnic (GERA+UKB) meta-analysis and within the
73 loci identified in the combined (GERA+UKB+IHGC) European-specific meta-analysis, we applied a Bayesian approach
(CAVIARBF)?. (...). For the 73 loci identified in the European-specific meta-analysis, four sets included a unique variant
(Supplementary Data 9). In addition to rs9349379 at PHACTR1, we found that the intronic variants rs5763529 at ASCC2
and rs11172113 at LRP1, and the intergenic variant rs28451064 at LINC00310-KCNE2 were more likely to be the true
causal variants with 100.0%, 99.9%, and 97.3% posterior probability, respectively.”

“Gene-Based Association Analysis and Gene Prioritization

()

To prioritize genes within the 73 loci identified in the combined (GERA+UKB+IHGC) European-specific meta-analysis, we
used the DEPICT® integrative tool. DEPICT gene prioritization analysis detected 15 genes, of which 9 were within novel
migraine-associated loci, to prioritize after false discovery rate (FDR) correction (Supplementary Data 10). These
included: LEPR on chromosome 1, TJP2 on chromosome 9, AMBRA1 on chromosome 11, HOXB2, HOXB3, HOXB6, and
POLR2A on chromosome 17, TGFB1 on chromosome 19, and JAG1 on chromosome 20.”

“Biological pathway annotations and prioritization

While DEPICT gene-set enrichment analysis using independent genome-wide significant genetic variants from the
combined (GERA+UKB+IHGC) European-specific meta-analysis did not detect pathways to prioritize after FDR correction
(Supplementary Data 12), (...) DEPICT tissue-enrichment analysis using independent genome-wide significant genetic
variants from the combined (GERA+UKB+IHGC) European-specific meta-analysis identified 2 tissues or cell type
annotations to prioritize after FDR correction: the arteries (cardiovascular system) and the serous membrane
(Supplementary Data 15).”

2. The authors aim to answer a very relevant question in the migraine field, namely whether genetic factors can
partially explain differences in migraine prevalence between men and women. They performed sex-specific GWAS to
answer this question, but there are additional analyses that could be performed to provide more answers to this
question. For example, it might be interesting to check the genetic correlation between the two meta-analyses, or to
investigate whether different pathways play a role in the two.

To further support our sex-specific GWAS findings, and as suggested by the reviewer, we looked at the genetic
correlation between the two sex-specific meta-analyses by performing a LD score regression (LDSC). As expected, we
found a high genetic correlation for migraine between women and men (rg=0.76, P=2.39x10"°). We have added some
text in the Results section as below:

“Sex-specific analyses identified additional loci

(...) To further evaluate the shared genetic basis of migraine between women and men, we compared the GWAS results
from the two sex-specific meta-analyses by performing a LD score regression (LDSC). We observed a high genetic
correlation (r;) between women and men for migraine (r;=0.76, P=2.39x10%°).”

To investigate whether different pathways play a role in migraine susceptibility according to sex, we conducted a gene-
set enrichment analysis in women and men separately using the DEPICT integrative tool. The women-specific DEPICT
gene-set enrichment analysis did not detect pathway to prioritize after false discovery rate (FDR) correction. As no
genetic variants reached genome-wide level of significance in the men-specific meta-analysis (and those served as input
to conduct the DEPICT analysis), we were not able to conduct the men-specific DEPICT gene-set enrichment analysis.

3. In the Methods section, the authors write they have included 487k UKB participants in the GWAS, which was
performed in PLINK. However, there are many related individuals present in the UKB. These related individuals should
either be excluded from the analysis if a normal logistic regression is performed, or software that takes into
consideration the genetic relationships should be used — such as BOLT-LMM. Could the authors explain how they have
dealt with the relatedness in this sample?



This is an excellent point raised by the reviewer. In addition to conduct the GWAS analyses for migraine using PLINK, we
also performed the GWAS analyses using a new approach which accounts for relatedness, named REGENIE3? (available
at https://rgcgithub.github.io/regenie/). The REGENIE results were similar compared to the PLINK results and we have
reported those results comparison in a Supplementary Data (Supplementary Data 18). We have also added some text in
the Methods section as follows:

“For comparison, the GWAS analyses were also conducted using a new approach accounting for relatedness that fits a
whole genome regression model, implemented in REGENIEv2.0.2%° (https://rgcgithub.github.io/regenie/). The GWAS
results generated using REGENIE were similar compared to the results generated using PLINK (Supplementary Data 18).”

Minor points:

4. (Abstract) In line with the first point, my suggestion would be to mention the number of identified loci of the meta-
analysis including IHGC, and the number of novel loci of this combined GWAS compared to Gormley et al.

As suggested by the reviewer, we have now revised the abstract as follows:

“To elucidate the etiology of this common disorder, we conducted a multiethnic genome-wide association meta-analysis
of migraine, combining results from the GERA and UK Biobank cohorts, followed by a European-ancestry meta-analysis
using public summary statistics. We report 79 loci associated with migraine, of which 45 were novel.”

5. (Introduction) ‘[...] and severe disruptions of the brain parenchyma’.
It is not generally accepted that the brain parenchyma is severely disrupted by migraine, the authors could consider
to rephrase this sentence.

We have now rephrased this sentence in the introduction as follows:

“Migraine is a common disabling disorder eharacterized-by-episodic-acute-and-severe-disruptions-of-the brain
parenchyma-that can be accompanied by a wide range of symptoms of varying intensity, including headache pain that is
often one-sided, and accompanied by nausea, sound and light sensitivity, and disturbed vision.”

6. (Results — Multiethnic meta-analysis of GERA and UKB) Similar to the replication section, it would be interesting to
replicate the UKB+GERA findings in the IHGC GWAS using a Bonferroni significance threshold.

This is an excellent suggestion. However, as the GWAS summary statistics data, which are publicly accessible, report only
lead SNPs from the Gormley et al. study with a P-value of less than 1.0x10°, some of the strongest SNPs reported by
Gormley et al. were different than ours. Further, some of our SNPs within the novel loci identified may replicate at a
Bonferroni significance threshold in IHGC (P<0.05/10 novel loci = 5.0x1073), however, they were not reported in the
publicly accessible GWAS summary statistic from the Gormley study because of the significance threshold (P<1.0x107).

We have now reported a replication of the GERA+UKB in the IHGC GWAS of migraine from the study of Gormley et al.
(Nature Genetics 2016). Out of the 10 novel loci that we identified in the combined (GERA+UKB) GWAS multiethnic
meta-analysis, 6 were available in the IHGC GWAS summary statistics, even though the strongest SNPs reported by
Gormley et al. were different than ours. We have now added some text in the Results section as below and added a
new Supplementary Data (Supplementary Data 2) to report those replication results.

“Replication in the IHGC data

We then tested the ten lead SNPs representing each of the ten novel loci for replication in the most recent large genetic
study of migraine conducted by the IHGC®. However, as the GWAS summary statistics data, publicly accessible, reported
only the lead SNPs from the Gormley et al. study with a P-value of less than 1.0x10°, some of the strongest SNPs
reported by Gormley et al. were different than ours. Six loci, including TMEM51, MIR4791-EFHB, LINCO0472-RIMS1, FXN,
GATA3-SFTA1P, and LINC00310-KCNE2, replicated at Bonferroni significance (P<0.05/10 novel loci = 5.0x10°3)
(Supplementary Data 2). Our lead SNPs within the remaining 4 novel loci (i.e. SLC45A1/RERE, MRGPRE-ZNF195, CALCB,
and B3GNTL1-METRNL) were not reported in the publicly accessible GWAS summary statistic from the Gormley et al.
study, however those may replicate at a Bonferroni significance threshold in IHGC (1.0x10°< P <5.0x10°3) but were not
publicly accessible.”

7. (Results — Replication of previous migraine GWAS results) My suggestion would be to only to consider the meta-
analysis performed by Gormley et al. since this is the most recent and most complete GWAS which includes the
previously performed GWAS.



As suggested by the reviewer, we now consider for replication only 38 lead SNPs reported in the most recent and
exhaustive GWAS of migraine conducted to date (Gormley et al. Nature Genetics 2016). We have updated the
Supplementary Data 3 and the text in the Results section as below:

“Replication of previous migraine GWAS results

We also investigated the lead SNPs within 38 loci associated with migraine at a genome-wide significance level from the
most recent and exhaustive GWAS of migraine conducted to date® (Supplementary Data 3). Ten lead SNPs of the 36
available replicated at a genome-wide level of significance in our combined (GERA+UKB) multiethnic meta-analysis
(including rs10218452 at PRDM16, rs2078371 near TSPAN2/NGF, rs1925950 at MEF2D, rs10166942 at TRPM8/HJURP,
rs9349379 at PHACTR1, rs28455731 near GJA1, rs186166891 at C70rf10, rs6478241 at ASTN2, rs1024905 near FGF6, and
rs11172113 at LRP1) (Supplementary Data 3). Further, 14 additional SNPs replicated at Bonferroni significance (P <
0.05/36 = 1.39x103), and 4 showed nominal evidence of association (P < 0.05). In contrast, 8 SNPs (including
rs140002913 near NOTCH4, rs10155855 near DOCK4/IMMP2L, rs2506142 at NRP1, rs561561 at IGSF9B, rs75213074
near WSCD1/NLRP1, rs17857135 at RNF213, rs144017103 near CCM2L/HCK, and rs12845494 near MED14/USP9X) were
not validated in the current combined (GERA+UKB) multiethnic meta-analysis (P > 0.05).

8. (Results — Ethnic-specific and conditional analyses) Please add the number of cases and controls for each ancestry-
specific meta-analysis, as this is probably the most important reason why no additional loci have been identified in
the non-European ancestry analyses.

As suggested by the reviewer, we now provide the number of cases and controls for each ancestry-specific meta-analysis
in the Results section, as follows:

“Ethnic-specific and conditional analyses

For ethnic groups represented in each cohort, we conducted ethnic-specific meta-analyses of each group. In the
European ancestry (GERA non-Hispanic whites + UKB Europeans + IHGC Europeans only; 85,726 migraine cases and
803,292 controls) meta-analysis, we identified 73 loci, (...). Conducting a GWAS meta-analysis of East Asian-specific
cohorts (GERA+UKB East Asian ancestry individuals only; 569 migraine cases and 6,619 controls) and a GWAS meta-
analysis of African-specific cohorts (GERA+UKB African ancestry individuals only; 504 migraine cases and 10,104
controls) did not result in the identification of genome-wide significant findings.”

9. (Results — Ethnic-specific and conditional analyses) Although no novel loci were identified in the non-European
ancestry analysis, could the authors provide some information on whether the identified loci in the multi-ethnic
analysis was still present in the ancestry-specific analyses?

This is a good point raised by the reviewer. To clarify, no genome-significant loci were observed in the non-European
ancestry meta-analyses (East Asian-specific or African-specific cohorts). We have modified the text in the Results section
and added a sentence to reflect the most likely limited power in these analyses to detect significant effects:

“Ethnic-specific and conditional analyses

For ethnic groups represented in each cohort, we conducted ethnic-specific meta-analyses of each group. In the
European ancestry (GERA non-Hispanic whites + UKB Europeans + IHGC Europeans only; 85,726 migraine cases and
803,292 controls) meta-analysis, we identified 73 loci, of which 35 were additional novel (Supplementary Data 4). To
identify independent signals within the 73 genomic regions identified in the European-specific meta-analysis, we
performed a multi-SNP-based conditional & joint association analysis (COJO)!, which revealed 2 additional independent
SNPs within the known loci TSPAN2-NGF (rs2207237) and ADAMTSL4-ECM1 (rs7524797). Conducting a GWAS meta-
analysis of East Asian-specific cohorts (GERA+UKB East Asian ancestry individuals only; 569 migraine cases and 6,619
controls) and a GWAS meta-analysis of African-specific cohorts (GERA+UKB African ancestry individuals only; 504
migraine cases and 10,104 controls) did not result in the identification of additienalrevel genome-wide significant
findings. We may have been underpowered to detect effects with statistical significance in those non-European ancestry

meta-analyses.”

10. (Results — SNP prioritization and annotations) Could the authors provide some more more information on the two
likely causal variants, e.g. are they exonic/intronic, what is their CADD score, etc.?




As suggested by the reviewer, we have checked this “functional consequence” information on NCBI dbSNP or Genome
Data Viewer for the five potential causal variants (with >95% probability) and we have now specified this information in
the Results section as follows:

“SNP prioritization and annotations

To prioritize variants within the 22 loci identified in the combined multiethnic (GERA+UKB) meta-analysis and within the
73 loci identified in the European-specific meta-analysis, we applied a Bayesian approach (CAVIARBF)?. (...). For the 22
loci identified in the combined multiethnic (GERA+UKB) meta-analysis, two sets included a unique variant
(Supplementary Data 8). These include the previously reported intronic variant rs9349379 at PHACTR1®, and the newly
identified intergenic variant rs13087932 at MIR4791-EFHB with 100.0% and 97.2% posterior probability of being the
causal variants, respectively, suggesting that these variants are more likely to be the true causal variants. For the 73 loci
identified in the European-specific meta-analysis, four sets included a unique variant (Supplementary Data 9). In
addition to rs9349379 at PHACTR1, we found that the intronic variants rs5763529 at ASCC2 and rs11172113 at LRP1, and
the intergenic variant rs28451064 at LINCO0310-KCNE2 were more likely to be the true causal variants with 100.0%,
99.9%, and 97.3% posterior probability, respectively.”

As suggested by the reviewer, we have also looked for the Combined Annotation Dependent Depletion (CADD) score for
those five potential causal variants and reported it in the table below:

Locus SNP Functional consequence | CADD Score
PHACTR1 rs9349379 intronic 5.090
MIR4791-EFHB rs13087932 intergenic 1.505
ASCC2 rs5763529 intronic 4.419
LRP1 rs11172113 intronic 12.88
LINCOO310-KCNE2 rs28451064 intergenic 14.20

11. (Results — Gene-Based Association Analysis) Since gene-based analyses take a different approach and have a more
lenient threshold, were there also genes identified outside the originally identified loci?

This is a good point raised by the reviewer. We have checked whether some of the 47 significant genes (P<2.51x10°®
(0.05/19,933)) that we prioritized based on our gene-based association analysis were outside the loci identified in the
current study (i.e. originally 22 loci from the multiethnic (GERA+UKB) meta-analysis, 73 loci from the European ancestry
meta-analysis (GERA+UKB+IHGC), or 3 loci from the female-specific analysis). Nine of those 47 genes were outside the
loci identified in the current study. We have added a sentence in the Results section to reflect this point:

“Gene-Based Association Analysis and Gene Prioritization

To identify additional genes associated with migraine at a gene level, we conducted a gene-based association analysis
using the functional mapping and annotation of genetic associations (FUMA)32 integrative tool (...) We found significant
associations with migraine for 47 genes, with the strongest association for STAT6 (P=1.24x10723), followed by UFL1
(P=7.26x10"'°), and FHL5 (P=1.25x1078) (Supplementary Data 10). Out of the 47 genes, 9 were located outside the loci
identified in the current study, including PRKCE, RCHY1, THAP6, MAPK9, RP11-508N12.4, LRCH1, PNKP, AKT151, and
TBC1D17.”

12. (Results — Genetic correlation between migraine and other phenotypes) Why was a P-value threshold of <5x10-8
used for this analysis?

We thank the reviewer for catching this typo in the Results section. Genetic correlations were considered significant
after Bonferroni adjustment for multiple testing (P<6.48x10™ which corresponds to 0.05/772 phenotypes tested). We
have now corrected the P-value in the Results section as follows:

“Genetic correlation between migraine and other phenotypes

Genome-wide genetic correlations of migraine were calculated with a total of 772 complex traits and diseases (...). A
total of 75 significant genetic correlations were observed (P <6.48x10° which corresponds to 0.05/772 phenotypes




tested: Supplementary Data 16). Among those 75 genetic correlations, 38 reached genome-wide level of significance
(Supplementary Figure 5).”

13. (Discussion) Do the authors think the genetic correlation with neck, shoulder and back pain may in part be
explained by a misclassification of migraine cases, with some being actually tension headaches rather than migraine?

This is a good point raised by the reviewer. Although migraine cases in GERA were identified in the KPNC electronic
health record system using our previously described and validated migraine probability algorithm?3, which is based on
migraine-specific prescriptions and International Classification of Disease, Ninth (ICD9) or Tenth Revision (ICD10)
diagnosis codes, most of the migraine cases in UKB were based on self-reported data. This may lead to phenotype
misclassification in UKB. So, it is possible that misclassification of the migraines cases occurred in UKB, and consequently
affected the genetic correlation results. We have added some text in the Discussion to reflect this point as follows:

“We recognize several potential limitations of our study. First, it is important to note phenotypic differences for migraine
between the 2 study cohorts. Although migraine cases in GERA were identified in the KPNC electronic health record
system using our previously described and validated migraine probability algorithm33, which is based on migraine-
specific prescriptions and International Classification of Disease, Ninth (ICD9) or Tenth Revision (ICD10) diagnosis codes,
most of the migraine cases in UKB were based on self-reported data. This may lead to phenotype misclassification which
may have affected, for instance, the high positive genetic correlation between migraine and neck, shoulder or back
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REVIEWERS' COMMENTS:

Reviewer #1 (Remarks to the Author):

I thank the Authors for the careful and considerable efforts to address my comments.

I am satisfied with the additional analyses and amendments and have only a few minor requests:

1) When the authors discuss their comparison of PLINK with REGENIE results - i.e., line 376-377:
"The GWAS results generated using REGENIE were similar compared to the results generated
using PLINK (Supplementary Data 18)"; can they please confirm and note that the overall meta-
analysis results, in particular, the genome-wide significant loci, remain (the same).

2) When the authors describe and discuss the IHGC summary statistics - e.g., line 66-68:
"However, as the GWAS summary statistics data, publicly accessible, reported only the lead SNPs
from the Gormley et al. study with a P-value of less than 1.0x10-5"; can they please not use
"lead" here (and elsewhere when referring to these data), because the IHGC summary statistics
file contain all SNPs with P-value of less than 1.0x10-5. The use of "lead" implies they are the
"index" or "LD-independent" SNPs at the loci.

3) Related to the p-value threshold issue raised by Reviewer #3, the Authors also need to amend
the phrasing around the genetic correlation significance, including the Supplementary Figure 5
legend (i.e., "Only entries that reached a genome-level of significance are shown in this figure") to
be in line with the main text. That is, rather than "genome-wide level of significance", the Authors
should state "study-wide level of significance" or "experiment-wide level of significance" when
referring to whether the genetic correction result is significant (p<0.05) after adjusting for the
total number of genetic correlation tests performed.

4) It might be preferable to report allele frequencies to 4 decimal places when comparing the male
and female EAF and amend the phrasing. Specifically, "We found that the EAF of each SNP were
near identical across the 4 sub-groups" is not what you want to say, because if this was strictly
true, the SNPs would not be associated with migraine!

Reviewer #3 (Remarks to the Author):

I would like to thank the authors for their helpful responses; I have no additional comments or
suggestions.



