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Purpose: Although insomnia and migraine are often comorbid, the genetic association between insomnia and migraine remains
unclear. This study aimed to identify susceptibility loci associated with insomnia and migraine comorbidity.
Patients and Methods: We performed a genome-wide association study (GWAS) involving 1063 clinical outpatients at a tertiary
hospital in Taiwan. Migraineurs with and without insomnia were genotyped using the Affymetrix Axiom Genome-Wide TWB 2.0. We
performed association analyses for the entire cohort and stratified patients into the following subgroups: episodic migraine (EM),
chronic migraine (CM), migraine with aura (MA), and migraine without aura (MoA). Potential correlations between SNPs and clinical
indices in migraine patients with insomnia were examined using multivariate regression analysis.
Results: The SNP rs1178326 in the gene HDAC9 was significantly associated with insomnia. In the EM, CM, MA, and MoA
subgroups, we identified 30 additional susceptibility loci. Multivariate regression analysis showed that SNP rs1178326 also correlated
with higher migraine frequency and the Migraine Disability Assessment (MIDAS) questionnaire score. Finally, two SNPs that had
been previously reported in a major insomnia GWAS were also significant in our migraineurs, showing a concordant effect.
Conclusion: In this GWAS, we identified several novel loci associated with insomnia in migraineurs in a Han Chinese population in
Taiwan. These results provide insights into the possible genetic basis of insomnia and migraine comorbidity.
Keywords: insomnia, migraine, GWAS, SNP, gene, comorbidity

Introduction
Insomnia and migraine are both important worldwide health problems. According to the Global Burden of Disease
report, migraine is the sixth most troublesome disease worldwide and the most common neurological disease.1 Migraine
attacks are episodic headaches often associated with nausea, vomiting, and sound and light sensitivity that severely
impair the quality of life of migraineurs and can even lead to disability. In addition, migraine is associated with several
comorbidities, such as anxiety, depression, vascular accidents, epilepsy, restless legs syndrome, stress, and sleep
disorders.2,3 Insomnia, defined as the inability to initiate or maintain sleep, is nowadays the most common sleep disorder.
It affects one-third of the adult population and remarkably reduces life satisfaction.4 In addition, it is associated with
various complications, such as heart disease, diabetes, gastrointestinal problems, and neurological disorders.5 Numerous
studies reported that migraineurs have worse sleep quality than non-migraineurs and high migraine frequency is
considered related to a higher prevalence of poor sleep quality.2 In an epidemiologic study, primary headaches, including
migraine and tension headaches, were significantly associated with insomnia comorbidities with an odds ratio (OR) of
1.4–1.7.6 Moreover, it has been reported that sleep interruptions can trigger migraine attacks. Besides epidemiologic
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evidence, migraine and insomnia might share some pathophysiological mechanisms in a bidirectional relationship.
Migraine and insomnia could be associated due to the dysregulation of nervous system pathways involved in both
pathologies, such as in cortical spreading depression, the trigeminovascular system, hypothalamic orexinergic system,
and several kinds of neurotransmitters which play a role as mediators.7–9

Recent studies have shown evidence of genetic contributions to migraine and insomnia respectively, but questions
remain about the shared framework of genetic influence. A recent meta-analysis study comprising 22 genome-wide
association studies (GWAS) identified that the genetic factors associated with a higher risk of migraine were enriched in
genes expressed in vascular and smooth muscle tissues, supporting a vascular involvement in the etiology of migraine.10

Eising et al integrated migraine GWAS data with high-resolution spatial gene expression data and identified five modules
involved in migraine pathophysiology.11 Furthermore, several genetic studies on pediatric migraine have reported
polymorphisms associated with migraine.12,13 Similarly, numerous studies have shown novel susceptibility genes
associated with insomnia. Hammerschlag et al identified three loci and seven genes associated with insomnia.14 Stein
et al showed that single-nucleotide polymorphism (SNP)-based heritability for insomnia disorder significantly correlated
with other psychiatric and physical disorders.15 Furthermore, Jansen et al reported 202 loci identifying 956 genes
associated with insomnia that highlighted key brain areas implicated in this disease.16

Although the co-occurrence of migraine and insomnia is widely known, to the best of our knowledge, limited studies
have investigated the shared genetic variants between them, especially in the Han Chinese population. Therefore, this
study aimed to identify susceptibility loci associated with insomnia and migraine in the Han Chinese population in
Taiwan. In addition, we stratified patients into the following subgroups: chronic migraine (CM) versus episodic migraine
(EM), and migraine with aura (MA) versus migraine without aura (MoA). To date, whether migraine with and without
aura have different genetic components remains controversial, as well as whether migraine chronification is associated
with specific genetic variants and with more frequent and severe insomnia symptoms. Hence, our second aim was to
investigate whether independent genetic variants are associated with insomnia in the migraine subgroups.

Materials and Methods
Participants
The study protocol was approved by the Institutional Review Board of the Tri-Service General Hospital (TSGH)
(TSGHIRB No.: 2-108-05-038) and performed strictly following the Declaration of Helsinki. The study was performed
between October 2018 and March 2021 in a cohort of 1063 patients recruited from the neurology outpatient department
at the TSGH (Figure 1). All patients provided written informed consent prior to enrollment. Each study participant
completed a screening questionnaire and was subsequently interviewed by a board-certified neurologist and headache
specialist (FCY). The study sample was then divided into a group with CM (≥ 15 episodes per month; n = 189) or EM
(< 15 episodes per month; n = 874). In addition, 298 of the 1063 study participants had MA, and 765 had MoA.

Participant Evaluation
Migraine
Migraine was diagnosed according to the criteria in the third edition of the International Classification of Headache
Disorders (ICHD-3).17 Patients with secondary or other concomitant primary headache disorders were excluded. The
clinical characteristics of all participants diagnosed with migraine, including aura symptoms, migraine duration (years),
frequency (headache day/month), family history, and headache intensity, were documented.

All patients completed a standardized demographic questionnaire and the Migraine Disability Assessment question-
naire (MIDAS),18 Beck Depression Inventory (BDI),19 and Hospital Anxiety and Depression Scale (HADS)20 ques-
tionnaires. The MIDAS is a questionnaire with five items that assess headache-related disabilities over the previous three
months. The four-point grading system was as follows: grade I (scores ranging from 0 to 5), little or no disability; grade
II (scores ranging from 6 to 10), mild disability; grade III (scores ranging from 11 to 20), moderate disability; and grade
IV (21 or greater), severe disability. The BDI scores range from 0 to 63, and individuals with scores ≥ 18 are classified as
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depressed. The HADS has seven items related to anxiety and depression and has a maximum individual subscale score
of 21.

Insomnia
Primary insomnia disorder was diagnosed according to the criteria in the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5)21 after an evaluation during a clinical interview. The clinical characteristics of all participants
diagnosed with primary insomnia, including insomnia duration and insomnia severity, were documented. Medical and
psychiatric disorders were evaluated via structured diagnostic interviews, physical examinations, blood tests (blood cell
count, thyroid, renal, and hepatic function), and urine drug testing. Patients with secondary insomnia (eg, history of heart
disease, stroke, nephritis, psychiatric disorders, hypersomnia, parasomnia, brain tumor, hematoma, drug- or alcohol-
related, etc.) were excluded from the study.

All participants completed two brief self-rated questionnaires to assess their perception of insomnia severity using the
Pittsburgh Sleep Quality Index (PSQI)22 and the Insomnia Severity Index (ISI).23 The PSQI estimates sleep quality over
the previous month, including 19 self-rated items combined into seven components. It has a score range of 0–21, and
a final score ≥ 6 indicates sleep disturbance. The ISI score is a seven-item self-rated questionnaire that evaluates the
severity and impact of insomnia symptoms in the past month. Each ISI item is rated on a scale of 0–4. The total ISI score
is divided into four categories: 0–7, no clinically significant insomnia; 8–14, subthreshold insomnia; 15–21, moderate
insomnia; 22–28, severe insomnia.

Genotyping and Quality Control
Peripheral blood samples from patients with migraine were isolated in 5-mL EDTA vacutainers (BD, Plymouth, UK).
Genomic DNA was extracted using the QIAamp DSP DNA Mini Kit on the QIAsymphony platform (Qiagen, Hilden,
Germany). DNA quality was measured using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). The DNA samples were applied to the Affymetrix Axiom Genome-Wide TWB 2.0 arrays, which contain
approximately 752,921 probes for a total of 686,463 SNPs. Among these SNPs, approximately 446,000 SNPs are
associated with the characteristics of background genotypes in Taiwanese; approximately 105,000 SNPs are clinically
relevant, whereas the rest are associated with disease features, drug response, and metabolism. The signal CEL files
generated from the Axiom TWB 2.0 SNP array were transformed to genotyping data (tped and tfam files) using
a Genotyping Console (Affymetrix).

Figure 1 Flowchart of a two-step workflow of the phenotype association analysis.
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Statistical Analysis
All patients with migraine were grouped into different subsets using our standard demographic questionnaire. In order to
evaluate the genetic association between migraine risk and insomnia risk, we performed a genotype-association analysis
using PLINK based on the migraine with insomnia and migraine without insomnia groups. The P-value and odds ratio
(OR) of the phenotype association study were calculated to assess the variant relationship using the chi-square allelic test
with one degree of freedom. To investigate how gender may affect the relationship between migraine and insomnia, we
also analyzed the association between gender factors in all migraine cohorts. Additionally, migraineurs were stratified
into four groups: EM, CM, MA, and MoA, and patients in each group were further divided into subgroups according to
the presence or absence of insomnia. In addition, to validate the effect direction of the variants, we selected 255 variants
from a major insomnia GWAS16 present in our SNP microarray. Among these, we genotyped 25 variants in all patients to
check the trend (Supplementary Table 1). Finally, the significant P-values lower than 10−6 were retrieved. Intergenic
variants were excluded in the subsequent analyses. In addition, variants with a Minor Allele Frequency MAF (TWB)
< 0.25 and OR = 0, which represent common variants among the Taiwanese, were excluded. The remaining variants were
annotated with NCBI based on the RefSeq database using ANNOVAR.

Results
Demographics
Table 1 shows the demographic metadata of all the participants, as well as those of the migraine subgroups with or
without insomnia. There were no significant differences in the proportion of EM/CM, body mass index, and years of
education among the groups of migraineurs with insomnia and migraineurs without insomnia. Nevertheless, all other
parameters analyzed differed significantly between the two subgroups analyzed (P < 0.05).

Association of Insomnia in All Migraine Cohorts
We then conducted GWAS on migraineurs stratified depending on the presence or absence of the comorbidity
insomnia. The analysis yielded one significant intronic variant with a P-value < 1E-06, rs1178326 (P = 5.43E-07)
(Table 2). The variant allele frequency in the insomnia group was 0.50%, whereas it was 3.94% in the non-insomnia
group (OR = 0.12, Figure 2).

Table 1 Demographic and Clinical Data

All Migraine All Migraine P-value

Migraine without Insomnia Migraine with Insomnia

Migraine cohort 1063 164 899
With aura/without aura 298/765 35/129 263/636 0.0189

EM/CM 874/189 143/21 731/168 0.0757

Migraine frequency (months) 7.05±7.14 5.68±6.44 7.30±7.24 4.44E-03
Migraine duration (years) 26.54±17.76 23.42±17.39 27.12±16.08 0.013

Sex (male/female) 247/816 49/112 198/704 0.0245

Age (years) 46.61±14.12 42.67±14.38 47.33±7.23 2.00E-04
Body mass index 23.63±4.17 23.65±4.08 23.63±4.19 0.94

Education (years) 13.86±3.09 14.23±3.10 13.79±3.08 0.097

MIDAS score 19.26±16.85 14.38±13.24 20.12±17.27 4.82E-06
PSQI score 9.75±4.00 3.73±1.30 10.84±3.29 7.06E-208

ISI score 9.88±6.21 3.37±3.01 11.04±5.91 2.75E-81

BDI score 11.87±8.98 7.04±6.14 12.75±9.14 1.08E-20
HADS-anxiety score 7.59±4.15 5.15±3.43 8.04±4.11 1.19E-18

HADS-depression score 6.19±4.11 3.86±3.13 6.61±4.13 2.73E-19

Note: P-values were calculated using Fisher’s exact test and the t-test.
Abbreviations: EM, episodic migraine; CM, chronic migraine; MIDAS, Migraine Disability Assessment Scale; PSQI, Pittsburgh Sleep Quality Index; ISI, Insomnia Severity
Index; BDI, Beck Depression Inventory; HADS, Hospital Anxiety and Depression Scale.
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When analyzing gender-associated factors, we found that in both gender groups there was only one variant associated
between gender and migraine: rs145888117 (P = 7.00E-07) for the male group and rs28535526 (P = 5.12E-07) for the
female group (Supplementary Table 2). The OR trend is similar to our finding (rs1178326) in all migraine cohorts;
however, the variants are not in the same position.

Association in the Subgroups in EM/CM
Additionally, we performed an association analysis to identify the potential genetic differences between migraineurs
suffering from EM and CM with and without insomnia. Two genome-wide significant (P < 10−6) SNPs were identified in
the EM group (Figures 2 and 3), and 14 variants we identified in the CM group (Table 3, Figure 3). Most of these variants
were intronic and presented a MAF < 5%. The frequency of the significant variants in the EM and CM groups was lower
in the insomnia group than that in the non-insomnia group. The OR of all these variants was lower than one.

Table 2 Association Between All Migraine Patients Grouped by the Presence or Absence of Insomnia

SNP Position
(GRCh38.

p12)

MAF TWB Gene Type Variant
Change

Variant Allele Frequency OR P-value

Insomnia
Group

Non-Insomnia
Group

rs1178326 chr7:18195234 0.01 0.012 HDAC9 Intronic T>C 0.50% 3.94% 0.12 [0.05, 0.32] 5.43E-07

Notes: All migraine patients were grouped based on insomnia and compared using PLINK. The significant variants were listed by empirical P-value < 1E-6, with the allele
frequency, odds ratio (OR), and 95% confidence interval.
Abbreviations: MAF, Minor allele frequency in the East Asian group in dbSNP; TWB, Minor allele frequency in the Taiwan Biobank.

Figure 2 The distribution of variant allele frequency of the variant in (A) all migraine cohort, (B and C) EM, and (D) MoA groups. Boxplots of distributions between groups
and genotypes. The x-axis shows the genotype of the variants, and the y-axis indicates the phenotype. The abundance of each condition in the genotypes is marked above
each bar. In the entire migraine cohort (A), we found three different distributions of the variant rs1178326 (HDAC9). The genotype TTwas associated with the insomnia
group, whereas the genotype CTwas associated with the non-insomnia group. The genotype CC is not shown in this study. In addition, for other groups in EM and MoA, we
found a similar trend of distribution of variant rs17082263 (SCFD2) and rs143607843 (IQCG) in the EM group, and rs4876117 (DLGAP2) in the MoA group.
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Association in the Subgroups in MA/MoA
Moreover, we performed association analyses between the migraineurs with and without aura and with and without
insomnia. In the MA group, 13 variants were genome-wide significant, whereas only one variant was significant in the
MoA group (Table 3, Figures 2 and 3). The patterns found in the MA/MoA group were similar to those in the EM/CM
group, with odds ratios lower than one. Additionally, these variants related to migraineurs tended to occur more
frequently in the non-insomnia group as compared to those in the insomnia group.

Multivariate Association Study
We then performed a multivariate regression analysis on migraine frequency, MIDAS, ISI, BDI, HADS-anxiety, and
HADS-depression scores. In all migraine cohorts, SNP rs1178326 showed a significant association between migraine
frequency and MIDAS (P = 0.006, 0.004; OR = 0.73, 1.16; 95% confidence interval = 0.59–0.91, 1.05–1.28,
respectively).

Replication Study
Finally, we aimed to validate the results of a previous major GWAS on insomnia. For this purpose, we selected 25 loci
present in a TWB2 SNP array (Supplementary Table 1) and analyzed them in all migraineurs. Among the SNPs tested,
rs10947428 and rs728017 were significantly different between insomnia and non-insomnia migraineurs (Table 4). The
odds ratios associated with both markers were lower than one (0.04 and 0.19, respectively), indicating that the variant
allele seemingly appeared more frequently in the non-insomnia group rather than that in the insomnia group.

Figure 3 Variant frequency and odds ratio (OR) in the subgroups episodic migraine (EM), chronic migraine (CM), migraine with aura (MA), and migraine without aura
(MoA). The x-axis shows the genome-wide significant variants found in the association analysis of EM vs CM (A) and MA vs MoA (B), also reported in Table 2. The y-axis
shows the variant allele frequency in the insomnia group. The diameter of the circles represents the OR of each variant.
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Table 3 Association Between Insomnia Subgroups: EM, CM, MA, and MoA

Groups SNP Position
(GRCh38.p12)

MAF TWB Gene Type Variant
Change

Variant Allele Frequency OR P-value

Insomnia
Group

Non-Insomnia
Group

EM rs17082263 chr4:53005816 0.03 0.015 SCFD2 Intronic C>T 0.43% 4.46% 0.093 [0.03,0.27] 1.00E-07
rs143607943 chr3:197898149 0.01 0.0076 IQCG Intronic C>T 0.09% 2.68% 0.032 [0.00,0.26] 6.37E-07

CM rs17009732 chr4:125465671 0.00 0.022 FAT4 Intronic A>G 0.39% 16.67% 0.02 [0,0.17] 4.59E-09
rs3785860 chr17:61286196 0.00 0.037 BCAS3 Intronic T>G 1.19% 20.00% 0.05 [0.01,0.20] 3.01E-08

rs117254988 chr17:81271302 0.07 0.039 SLC38A10 Intronic G>A 3.15% 26.67% 0.09 [0.03,0.26] 1.27E-07

rs143572955 chr6:22054437 0.03 0.04 CASC15 ncRNA_intronic A>G 0.79% 16.67% 0.04 [0.007,0.22] 1.28E-07
rs113567972 chr5:152265953 0.05 0.027 LINC01933 ncRNA_intronic G>A 0.39% 13.33% 0.03 [0.0028,0.24] 3.46E-07

rs150577542 chr7:103724411 0.05 0.027 RELN Intronic ->AT 0.39% 13.33% 0.03 [0.003,0.24] 3.46E-07

rs76585997 chr7:129721275 0.02 0.027 NRF1 Intronic G>A 0.39% 13.33% 0.03 [0.003,0.24] 3.46E-07
rs150819573 chr15:59507459 0.00 0.022 FAM81A Intronic G>A 0.39% 13.33% 0.03 [0.003,0.24] 3.46E-07

rs117776222 chr1:234086299 0.01 0.009 SLC35F3 Intronic G>A 0.40% 13.33% 0.03 [0.003,0.24] 3.86E-07

rs76358129 chr5:152246648 0.05 0.03 LINC01933 ncRNA_intronic T>C 0.40% 13.33% 0.03 [0.003,0.24] 3.86E-07
rs113929593 chr5:152265017 0.05 0.027 LINC01933 ncRNA_intronic A>G 0.40% 13.33% 0.03 [0.003,0.24] 3.86E-07

rs74526104 chr11:117575288 0.12 0.066 DSCAML1 Intronic A>G 4.72% 30.00% 0.12 [0.044,0.31] 5.64E-07

rs141086120 chrX:65489841 0.04 0.04 ZC3H12B Intronic C>T 1.30% 19.23% 0.06 [0.012,0.25] 5.99E-07
rs3094584 chr6:31416071 0.185 0.077 MICA Downstream G>A 2.76% 23.33% 0.09 [0.03,0.29] 8.50E-07

MA rs3763971 chr11:34150834 0.07 0.024 ABTB2 Downstream G>C 0.79% 14.00% 0.049 [0.01,0.20] 5.12E-09
rs78345995 chr8:118640335 0.00 0.0096 SAMD12-AS1 ncRNA intronic G>C 0.52% 12.00% 0.039 [0.01,0.20] 1.51E-08

rs74383774 chr11:11875451 0.06 0.087 USP47 Intronic C>T 5.24% 28.00% 0.14 [0.07,0.31] 1.90E-08
rs12026894 chr1:245268001 0.07 0.075 KIF26B Intronic G>A 6.28% 30.00% 0.16 [0.08,0.33] 3.74E-08

rs28382698 chrX:55009628 0.00 0.021 ALAS2 Intronic A>G 0.89% 14.63% 0.052 [0.01,0.22] 4.54E-08

rs76268860 chr10:69260819 0.05 0.047 HKDC1 Intronic A>G 2.09% 18.00% 0.097 [0.04,0.27] 5.34E-08
rs3120649 chr1:152311335 0.027 0.014 FLG Exonic G>A 0.52% 10.00% 0.05 [0.009,0.25] 6.02E-07

rs78315102 chr4:169932700 0.00 0.011 LINC02275 ncRNA_intronic G>A 0.52% 10.00% 0.05 [0.009,0.25] 6.02E-07

rs77108059 chr10:14584991 0.02 0.022 FAM107B Intronic T>A 0.52% 10.00% 0.05 [0.009,0.25] 6.02E-07
rs190376766 chr14:61899133 0.03 0.025 SYT16 Intronic T>C 0.52% 10.00% 0.05 [0.009,0.25] 6.02E-07

rs141176236 chr5:103529675 0.00 0.039 LINC02115 ncRNA_intronic G>A 2.62% 18.00% 0.12 [0.05,0.32] 6.10E-07

rs9365252 chr6:161113583 0.06 0.027 MAP3K4 Intronic C>T 1.57% 14.58% 0.09 [0.03,0.29] 6.95E-07
rs12045578 chr1:245247818 0.08 0.076 KIF26B Intronic G>T 4.97% 24.00% 0.17 [0.07,0.37] 9.50E-07

MoA rs4876117 chr8:1654231 0.053 0.059 DLGAP2 Intronic G>A 5.14% 14.7% 0.31 [0.20,0.50] 6.03E-07

Notes: A phenotype association study was performed on all migraine cohorts of the insomnia group and then grouped based on four conditions: EM, CM, aura, and without aura. Significant variants with P-value < 1E-6 are listed with the
allele frequency, odds ratio (OR), and 95% confidence interval.
Abbreviations: EM, episodic migraine; CM, chronic migraine; MA, migraine with aura; MoA, migraine without aura; MAF, minor allele frequency of East Asian group in dbSNP; TWB, minor allele frequency in Taiwan Biobank.
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Table 4 Replication of Findings in a Previous Major Insomnia GWAS

SNP Position
(GRCh38.p12)

MAF TWB Gene Type Variant
Change

Variant Allele Frequency OR P-value Source

Insomnia
Group

Non-
Insomnia
Group

rs10947428 chr6:33679281 0.035 0.032 ITPR3 Intronic T>C 0.86% 16.67% 0.04 [0.0036,0.52] 5.71E-04 Jasen, P.R. et al. Nat

Genet (2019)rs728017 chr6:123971449 0.073 0.10 NKAIN2 Intronic A>G 6.03% 25.00% 0.19 [0.042,0.88] 0.020

Note: The profiles of variants reported in a previous large GWAS were found in all migraine cohorts of the insomnia group.
Abbreviations: MAF, minor allele frequency of the East Asian group in dbSNP; TWB, minor allele frequency in the Taiwan Biobank.
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Discussion
Here, we analyzed 1063 migraineurs stratified into patients with and without insomnia and found that the rs1178326
variant in the HDAC9 gene was significantly associated with insomnia. Additionally, we stratified the migraineurs
depending on the frequency of the symptoms (EM vs CM) and the presence of an aura (MA vs MoA), further comparing
differences between patients with and without insomnia in each subgroup. Two, 14, 13, and 1 SNP in the EM, CM, MA,
and MoA groups, respectively, were significantly associated with insomnia. Multivariate regression analysis indicated
that the SNP rs1178326 was also significantly associated with migraine frequency and MIDAS scores. Moreover, we
replicated the association and the direction of the effects of two SNPs (rs10947428 in ITPR3 and rs728017 in NKAIN2)
that were significant in a previous insomnia GWAS.

In the demographic and clinical data (Table 1), the MIDAS, ISI, PSQI, HADS, and BDI questionnaire responses
differed significantly between the two groups. Our results are consistent with previous studies, which have indicated that
the co-existed comorbidity of anxiety and depression significantly correlates with a higher prevalence of poor sleep
quality in migraineurs.2,24,25

HDAC9 encodes histone deacetylase 9 (HDAC9), a member of the class II HDAC family that plays key roles in
numerous tissues by regulating histone phosphorylation, thereby shaping the transcriptional landscape. The human
HDAC9 gene is located on chromosome 7p21 and is highly expressed in the heart, muscles, and brain. HDAC9 has
been implicated in numerous pathophysiological processes, including neurological disorders, cardiac growth,
T-regulatory cell function, muscle differentiation, and cancers.26 Several reports investigated the association between
HDAC9 and the risk of ischemic stroke or coronary artery disease in the Han Chinese population.27,28 HDAC9 gene
deficiency may attenuate atherosclerosis and increase risk by altering ischemic brain responses and neuronal survival.27

Recently, HDAC9 was reported as a potential causal link between insomnia and coronary artery disease.29 Besides,
a Mendelian randomization analysis showed that short sleep duration and frequent insomnia symptoms are associated
with a subtype of ischemic stroke.30 Sleep deprivation may increase HDAC expression in the hippocampus, adversely
affecting structural and functional synaptic plasticity and memory formation, leading to spatial memory decline, which
could be reversed by HDAC inhibition.31 Therefore, we hypothesized that HDAC9 is functionally involved in migraine
and insomnia through the dysregulation of the cardiovascular system. Further research is necessary to elucidate the
specific mechanism of the insomnia-related HDAC9 variant in migraineurs.

In the EM group, we found two insomnia-related SNPs (rs17082263 in SCFD2 and rs143607943 in IQCG). SCFD2
encodes Sec1 family domain-containing protein 2, a protein involved in protein transport and vesicle docking during
exocytosis. Despite previous studies that implicated SCFD2 as a susceptibility gene for insomnia,14 later studies failed to
fully replicate these results.29 IQCG encodes the IQ motif-containing G protein, which interacts with several proteins and
contributes to regulating calcium and calmodulin-dependent protein kinase IV activity, neuronal polarized growth and
plasticity, fertilization, mitosis, and cytoskeletal organization.32 The SNP in rs9880989 in IQCG was identified among the
top ten susceptibility loci associated with migraine in bipolar disorder.33 Although IQCG may also be involved in
insomnia and migraine, further studies are warranted to unravel underlying mechanisms.

In the CM group, 14 SNPs were associated with insomnia. SLC38A10 encodes a member of the solute carrier
(SLC) family. Hundreds of SLC genes have been identified in the brain, contributing to the transport of sugars, amino
acids, vitamins, neurotransmitters, and inorganic/metal ions. SLC38A10 acts as a glutamate transporter and can affect
neuronal viability by protecting against glutamate toxicity and oxidative stress.34 Mounting evidence suggests that
glutamate excitotoxicity contributes to migraine and insomnia.35,36 As glutamate transporters could be novel
therapeutic targets, it is necessary to further explore the role of SLC38A10 in these disorders. RELN encodes reelin,
an extracellular matrix glycoprotein controlling cell-cell interactions, critical for cell positioning and neuronal
migration during brain development. Reelin is reportedly involved in several neuropsychiatric disorders, including
schizophrenia, bipolar disorder, major depression, autism, and Alzheimer’s disease.37 Reduced RELN expression may
contribute to epilepsy pathogenesis and is considered a shared causal pathway between migraine and epilepsy.38

NRF1 encodes nuclear respiratory factor 1, which is involved in the transcription of oxidative phosphorylation
components. NRF1 activates the expression of several metabolic genes and is upregulated during sleep deprivation.39
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Zhu et al demonstrated that NRF1 positively regulates numerous circadian genes.40 Furthermore, Li et al identified
that NRF1 affects sleep initiation and may regulate the human GABA receptor subtype A β1 subunit gene in neurons,
which is associated with epilepsy, autism, bipolar disorder, and schizophrenia.41 Finally, we found three SNPs in
LINC01933, encoding a long non-coding RNA. A recent study reported altered expression of LINC01933 in the brain,
which was associated with sleeping-related loci 5 in the Neanderthal population.42 Further studies are necessary to
investigate the potential involvement of these genes in insomnia and the CM group.

In the MA group, we found 13 SNPs associated with insomnia. Two SNPs were in KIF26B, which encodes the
Kinesin Family Member 26 B. Kinesins are transporters of membranous organelles in mammalian neurons.43 In a GWAS
of sleep duration, KIF26B was reportedly associated with a short sleep duration of fewer than 6 hours.44 In addition,
Hautakangas et al performed a genome-wide meta-analysis of migraine and found a lead SNP in KIF26B, although not
significant in the MA subgroup.45

MAP3K4 encodes mitogen-activated protein kinase (MAPK) kinase 4. MAPK pathways are involved in regulating
calcitonin gene-related peptide (CGRP) release, a migraine-related neuropeptide secreted by the trigeminal ganglion.46

Suppressing MAPK/NF-кB signaling could attenuate migraine in a nitroglycerin-induced rat model.47 Furthermore,
Zhang et al found that substance P may activate MAPK pathways in satellite glial cells of the trigeminal ganglion,
contributing to inflammatory orofacial pain associated with peripheral sensitization.48 Moreover, substance P seemingly
initiates and perpetuates cortical spreading depression, an electrophysiological phenomenon associated with MA.49

Additionally, substance P may influence the increase of REM latency and time awake, leading to a central arousing
effect.50 Overall, these studies support a potential link between MA and insomnia. Besides KIF26B and MAP3K4, other
significant loci did not present a clear link between migraine and insomnia, highlighting the need for further research.

In the MoA group, we identified rs4876117 in DLGAP2 associated with insomnia. DLGAP2 encodes Discs Large
Homolog Associated Protein 2. It was initially identified as a candidate gene for mental retardation and post-traumatic
stress disorder affecting the hippocampus and was recently associated with schizophrenia and Alzheimer’s disease.
DLGAPs are expressed in the postsynapse, interact with several proteins, and are involved in the function of NMDA,
AMPA, and glutamate receptors.51 In addition, Catusi et al studied patients with 8p23.2-pter microdeletions, suggesting
that DLGAP2 deregulation may influence other families of post-synaptic scaffolding proteins. DLGAP2 is considered
a strong candidate for neurodevelopmental/behavioral phenotypes.52 Moreover, DLGAP2 was an affected gene in an
established murine model of CM triggered by nitroglycerin. Disruption of glutamatergic and dopaminergic synapses and
rhythmic processes in the trigeminal ganglia and the nucleus accumbens may be a mechanism associated with migraine
but require further validation.53

When investigating the association between gender effects on migraineurs with insomnia, we found one variant in
each gender, rs145888117 in CDC14B for the male group and rs28535526 in TAFA5 for the female group. CDC14B
encodes Cell Division Cycle 14B, a member of the dual-specificity protein tyrosine phosphatase family, involved in the
exit of cell mitosis and regulation of DNA damage repair.54 Furthermore, CDC14B was shown to exhibit oncogenic
characteristics in mammals via Ras-MAPK cascade.55 The association of CDC14B in male migraineurs with insomnia
may need more validation via MAPK pathways. TAFA5 encodes TAFA Chemokine Like Family Member 5, a member of
the TAFA family, and was found highly expressed in the embryonic and postnatal mouse brain, especially in the
hippocampus. Genetic deletion of TAFA5 may contribute to an increase in depressive-like behaviors and significantly
reduce glutamate release and neuronal activity in the hippocampus.56 Whether migraine, insomnia, and depression share
similar pathogenesis via TAFA5, especially in females, is warranted for further validation.

Multivariate regression analysis showed that SNP rs1178326 in HDAC9 was also significantly associated with higher
migraine frequency and MIDAS scores, a clue that this locus plays an important role in migraine with insomnia. Further
larger studies are warranted to investigate HDAC9 in the association of migraine and insomnia with their frequency and
intensity.

To validate our results, we selected 255 variants from a major insomnia GWAS16 to the same SNP microarray. Out of
255, 25 SNPs in the TWB2 SNP arrays, SNPs rs10947428 in ITPR3 and rs728017 in NKAIN2 were significantly detected
in the migraine cohort of the insomnia group. Furthermore, although the allele frequencies in Taiwan Biobank and UK
Biobank differed, our results are consistent with the previous study.
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Our study had several strengths. First, we had a carefully chosen population in which migraine and insomnia were
diagnosed by qualified neurologists according to a strictly audited protocol. Second, we evaluated individuals using
validated questionnaires, sleep quality, migraine frequency, and comorbidities like anxiety and depression. Multivariate
regression analysis and stratified analysis of migraine subgroups enabled the investigation of the genetic association of
insomnia in migraineurs. Third, Affymetrix’s Axiom Genome-Wide TWB 2.0 array covers a highly representative
sample of the gene pool in Taiwan. Our results also showed different allele frequencies in other populations in previous
major studies. Nonetheless, this study also had limitations. The statistical power was limited due to the relatively modest
sample size. Further studies with larger sample sizes and a more diverse population are warranted to enhance external
validity and extend these results in the future.

Conclusions
In conclusion, our study revealed that the SNP rs1178326 located in the HDAC9 gene was significantly associated with
insomnia in a cohort of migraineurs from the Han Chinese population in Taiwan. Furthermore, several novel suscept-
ibility loci associated with insomnia were identified in subgroups EM, CM, MA, and MoA. These results provide insights
into the possible genetic basis of insomnia and migraine. Further larger studies are warranted to investigate these genes in
shared pathogenesis to obtain definitive evidence.
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