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Abstract
Background
Anti-calcitonin gene-related peptide (CGRP) monoclonal antibodies have emerged as promising therapeutic options for the treatment of chronic migraine. However, treatment response varies considerably among individuals, suggesting a potential role for genetic factors. This study aimed to identify genetic variants affecting the efficacy of anti-CGRP monoclonal antibody therapy in chronic migraine among the Han Chinese population in Taiwan to enhance treatment precision and to understand the genetic architecture of migraine.

Methods
We conducted a quantitative trait locus (QTL) association study in patients with chronic migraines from a tertiary medical center in Taiwan using the Taiwan Precision Medicine Array Chip. The patients received fremanezumab or galcanezumab for at least 12 weeks. Treatment efficacy was assessed based on the improvement rate in monthly migraine days. Genetic variants were identified, and their associations with treatment efficacy were examined through quantitative trait loci analysis, linkage disequilibrium studies, and functional annotations using the Gene Ontology database.

Results
Six single nucleotide polymorphisms (SNPs) relative variants were significantly associated with anti-CGRP therapy response (p < 1 × 10− 7): rs116870564, rs75244870, rs56216870, rs12938101, rs74655790, and rs149540851. These variants are located in or near genes, including LRRC4C, ATAD2B, and OXR1, which are involved in neuronal development, DNA-dependent ATPase activity, and oxidation-reduction processes, respectively. The rs116870564 variant in LRRC4C showed the strongest association (β = -0.551, p = 6.65 × 10− 9). The functional impact of these variants is attributed to their regulatory effects on gene expression, which are influenced by intron splicing regulation, transcription factors, and changes in chromatin structure.

Conclusion
The identification of key genetic markers associated with response to anti-CGRP therapy emphasizes the importance of genetic variability in treatment efficacy. This could lead to more personalized chronic migraine management strategies and tailored therapeutic approaches based on individual genetic profiles. Further research in larger, diverse populations is warranted to validate these findings and refine our understanding of the role of CGRP in chronic migraine pathophysiology.

Trial registration
Not applicable.
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Background
Migraine is a significant global health challenge, acknowledged among the most disabling diseases worldwide [1]. It is characterized by severe episodic headaches frequently accompanied by nausea, vomiting, and heightened sensitivity to light and sound, significantly impacting quality of life [2]. Chronic migraine (CM), its severe subtype, involves headaches on 15 or more days per month for at least three months, with migraine features present on at least eight days monthly [3]. The frequent and intense headaches impair daily functioning and productivity, marking CM as a major public health concern [4]. Globally, CM affects 1–2% of the general population, imposing substantial burdens on individuals, healthcare systems, and society [5, 6]. In the Asia-Pacific region, including Taiwan, migraine prevalence is estimated at 9.1%, underlining its local significance [7].
Migraine pathophysiology is complex and multifactorial, influenced by genetic and environmental factors. Recent genome association studies have identified over 100 loci associated with migraine susceptibility, highlighting its polygenic nature [8, 9]. These genetic findings provide insights into biological pathways, such as neurotransmitter signaling, vascular function, and ion channel activity [10]. Calcitonin gene-related peptide (CGRP) plays a pivotal role in migraine pathophysiology, acting within the trigeminovascular system [11]. CGRP, a potent vasodilator released during migraine attacks, facilitates pain transmission, making it a prime therapeutic target. Monoclonal antibodies targeting CGRP or its receptors (e.g., erenumab, fremanezumab, galcanezumab, and eptinezumab) have emerged to reduce migraine attack frequency [12, 13], marking significant advances in migraine management.
Despite the general efficacy of CGRP monoclonal antibodies, substantial variations exist in treatment responses among patients. Clinical trials show some achieving up to 75% reduction or complete migraine freedom [14]. However, response rates generally range from 40–70% [15], highlighting the need to explore factors influencing treatment efficacy. Pharmacogenomics, which studies genetic influences on drug responses, has the potential to personalize migraine treatments and improve patient outcomes. Results of large-scale genome-wide association studies (GWAS) revealed specific single nucleotide polymorphisms (SNPs) within CGRP-related genes, suggesting genetic variations increase migraine risk and modify responses to CGRP antagonists [8, 9].
Known genetic associations in migraine include variants in genes for neurotransmitter systems (e.g., MTDH and PRDM16), ion channels (e.g., KCNK5 and TRPM8), and vascular functions (e.g., PHACTR1 and FHL5) [8, 9]. These findings suggest genetic factors impacting migraine susceptibility may also influence treatment responses. Additionally, variants in CGRP signaling genes, such as CALCA (encoding CGRP-Alpha) and RAMP1 (encoding a component of the CGRP receptor), could be particularly relevant for anti-CGRP therapy outcomes [16]. A recent retrospective study highlighted clinical and genetic factors influencing responses to anti-CGRP monoclonal antibody therapy, with variations in genes, such as RAMP1 linked to varying response rates.
Most genetic migraine studies focus on European ancestry populations, leaving a significant gap for other ethnic groups, including Asian populations [17]. Considering the known variations in migraine prevalence and clinical presentation across ethnicities, it is necessary to investigate genetic factors influencing treatment responses across diverse populations [18]. The Han Chinese population, the largest ethnic group in East Asia, remains underrepresented in migraine genetic studies, particularly regarding anti-CGRP therapy responses. Taiwan, with its advanced healthcare system and relatively homogeneous Han Chinese population, provides an ideal setting to investigate genetic influences on treatment responses in this ethnic group [19]. Therefore, we aim to identify susceptibility loci associated with anti-CGRP therapy efficacy for CM in the Han Chinese population of Taiwan. By identifying genetic variants affecting responses to anti-CGRP monoclonal antibody therapy, we aim to refine treatments and enhance outcomes for patients with migraines within this demographic.

Materials and methods
Study design and participants
We conducted a prospective, observational genetic study involving a cohort of patients with CM recruited from the neurology outpatient department of a tertiary medical center in Taiwan. This study combined clinical outcome data with genetic analysis to investigate associations between genetic variants and treatment response. The study cohort comprised individuals diagnosed with CM treated with galcanezumab (Emgality) or fremanezumab (Ajovy). The study protocol was approved by the Institutional Review Board of the Tri-Service General Hospital, and all participants provided written informed consent prior to enrollment. Inclusion criteria were: (1) age ≥ 18 years, (2) diagnosis of CM according to the criteria in the third edition of the International Classification of Headache Disorders (ICHD-3) [3], and (3) Han Chinese ethnicity. The exclusion criterion was secondary or other concomitant primary headache disorders.
Each participant completed a screening questionnaire and was interviewed by a board-certified neurologist and headache specialist (FCY). All patients completed a standardized demographic questionnaire and the Migraine Disability Assessment questionnaire (MIDAS) [20]. Documented clinical characteristics included sex, age, aura symptoms, medication overuse, triptan response, preventive treatment failure (drug class), body mass index, education (years), migraine duration (years), monthly migraine days (MMD), monthly headache days (MHD), MIDAS score, and improvement rate after treatment with anti-CGRP monoclonal antibody (Table 1).
Table 1Demographic and clinical data


	 	All chronic migraine
(N = 108)
	Fremanezumab
(N = 40)
	Galcanezumab
(N = 68)
	P-value

	Female
	89 (82.4%)
	35 (87.5%)
	54 (79.4%)
	0.267

	Age (years)
	46.8 ± 14.83
	49.13 ± 16.12
	45.43 ± 13.96
	0.212

	Aura
	22 (20.4%)
	7 (17.5%)
	15 (22.1%)
	0.748

	Medication Overuse
	99 (91.7%)
	39 (97.5%)
	60 (88.2%)
	0.186

	Triptan Responders
	80 (74.1%)
	28 (70%)
	52 (76.5%)
	0.608

	Preventive Treatment Failure > 3
	38 (35.2%)
	16(40%)
	22 (32.4%)
	0.427

	Body Mass Index
	23 ± 3.99
	22.15 ± 3.5
	23.47 ± 4.2
	0.118

	Education (years)
	13.82 ± 2.92
	13.17 ± 3.29
	14.18 ± 2.65
	0.117

	Improvement Rate (%)
	78.93 ± 18.27
	78.25 ± 16.27
	79.33 ± 19.45
	0.767

	MMD
	22.19 ± 7.3
	22.75 ± 7.03
	21.87 ± 7.49
	0.329

	MHD
	24.55 ± 5.86
	23.82 ± 6.28
	24.97 ± 5.6
	0.547

	Migraine Duration (years)
	26.8 ± 13.1
	29.87 ± 13.64
	25 ± 12.56
	0.975

	MIDAS Score
	32.2 ± 17.9
	35.13 ± 15.28
	32.24 ± 19.37
	0.062


Comparative statistics between the treatment groups were performed using independent two-sample t-tests for continuous variables and chi-squared tests for categorical variables. MMD, Monthly Migraine Days; MHD, Monthly Headache Days; MIDAS, Migraine Disability Assessment Scale




Anti-CGRP therapy protocol
Galcanezumab was administered at a loading dose of 240 mg, followed by a monthly subcutaneous injection of 120 mg. Fremanezumab was administered as monthly 225 mg subcutaneous injections or quarterly 675 mg injections based on individual patient needs. Treatment was administered for 12 weeks, with follow-up visits scheduled at 4-week intervals.

Genotyping by TPM array
DNA extraction and identification of nucleotide mutations were performed as follows: (1) DNA extraction: genomic DNA was extracted and purified from 3 mL of peripheral blood collected in EDTA vacutainers using a QIAsymphony SP system (QIAGEN, Hilden, Germany); (2) genotyping: purified DNA from each participant was loaded onto a Taiwan Precision Medicine (TPM) array chip and genome type signals were detected using the Axiom GeneTitan platform (Thermo Fisher Scientific, Sunnyvale, CA, USA) [21]; and (3) quality control and annotation: quality control of the genome SNP data, SNP calling, and sample annotations were performed using the Axiom Analysis Suite (Thermo Fisher Scientific).

Quantitative trait locus (QTL) analysis
We analyzed genotyping data from the TPM array [21]. SNPs (493, 292 in total) with a low typing call rate (< 80%) were excluded. To characterize the relationship between the improvement rate and probability risk SNPs (variants), QTL with a linear regression model [22] was applied using PLINK 1.9 software [23]. Improvement rate values were used as the QTL phenotype, and clinical factors, such as sex, age, aura, MMD, MHD, medication overuse, triptan response, preventive treatment failure, migraine duration, and MIDAS score were tested as covariates in the linear regression. After systematically arranging and combining different covariates to explore all possible permutations and combinations, suitable combinations with the most significant variants were used for further interpretation. Figure 1 outlines the steps involved in QTL analysis.
[image: ]
Fig. 1Study Flowchart. This flowchart outlines the steps involved in this study, including participant recruitment and data analysis. The workflow included genotyping using the Taiwan Precision Medicine array, quantitative trait locus analysis, and subsequent steps, such as Gene Ontology enrichment and linkage disequilibrium analysis. Key elements include SNP filtering, application of the linear regression model using PLINK 1.9 software, and systematic exploration of covariate combinations to identify significant variants associated with the anti-CGRP monoclonal antibody therapy response in patients with chronic migraine



Variant annotations and functional analysis
Significant variants and their associated genes were annotated using the RefSeq Database (https://​www.​ncbi.​nlm.​nih.​gov/​refseq/​) from wANNOVAR (https://​wannovar.​wglab.​org/​) [24]. Allele frequencies across diverse populations were assessed using the 1000 Genomes Project [25] and Taiwan BioBank [26]. Gene functional characterization was performed using Gene Ontology (GO) [27], and GO enrichment analysis was conducted using DAVID v6.8 [28] to identify biological processes, associated with genes harboring or near significant SNPs.

Linkage disequilibrium (LD) analysis
LD analysis was conducted to understand which genes were likely to be functionally relevant to the trait or disease as well as the number and location of contributing genes [29]. We uploaded the intronic variants rs116870564, rs74655790, and rs149540851, obtained from QTL analysis, using the LDproxy Tool, part of LDlink (https://​ldlink.​nih.​gov/​?​tab=​home) [30, 31]. The analysis parameters were as follows: - Genome build version: GRCh38 - Populations analyzed: CDX (Chinese Dai in Xishuangbanna, China), CHB (Han Chinese in Beijing, China), and CHS (Southern Han Chinese) - LD measurements: D’ (D prime) and R² (R-squared), calculated based on allele frequencies - Base pair window: 10,000 bp - Regulatory potential predictions: FORGEdb [32]. The 10,000-bp window size was chosen to capture a wide range of potential regulatory elements and interactions, providing a detailed map of the genomic landscape surrounding the variants.

Statistical analysis
Demographic and clinical characteristics were compared between treatment groups using independent two-sample t-tests for continuous variables and chi-squared tests for categorical variables. The significance threshold was set at p < 1 × 10− 7 and results were visualized using CMPlot [33] for circular Manhattan and Q-Q plots to assess potential genomic inflation. All statistical analyses were performed using R version 4.0.3 [34]. Statistical significance was defined as a two-sided p-value of < 0.05, unless otherwise specified.
We chose a significance threshold of p < 1 × 10⁻⁷ to address the multiple comparisons involved in analyzing 493,292 SNPs and ensure robustness against false positives. This threshold is slightly more conservative than the standard p < 5 × 10⁻⁸ typically used in GWAS, due to the specific design considerations of our study, including the use of the Taiwan Precision Medicine Array Chip and the sample size. This approach balances the need to identify true associations with the control of type I error rates.


Results
Participant demographics and clinical characteristics
A total of 108 Han Chinese patients with CM were enrolled in this study. The cohort comprised 89 females (82.4%) and 19 males (17.6%), with a mean age of 46.8 ± 14.83 years. Participants were divided into two treatment groups: 40 patients (37%) received fremanezumab, and 68 patients (63%) received galcanezumab. Table 1 shows the demographic and clinical characteristics of the study population. Most patients (91.7%) reported medication overuse, and 74.1% were triptan responders. Migraine with aura was present in 20.4% of participants. The mean duration of migraine history was 26.8 ± 13.1 years. At baseline, patients experienced an average of 22.19 ± 7.3 MMDs and 24.55 ± 5.86 MHDs. The mean MIDAS score was 32.2 ± 17.9, indicating severe disability. There were no statistically significant differences between the fremanezumab and galcanezumab groups in demographic or clinical characteristics (all p > 0.05), suggesting that the two treatment groups were comparable at baseline.

Treatment efficacy overview
The overall mean improvement rate in monthly migraine days after 12 weeks of anti-CGRP monoclonal antibody treatment was 78.93 ± 18.27%. There was no significant difference in improvement rates between the fremanezumab (78.25 ± 16.27%) and galcanezumab (79.33 ± 19.45%) groups (p = 0.767).

Significant genetic variants identified
QTL association analysis identified six SNPs significantly associated with anti-CGRP therapy response (p < 1 × 10− 7). These variants are presented in Table 2 and visualized using a Manhattan plot (Fig. 2A) and a Q-Q plot (Fig. 2B). The most significant association was observed for rs116870564 (p = 6.65 × 10− 9), an intronic variant in the LRRC4C gene on chromosome 11. This variant showed a strong negative effect on treatment response (β = -0.551, SE = 0.087), indicating that the minor allele is associated with a poorer response to anti-CGRP therapy.
Table 2Significant variant SNPs of Anti-CGRP monoclonal antibody therapy efficacy in our chronic migraine cohort


	Variant
SNP ID
	CHR
	BP
	Ref
	Alt
	BETA
	SE
	L95
	U95
	P-Valuea
	Type
	Gene
	MAFb
	TWc
	EASd

	rs116870564
	11
	40,698,550
	G
	A
	-0.551
	0.087
	-0.721
	-0.381
	6.65E-09
	intronic
	LRRC4C
	0.009
	0.026
	0.027

	rs75244870
	3
	58,551,849
	T
	C
	-0.518
	0.082
	-0.679
	-0.358
	6.92E-09
	intergenic
	ACOX2(Up); FAM107A (Down)e
	0.019
	0.017
	0.012

	rs56216870
	8
	124,758,943
	C
	T
	-0.518
	0.084
	-0.683
	-0.352
	1.77E-08
	intergenic
	MTSS1 (Up); MIR4662B (Down)
	0.037
	0.055
	0.093

	rs12938101
	17
	50,298,471
	A
	T
	-0.483
	0.081
	-0.641
	-0.324
	3.85E-08
	intergenic
	TMEM92-AS1(Up); XYLT2 (Down)
	0.037
	0.040
	0.034

	rs74655790
	2
	23,769,060
	C
	T
	-0.509
	0.086
	-0.677
	-0.341
	4.24E-08
	intronic
	ATAD2B
	0.009
	0.019
	0.013

	rs149540851
	8
	106,592,971
	C
	A
	-0.509
	0.086
	-0.677
	-0.341
	4.24E-08
	intronic
	OXR1
	0.009
	0.009
	0.030


a Filter by p < 10− 7.
b Minor Allele Frequency in this study.
c Minor Allele Frequency in Taiwan Biobank.
d Minor Allele Frequency in East Asian from 1000 genome.
e Up: Upstream. Down: Downstream.



[image: ]
Fig. 2Quantitative trait locus (QTL) analysis results for anti-CGRP monoclonal antibody therapy response in chronic patients with migraines. (A) Circular Manhattan plot showing the QTL association results. Each point represents a SNP, with its position on the respective chromosome indicated by the outer circle. The inner circle shows the statistical significance (-log10 p-value) of each SNP’s association with treatment response. The blue dashed line indicates the threshold for significance (p < 1 × 10− 7). Six highly significant variants are highlighted and labeled: rs116870564, rs75244870, rs56216870, rs12938101, rs74655790, and rs149540851. (B) Quantile-Quantile (Q-Q) plot of the observed versus expected -log10 p-values from the association analysis. The red line represents the null hypothesis of no association. Deviations above this line indicate potential true genetic associations with the improvement rate. The genomic inflation factor (λ) is provided, calculated based on the median of observed and expected chi-square values, demonstrating the robustness of the test statistics


Other significant variants included rs75244870 (p = 6.92 × 10− 9) near acyl-CoA oxidase 2 (ACOX2) on chromosome 3, rs56216870 (p = 1.77 × 10− 8) near metastasis suppressor 1 (MTSS1) on chromosome 8, rs12938101 (p = 3.85 × 10− 8) near TMEM92-AS1 on chromosome 17, rs74655790 (p = 4.24 × 10− 8) in ATAD2B on chromosome 2, and rs149540851 (p = 4.24 × 10− 8) in OXR1 on chromosome 8. The Q-Q plot (Fig. 2B) revealed significant deviations above the diagonal line, indicating a true association of potential genetic link to the improvement rate. The genomic inflation factor (lambda) was close to one, suggesting minimal inflation and confirming the robustness of the test statistics. Notably, when the galcanezumab and fremanezumab cohorts were analyzed separately, only one significant variant (rs141304376) was detected in the galcanezumab group, and no significant variants were found in the fremanezumab group (Supplementary Fig. 1).
While medication overuse was prevalent among around 90% of our participants, none met the formal diagnostic criteria for medication overuse headache (MOH) as defined by the ICHD-3. Therefore, these patients were not excluded from the study. An exploratory analysis was conducted to assess potential genetic associations with medication overuse, despite these patients not meeting full MOH criteria [35]. However, no statistically significant variants were identified in this regard (Supplementary Table 1). This analysis included 33 MOH-associated genes, of which 18 had SNPs available on the TPM array used in our study.

Genotype-phenotype associations
Figure 3 illustrates the associations between the genotypes of the six significant SNPs and the improvement rates on monthly migraine days. For rs116870564, individuals with the GG genotype (n = 105) showed a significantly higher mean improvement rate (0.83 ± 0.15) compared to those with the AG genotype (n = 2, mean improvement rate 0.12 ± 0.04, p < 0.001). Similar trends were observed for other significant variants. Notably, the heterozygous rs116870564, rs74655790, and rs149540851 genotypes showed a strong decrease in improvement rates (up to 70%). The variant rs56216870 displayed an interesting pattern, with a more pronounced effect in the homozygous mutant genotype than in the heterozygous genotype.
[image: ]
Fig. 3Genotype-phenotype associations for significant variants identified through quantitative trait locus analysis. Box plots showing the association between the genotypes of six significant SNPs (rs116870564, rs75244870, rs56216870, rs12938101, rs74655790, and rs149540851) and improvement rates in monthly migraine days after anti-CGRP monoclonal antibody therapy. For each variant, the distribution of improvement rates is shown for the different genotypes. The heterozygous mutations AG, TC, and AC in rs116870564, rs74655790, and rs149540851, respectively, and the homozygous mutation TT in rs56216870 showed a strong decrease in improvement rates compared to the normal genotypes. Boxes represent the interquartile range, with the median indicated by a horizontal line. Whiskers extend to minimum and maximum values, excluding outliers


Analysis of individual participants revealed that some, such as participants 94 and 1, harbored multiple variants associated with poor improvement rates (Table 3). Most participants with poor improvement rates also showed poor response to triptan, which reduces CGRP release.
Table 3Anti-CGRP monoclonal antibody therapy profile in participants with significant variants


	Participant
Number
	Improvement
Rate
	Triptana
	Variants Genotypeb

	rs116870564
	rs75244870
	rs56216870
	rs12938101
	rs74655790
	rs149540851

	94
	0.067
	N
	Het
	Het
	Hom
	Het
	Het
	Het

	1
	0.097
	N
	Call fail
	Het
	-
	Het
	Het
	Het

	2
	0.143
	N
	Het
	Het
	-
	Het
	-
	-

	97
	0.250
	N
	-
	-
	Het
	-
	-
	-

	108
	0.484
	Y
	-
	-
	Het
	Hom
	-
	-

	5
	0.516
	Y
	-
	-
	-
	Het
	-
	-

	57
	0.529
	Y
	-
	-
	Het
	-
	-
	-

	28
	0.607
	Y
	-
	-
	Het
	-
	-
	-

	46
	0.667
	Y
	-
	-
	Het
	-
	-
	-

	24
	0.737
	Y
	-
	Het
	-
	-
	-
	-

	26
	0.765
	Y
	-
	-
	-
	Het
	-
	-

	83
	0.929
	Y
	-
	-
	-
	Het
	-
	-

	64
	0.967
	Y
	-
	-
	Het
	-
	-
	-


a Improve headache by using Triptans.
b Het: Heterozygous mutation. Hom: Homozygous mutation. Call fail: Genotype calling was not identified in TPM chip.



Further analysis of potential covariates, including sex, age, aura, MMD, MHD, medication overuse, migraine duration, and MIDAS score revealed that triptan response was the most significant covariate (p < 0.05) in the regression model for most variants. Supplementary Fig. 2 illustrates the participants with poor triptan response also tended to have poor improvement (≤ 0.25, below the lower quartile) with anti-CGRP monoclonal antibody therapy. Supplementary Table 2 presents the positive effect (BETA values) of triptan response on the six significant variants. Notably, given that the variant effects are negative, these findings suggest that certain genetic factors may contribute to reduced efficacy of both triptan and anti-CGRP therapies, potentially through shared mechanistic pathways.

LD and functional annotation results
LD analysis was performed to investigate the genomic context of significant variants. Figure 4 shows LD plots for the three most significant loci: LRRC4C (Fig. 4A), ATAD2B (Fig. 4B), and OXR1 (Fig. 4C). The lead SNP, rs116870564, in LRRC4C showed moderate LD with several nearby variants, suggesting a potential regulatory region in intron. Similarly, rs74655790 in ATAD2B and rs149540851 in OXR1 were found to be in LD with other intronic variants in their respective genes.
[image: ]
Fig. 4Linkage disequilibrium (LD) analysis of intronic variants. LD plots and functional annotations for the three significant intronic variants: (A) rs116870564 in LRRC4C (chromosome 11). (B) rs74655790 in ATAD2B (chromosome 2). (C) rs149540851 in OXR1 (chromosome 8). Each panel shows the LD structure around focal SNP. The color gradient, ranging from white to deep blue and red, visualizes the spectrum of D’ (D prime) and R² (R-squared) values spanning from 0.0 to 1.0 in the relative chromosome region. White numbers in the purple squares represent FORGEdb scores, indicating the likelihood of variants functioning as regulatory elements. The red text indicates the query intronic variants from the quantitative trait locus analysis. The genes in this region are shown below each plot and thin lines represent intron regions and bold lines indicate exon regions


Functional annotation revealed that most significant SNPs were located in intronic or intergenic regions. The FORGEdb scores predict the likelihood of genetic variants functioning as regulatory elements (Fig. 4). The variants associated with rs116870564 and rs74655790 and their LD associated variants showed moderate regulatory effects on LRRC4C and ATAD2B, respectively. Notably, variants in LD with rs149540851 demonstrated strong regulatory effects on OXR1, suggesting additional genetic risks outside the protein-coding regions.

GO enrichment analysis findings
GO enrichment analysis results revealed biological processes associated with genes harboring or near significant SNPs (Table 4). LRRC4C, containing the intronic variant rs116870564, is involved in critical synaptic functions, such as axonogenesis (GO:0050770) and synaptic membrane adhesion (GO:0099560). ACOX2 is associated with metabolic pathways, such as bile acid and fatty acid biosynthesis. FAM107A is associated with cell adhesion and responses to nutrients. MTSS1 is involved in actin filament dynamics and cellular structural processes. XYLT2 was found to be crucial for glycosaminoglycan biosynthesis, affecting extracellular matrix formation, and potentially modulating cellular interactions.
Table 4GO annotation of variant genesa


	Gene
	Relative GO terms
	Relative GO IDs

	ACOX2
	Bile Acid Biosynthetic
Fatty Acid Metabolic
Monocarboxylic Acid Biosynthetic Process
Organic Hydroxy
Steroid Biosynthetic Process
	GO:0000038, GO:0006635,
GO:0006694, GO:0006699,
GO:0008206, GO:0033540,
GO:0072330, GO:1,901,617

	FAM107A
	Actin Filament
Cell Adhesion
Cell Cycle
Cell-Substrate Junction
Cellular Response
Cognition
Long-Term Synaptic Potentiation
Microtubule
Protein Polymerization
Response To Nutrient Levels
	GO:0001953, GO:0008154,
GO:0030041, GO:0031667,
GO:0032886, GO:0032970,
GO:0050890, GO:0051017,
GO:0051258, GO:0051384,
GO:0051893, GO:0051895,
GO:0061572, GO:0070507,
GO:0071384, GO:0071385,
GO:0150118, GO:1,900,271,
GO:1,900,272, GO:1,901,889,
GO:1,901,991, GO:1,902,807,
GO:2,000,134

	LRRC4C
	Regulation Of Axonogenesis
Synaptic Membrane Adhesion
Trans-Synaptic Signaling
	GO:0050770, GO:0099177,
GO:0099560

	MTSS1
	Actin Filament
Cell Adhesion
Epithelial Cell Differentiation Involved in Kidney Development
Epithelial Cell Proliferation
Epithelial Tube Morphogenesis
Fluid Shear Stress
Nephron Tubule Development
	GO:0032231, GO:0032233,
GO:0034332, GO:0034334,
GO:0035850, GO:0045217,
GO:0050680, GO:0060562,
GO:0071498, GO:0072080

	XYLT2
	Glycosaminoglycan/Aminoglycan
Proteoglycan
	GO:0006022, GO:0006023,
GO:0006024, GO:0015012,
GO:0030166, GO:0030203,
GO:0044272, GO:0050650,
GO:0050654


a Selected form p-value < 0.05. GO, Gene Ontology





Discussion
This study of a Taiwanese CM cohort using the TPM array chip represents the first genome association study to investigate the genetic determinants of anti-CGRP monoclonal antibody therapy response in a Han Chinese population. Our analysis of 108 patients identified six SNPs significantly associated with treatment response: rs116870564 in LRRC4C, rs75244870 near ACOX2, rs56216870 near MTSS1, rs12938101 near TMEM92-AS1, rs74655790 in ATAD2B, and rs149540851 in OXR1. These variants were strongly associated with reduced improvement rates following anti-CGRP therapy, suggesting their potential role in modulating treatment efficacy.
Our findings contribute to the growing body of evidence supporting the role of genetic factors in migraine pathophysiology and treatment responses. Previous GWASs have identified numerous loci associated with migraine susceptibility [8, 9]; however, research on the genetic determinants of anti-CGRP therapy response has been limited. The identification of novel variants in our study highlights the importance of investigating treatment responses in diverse populations, as the genetic architecture may vary across ethnicities. The most significant variant identified in our study, rs116870564 in LRRC4C (leucine rich repeats containing 3 C), has not been previously reported in migraine-related studies. However, LRRC4C are known to play a role in axon guidance and synaptic plasticity [36], which are processes that have been implicated in migraine pathophysiology [37]. This finding aligns with the growing understanding that migraine is a complex neurological disorder involving alterations in neuronal excitability and synaptic function.
The identification of variants near ACOX2 and MTSS1 is notable because these genes have not been directly linked to migraine in previous studies. ACOX2 is involved in fatty acid metabolism [38], while MTSS1 plays a role in actin dynamics and cellular structure [39]. These associations suggest potential novel pathways involved in migraine pathophysiology or treatment responses that warrant further investigation. The variant rs74655790 in ATAD2B is of particular interest, as ATAD2B has been implicated in chromatin remodeling and transcriptional regulation [40]. This finding supports the emerging concept that epigenetic mechanisms play a role in migraine susceptibility and treatment response [41].
The identified genetic variants and their associated genes provide insights into the potential biological mechanisms underlying the variability in response to anti-CGRP therapy. We propose several hypotheses based on our findings and the current understanding of migraine pathophysiology: (1) Neuronal Plasticity and Synaptic Function: LRRC4C, which encodes netrin-G ligand-1 (NGL-1), is a post-synaptic adhesion molecule integral to the formation, development, and modulation of synaptic connections, affecting neurotransmitter signaling, neuronal network integrity, and axonogenesis [42]. CGRP has been shown to play a crucial role in synaptic remodeling and axonal sprouting, particularly at neuromuscular junctions [43]. The LRRC4C variant may influence these processes, potentially affecting neuronal circuits involved in pain processing and migraine pathophysiology. Alterations in these processes could modulate the response to the CGRP signaling blockade, explaining the observed variability in treatment efficacy [44]. (2) Hippocampal Function and Pain Processing: LRRC4C affects the hippocampus, a brain region critical for learning, memory, and emotional regulation, by affecting synaptic density and plasticity [45, 46]. The hippocampus plays a key role in pain-related attention, anxiety, and stress responses through its connection to the hypothalamic-pituitary-adrenal axis [47]. These functions suggest a potential role in the pathophysiology of migraines, possibly influencing the threshold for migraine initiation, intensity of pain, and cognitive symptoms associated with migraines [48, 49]. (3) Chromatin Remodeling and Transcriptional Regulation: ATAD2B plays an important role in chromatin remodeling and transcriptional regulation, which are essential for cellular development and differentiation, especially in neurons [50]. Although not directly linked to migraines, its involvement in critical cellular functions and its observation in various brain tumors [51] suggest that epigenetic mechanisms may influence the response to anti-CGRP therapy. Chromatin remodeling and transcriptional regulation can affect the expression of genes involved in CGRP signaling and pain processing, leading to variability in treatment outcomes [41]. (4) Oxidative Stress Response: The variant in OXR1 implicates oxidative stress pathways in migraine treatment response. OXR1 plays a critical role in protecting cells from oxidative damage, which is vital for maintaining cellular health and preventing apoptosis, particularly in neurons [52]. Oxidative stress is associated with migraine pathophysiology [53], and variations in antioxidant mechanisms can modulate the effectiveness of anti-CGRP therapy [54, 55]. By stabilizing mitochondrial function and reducing oxidative damage in neurons, OXR1 may help modulate neuronal excitability and inflammatory responses, which are often heightened in patients with migraine. (5) Metabolic Pathways: The association with ACOX2 suggests a potential link between fatty acid metabolism and migraines. ACOX2 encodes peroxisomal branched-chain acyl-CoA oxidase, which is key to bile acid and fatty acid biosynthesis and affecting brain inflammation [56]. Lipid metabolism has been implicated in neuroinflammation and pain signaling [57], and variations in these pathways can influence the effectiveness of anti-CGRP therapy by altering the local tissue environment or modulating CGRP receptor function. (6) Cytoskeletal Dynamics: The variant near MTSS1 suggests a possible role for actin dynamics and cellular structure in migraine pathophysiology. MTSS1 is essential for maintaining cellular integrity in kidney epithelia and neuronal structures and regulating plasma membrane dynamics and actin filament assembly [58]. Cytoskeletal remodeling is crucial for neuronal function and synaptic plasticity [59], and alterations in these processes can affect responses to CGRP signaling.
The identification of genetic variants that influence the efficacy of anti-CGRP monoclonal antibody therapy offers significant clinical implications, particularly in the context of personalized medicine. As highlighted in a recent review [60], the genetic profile of patients with migraines plays a key role in determining their response to various treatments. Our findings suggest that genetic screening could be incorporated into clinical practice to identify patients who are more likely to benefit from CGRP-targeted therapies. For example, the SNP rs116870564 in the LRRC4C gene was associated with a lower improvement rate, indicating that patients carrying this variant may require alternative therapeutic approaches or dosage adjustments. Our findings suggest that genetic profiling can potentially be used to predict treatment outcomes and guide therapeutic decisions. For instance, patients carrying variants associated with a poor response to anti-CGRP therapy may benefit from alternative treatment strategies or combination therapies. Moreover, the discovery of novel genes and pathways involved in the treatment response opens up possibilities for the development of new therapeutic targets.
The observed association between a poor response to anti-CGRP therapy and to triptans in some patients suggests a potential shared mechanism of treatment resistance, which aligns with previous studies indicating a correlation between triptan responses and responses to anti-CGRP treatments [61, 62]. This correlation may be attributed to overlapping molecular pathways, such as those involving serotonin and CGRP signaling in the trigeminovascular system [63, 64]. Some studies have also explored the effects of genetic variants on the efficacy of triptans, showing significant correlations for certain polymorphisms [65, 66]. Future studies should include elucidation of the specific molecular mechanisms underlying this observed correlation, which could inform more personalized treatment strategies for patients with CM. These insights align with the broader movement towards precision medicine, where treatments are tailored to the genetic profiles of individual patients, thereby optimizing efficacy and reducing the trial-and-error approach in migraine management. As the field progresses, the integration of pharmacogenomic data into routine clinical practice will be essential for enhancing patient care and improving the quality of life for with CM. Furthermore, although our exploratory analysis did not reveal significant genetic variants associated with medication overuse in this cohort, this area warrants further investigation. This negative finding might be due to our sample size, the specific genetic markers examined, or the complex nature of medication overuse in CM. Larger studies focusing specifically on MOH may be required to investigate genetic factors contributing to this challenging clinical phenomenon.
Strengths: First, this study is the first genome association study to investigate the response to anti-CGRP therapy in a Han Chinese population, addressing an important gap in the literature. Second, the use of a homogeneous population reduced the potential confounding effects of population stratification. Third, a comprehensive approach, including functional annotation and pathway analysis, provides insights into the potential biological mechanisms. Fourth, the identification of rare variants with low allele frequencies in Taiwanese and East Asian populations suggests the presence of ancestral genetic alleles that may harbor functionally important elements affecting the molecular mechanisms of headache. Limitations: First, the sample size, while substantial for a pharmacogenomic study in a specific population, was relatively modest for genome association study. Second, our study relied on a 12-week follow-up period to assess treatment efficacy. Recent research has highlighted the potential discrepancies between short-term and long-term outcomes in patients undergoing anti-CGRP monoclonal antibody therapy. For example, a multicenter study demonstrated poor agreement between 3- and 12-month response rates, suggesting that early response may not reliably predict sustained treatment efficacy over time [67]. This finding emphasizes the need for extended follow-up periods in future studies to fully understand the long-term impact of these therapies on CM. Additionally, the study identified clinical factors, such as continuous headache at baseline and the number of previously trialed preventive treatments, as potential predictors of long-term response, which should be considered in future research.

Conclusions
Our study highlights the significant role of genetic variations in influencing the response to anti-CGRP monoclonal antibody therapy in patients with CM in the Han Chinese population. We identified six genetic variants located in or near the genes, LRRC4C, ACOX2, MTSS1, TMEM92-AS1, ATAD2B, and OXR1 that were significantly associated with treatment response. These findings offer new insights into the biological mechanisms underlying migraine pathophysiology and treatment response, emphasizing the potential roles of synaptic plasticity, oxidative stress, and metabolic pathways in modulating the efficacy of anti-CGRP therapy. By identifying key genetic markers associated with treatment outcomes, we provide a foundation for personalized migraine management. These results emphasize the potential for tailoring therapeutic strategies based on individual genetic profiles, potentially improving treatment efficacy and patient outcomes. This approach aligns with the growing trend towards precision medicine for neurological disorders. Moreover, the findings of this study emphasize the necessity for further investigations to validate these genetic markers across larger and more ethnically diverse populations. Future research should also explore the long-term implications of these genetic associations and their potential to guide the development of new therapeutic targets.
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