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Background: Genetic factors have been found to be associated with the efficacy and adverse reactions of antiseizure medications. BCL11A is an important regulator of the development of neuronal networks. However, the role of BCL11A in epilepsy remains unclear. This study aimed to evaluate the genetic association of BCL11A with the susceptibility to develop epileptic seizures and therapeutic response of patients with epilepsy in Han Chinese.

Methods: We matched 450 epilepsy cases with 550 healthy controls and 131 drug-resistant epilepsy patients with 319 drug-responsive epilepsy patients from two different centers. Genetic association analysis, genetic interaction analysis, expression quantitative trait loci analysis and protein–protein interaction analysis were conducted.

Results: Our results showed that rs2556375 not only increases susceptibility to develop epileptic seizures (OR = 2.700, 95% = 1.366–5.338, p = 0.004 and OR = 2.984, 95% = 1.401–6.356, p = 0.005, respectively), but also increases the risk of drug resistance(OR = 21.336, 95%CI =2.489–183.402, p = 0.005). The interaction between rs2556375 and rs12477097 results in increased risk for pharma coresistant. In addition, rs2556375 regulated BCL11A expression in human brain tissues (p = 0.0096 and p = 0.033, respectively). Furthermore, the protein encoded by BCL11A interacted with targets of approved antiepileptic drugs.

Conclusion: BCL11A may be a potential therapeutic target for epilepsy. Rs2556375 may increase the risks of epilepsy and drug resistance by regulating BCL11A expression in human brain tissues. Moreover, the interaction between rs2556375 and rs12477097 results in increased risk for drug resistance.
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Introduction

Epilepsy is a neurological disease with genetic factors in its pathogenesis (International League Against Epilepsy Consortium on Complex Epilepsies, 2014). The heritability of epilepsy is estimated to be more than 50% of all epilepsies (Pal et al., 2010). So far, a large number of genes associated with epilepsy has been identified with the help of advances in genetic technologies (Wang et al., 2017). However, evidence for the associations of some of these genes with epilepsy is controversial partly due to study power and scope (Cavalleri et al., 2007; Kasperaviciūte et al., 2010; Guo et al., 2012; Leu et al., 2012; Steffens et al., 2012; Franco and Perucca, 2015). Genetic factors have been found to be associated with the efficacy and adverse reactions of antiepileptic drugs (Franco and Perucca, 2015; Balestrini and Sisodiya, 2018). Currently, approximately one-third of epileptic seizures cannot be effectively controlled with available antiepileptic drugs, so the discovery of new drug targets has become increasingly important.

The BCL11A gene is expressed at high levels in hematopoietic tissues and the brain (Nakamura et al., 2000; Funnell et al., 2015). Functional deficits in BCL11A can result in persistence of HbF (Satterwhite et al., 2001; Sankaran et al., 2008). BCL11A-L is an important protein product of BCL11A gene. In hippocampal neurons, downregulation of BCL11A-L expression upregulates axon branching and dendrite outgrowth and increases the arbor complexity of axons and dendrites, while overexpression of BCL11A-L reduces neurite arborization (Kuo et al., 2009). BCL11A-L may regulate deleted in colorectal cancer and microtubule-associated protein 1b expression through an interaction with calmodulin-dependent serine protein kinase, thereby limiting neuritogenesis (Kuo et al., 2010). Changes in the expression of BCL11A will lead to abnormal development of neurons, which can cause abnormal discharge of neurons, resulting in seizures. To date, BCL11A mutations have been shown to be associated with intellectual disability syndrome (Dias et al., 2016; Cai et al., 2017; Soblet et al., 2018). Two de novo BCL11A heterozygous variants were reported to be associated with patients with epileptic encephalopathy (Yoshida et al., 2018), and it also indicated that a de novo mutation in the BCL11A gene result in epilepsy (Korenke et al., 2020). However, the role of common BCL11A single nucleotide polymorphisms(SNPs) in therapeutic response of patients with epilepsy has not been evaluated, and the role of common BCL11A SNPs in epilepsy in Han Chinese remains unknown.

In this study, we analyzed BCL11A SNPs to explore their potential associations with epilepsy risk and therapeutic response of patients with epilepsy, and then performed expression quantitative trait loci (eQTL) analysis to investigate effects of identified SNPs on BCL11A expression. Furthermore, protein–protein interaction(PPI) analysis was performed to further evaluate the role of BCL11A in epilepsy treatment.



Materials and methods


Study population

We recruited 450 epilepsy cases diagnosed at the First Affiliated Hospital of Kunming Medical University and Xinqiao Hospital. In parallel, we recruited 550 healthy controls without a personal history of epilepsy or a family history of epilepsy for routine health checkups from the same hospitals. All samples were stored in the biobanks of the First Affiliated Hospital of Kunming Medical University and Kunming Medical University. The diagnoses of epilepsy and drug-resistant epilepsy are based on 2017 and 2010 International League Against Epilepsy criteria, respectively. Carbamazepine, valproic acid, levetiracetam and Lamotrigine were prescribed to the epilepsy patients. Symptomatic epilepsy was ruled out through blood tests, disease history review, imaging examination, etc. All participants were required to sign the informed consent form.



Selection and genotyping of genetic polymorphisms

BCL11A Tagging SNPs with a minor allele frequency greater than 0.05 in Han Chinese were selected from the 1,000 Genomes database1 using Haploview software. The Tissue DNA Kit (OMEGA, United States) and the Blood DNA Mini Kit (OMEGA, United States) were used to extract genomic DNA from brain tissues and peripheral blood, respectively. Brain tissue samples was derived from abnormal discharge lesions in the temporal lobe of patients with drug-resistant epilepsy patients undergoing epilepsy surgery. Genotyping was conducted using the Bio-Rad CFX96 (BioRad, United States) platform, and the primers were designed with Primer Premier V6.0 (Premier Biosoft Inc., United States). Details on PCR primers are provided in Supplementary Table 1.



Functional analysis

We performed eQTL analysis using 16 brain tissues from patients with drug-resistant epilepsy to investigate whether identified SNPs regulate BCL11A expression in human brain tissues. Tissue RNA Kit (Omega, United States) and the FastQuant cDNA kit (Tiangen, China) are used for genomic RNA extraction and cDNA reverse transcription, respectively, and the SYBR®Green I (Vazyme, China) and the ABI QuantStudio 6 Flex™ (ABI, United States) analyzer are used for Quantitative PCR. We designed the primers with Primer Premier V6.0 (Premier Biosoft Inc., United States). Details on Quantitative PCR premiers are provided in Supplementary Table 2. Functional effect of identified SNPs on BCL11A expression was further verified by data from the Genotype-Tissue Expression project (GTEx).2



Further evaluation of BCL11A in epilepsy treatment

To further evaluate the role of BCL11A in epilepsy treatment, we obtained approved antiepileptic drug targets from DrugBank5.0 (Wishart et al., 2018) and the Therapeutic Target Database 2020 (Wang et al., 2020). The interactions between the protein encoded by BCL11A and approved antiepileptic drug targets were evaluated with Cytoscape V.3.7.2 (Su et al., 2014).



Statistical methods

Associations of BCL11A SNPs with epilepsy and therapeutic response were analyzed with binary logistic regression. Hardy–Weinberg equilibrium and difference in gender were assessed using the Chi-square (χ2) test and Fisher’s exact test. The eQTL analysis and difference in mean age were analyzed by independent samples t-test. A p value <0.05 (two-tailed) was considered statistically significant. For Bonferroni correction, A p value <0.0056 (0.05/9) was considered statistically significant. All analyses were conducted with SPSS23.0(IBM Corp, Armonk, NY) and Graphpad Prism9.0.3




Results


Characteristics of populations

The baseline characteristics are summarized in Table 1.



TABLE 1 Characteristics of the patients and controls.
[image: Table1]



Association of BCL11A SNPs with epilepsy and therapeutic response

We selected nine tagging SNPs with a minor allele frequency greater than 0.05 from the 1,000 Genomes database (see Footnote 1) using Haploview software, which complied with the Hardy–Weinberg equilibrium in the control group(p > 0.05 for all; Tables 2, 3).



TABLE 2 Associations between BCL11A SNP genotypes and epilepsy risk.
[image: Table2]



TABLE 3 Associations between BCL11A SNP genotypes and therapeutic response of patients with epilepsy.
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Of the nine tagging SNPs, rs2556375 is associated with increased risk of epilepsy (OR = 2.700, 95% = 1.366–5.338, p = 0.004 and OR = 2.984, 95% = 1.401–6.356, p = 0.005, respectively) after adjusting for gender and age and Bonferroni correction at genotypic level (Table 2). In addition, the rs6747099 genotype distribution was also different between the epilepsy and control groups after adjusting for gender and age(OR = 0.275, 95%CI = 0.077–0.980, p = 0.046; Table 2), but did not reach significance after Bonferroni correction(p > 0.0056).

Similarly, rs2556375 is associated with increased risk of drug resistance (OR = 21.336, 95%CI = 2.489–183.402, p = 0.005) after adjusting for gender and age at genotypic level (Table 3). At the same time, we also found that rs356977, rs10189857, rs12477097 and rs13018474 are associated with drug resistance after adjusting for gender and age(OR = 0.306, 95%CI = 0.097–0.968, p = 0.044; OR = 3.285, 95%CI = 1.200–8.989, p = 0.021; OR = 2.849, 95%CI = 1.051–7.727, p = 0.040 and OR = 0.464, 95%CI = 0.256–0.842, p = 0.012, respectively) at genotypic level (Table 3). However, only rs2556375 reached significance after Bonferroni correction (p < 0.0056).



Genetic interaction analyses on epilepsy risk and therapeutic response

The interactions among nine SNPs were detected by multifactor dimensionality reduction(MDR). For the association with epilepsy risk, no significant model was detected by MDR. For the association with therapeutic response, Table 4 provided the results testing by MDR. Two-to three-locus models were significant (p = 0.0107). An interaction dendrogram showed the strongest interaction between rs2556375 and rs12477097 (Figure 1).



TABLE 4 MDR analysis of BCL11A SNPs showed different interactions for therapeutic response of patients with epilepsy.
[image: Table4]
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FIGURE 1
 Different types of interaction dendrogram among nine SNPs. SNP1: rs12477097, SNP2: rs12623979, SNP5: rs356977, SNP6: rs2556375, SNP9: rs7577014.


To obtain the OR and 95%CI for a joint effect of rs2556375 and rs12477097, we conducted genetic interaction analysis by using logistic regression analyses. As shown in Table 5, the participants with rs12477097 AC genotype and rs2556375 GG genotype had higher risk of drug resistance than the participants with rs12477097 CC genotype and rs2556375TT genotype.



TABLE 5 Joint effects analysis of rs2556375 and rs12477097 for therapeutic response of patients with epilepsy.
[image: Table5]



Functional analysis

The result of functional analysis showed that rs2556375 is an eQTL in drug-resistant epileptic brain tissue, and the carriers of the G allele exhibited downregulated STX1B gene expression (Figure 2). Furthermore, this finding was confirmed by data from the brain tissue database GTEx (Figure 3).5

[image: Figure 2]

FIGURE 2
 The rs2556375 is an eQTL in brain tissue of drug-resistant epilepsy patients. The carriers of the G allele exhibited downregulated BCL11A gene expression.


[image: Figure 3]

FIGURE 3
 The rs2556375 is an eQTL in cortex. Data were retrieved from the brain tissue database GTEx (https://gtexportal.org/).




Further evaluation of BCL11A in the treatment of epilepsy

115 genes targeted by approved antiepileptic drugs were obtained from DrugBank5.0 (Wishart et al., 2018) and the Therapeutic Target Database 2020 (Wang et al., 2020). Details on 115 genes are provided in Supplementary Table 3. PPI analysis showed that the protein encoded by BCL11A interacts with approved antiepileptic drug targets (Figure 4).

[image: Figure 4]

FIGURE 4
 Protein–protein interaction (PPI) network of BCL11A gene and genes targeted by approved antiepileptic drugs. Red node and blue nodes represent BCL11A gene and genes targeted by approved antiepileptic drugs, respectively. The proteins connected by the red line mean that these proteins have direct interaction.





Discussion

BCL11A is an important regulator of the development of neuronal networks, and its proper expression is very important for axon branching and dendrite growth (Kuo et al., 2009, 2010). Based on the above results, we speculate that BCL11A may affect the risks of epilepsy and drug resistance by regulating the development of neuronal networks.

Gene SNPs have been found to be associated with the risk of diseases and the efficacy of drug treatment (Tawfeek and Alhassanin, 2018; Ebid et al., 2020; Pozhidaev et al., 2020; de Assis et al., 2021). However, the association between the common BCL11A SNPs and epilepsy and the association between the common BCL11A SNPs and therapeutic response of patients with epilepsy in Han Chinese remain unclear. In this study, by conducting genetic association analysis, genetic interaction analysis, eQTL analysis and PPI analysis, we have identified a novel SNP (rs2556375) associated with epilepsy and therapeutic response of patients with epilepsy. To our knowledge, this is the first study that evaluate the associations of common BCL11A SNPs with epilepsy risk and therapeutic response of patients with epilepsy in Han Chinese.

We performed a two-stage case–control study to evaluate the associations between BCL11A SNPs and epilepsy. In the Stage I study, we found that rs2556375 increases epilepsy risk (Table 2). In the Stage II study, further analyses suggested that rs2556375 increases the risk of drug resistance (Table 3). Furthermore, we also found that the participants with rs12477097 AC genotype and rs2556375GG genotype had higher risk of drug resistance than the participants with rs12477097 CC genotype and rs2556375TT genotype (Table 5), suggesting an important pathogenic mechanism that rs2556375 affects the risk of drug resistance by interacting with rs12477097. Combined with the above findings, we can reasonably speculate that rs2556375 may play an important role in the risk and therapeutic response of patients with epilepsy.

Among all the tagging SNPs, rs2556375, rs6747099, rs356977, rs10189857, rs12477097and rs13018474 in BCL11A also showed associations with epilepsy or therapeutic response of patients with epilepsy, but the association did not exist after Bonferroni correction. However, the role of these SNPs in the risk and therapeutic response of patients with epilepsy could not be simply ignored, as further verification of our findings is necessary. Although we did not find that rs12477097 alone affected therapeutic response of patients with epilepsy, we found that the interaction between rs2556375 and rs12477097 could affect therapeutic response of patients with epilepsy.

Previous studies have found that gene SNPs often affect the risk of diseases by regulating gene expression (Maurano et al., 2012; Wang et al., 2021a,b). To clarify how rs2556375 affects the risks of epilepsy and drug resistance, we included 16 brain tissues from patients with drug-resistant epilepsy, and further used data from GTEx database for eQTL analysis to evaluate whether rs2556375 regulates the expression level of BCL11A in human brain tissue. Our results showed that rs2556375 regulates the expression of BCL11A in human brain tissue, especially in brain tissue of patients with drug-resistant epilepsy (Figure 2), which further demonstrates what we found in genetic association studies. Furthermore, the results of PPI analysis verify the role of BCL11A in epilepsy treatment. These above results will contribute to the discovery of new therapeutic targets for epilepsy.

Although we conducted genetic association analysis, genetic interaction analysis, eQTL analysis and PPI analysis and found that the BCL11A may be associated with the risk of epilepsy and therapeutic response of patients with epilepsy in Han Chinese. However, the sample size included in this study is relatively small, and we only performed functional analysis in human brain tissue. Therefore, it is necessary to performed further research with large samples and functional analysis to verify our conclusions.



Conclusion

BCL11A may be a potential therapeutic target for epilepsy. Rs2556375 may increase the risks of epilepsy and drug resistance by regulating BCL11A expression in human brain tissues. Furthermore, the interaction between rs2556375 and rs12477097 results in increased risk for drug resistance. These findings will facilitate translation of genetic findings to clinical treatment in the future.
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“P-values were calculated using 72 test for Hardy-Weinberg equilibrium in healthy control.
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nucleotide polymorphism, OR: Odds ratio, 95% CI: 95% confidence interval.‘p-values were calculated by logistic regression analysis with adjustment for gender and age.
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GA 48 (36.6) 118 (37.0) 0.569 (0.284-1.136) 0110 -
AA 5(8) 20(63) 0.306 (0.097-0.968) 0044 -
GA+AA 53(40.5) 138 (433) 0.525(0.265-1.036) 0.063 -
152556375 ™ 58(44.3) 169 (53.0) 1000 - 0316
kg 46 (35.1) 136 (426) 4626 (0579~ 0.149 -
36.995)
GG 27(206) 14(44) 21336 (2489~ 0.005 -
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AG+GG 56 (427) 127(398) 1.040 (0.533-2.028) 0908 -
(510184550 GG 98 (74.8) 229(718) 1000 - 0849
GA 29(2.1) 80(25.1) 0.707 (0.394-1.270) 0246 -
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SNP: Single nucleotide polymorphism, OR: Odds ratio, 95% CI: 95% confidence interval.

pvalues were calculated by logistic regression analysis with adjustment for gender and a
“P-values were calculated using 72 test or Fisher's exact test for Hardy-Weinberg equilibrium in dru

responsive epilepsy patients.
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SNP1: 1512477097, SNP2: 1512623979, SNP5: 15356977, SNPG: 152556375, SNP: rs7577014.
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