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			Background: Leukoaraiosis (LA) is shown as white matter hyperintensities on T2-weighted magnetic resonance imaging brain scans. Together with candidate gene association studies (CGAS), multiple genome-wide association studies (GWAS) have reported large numbers of single nucleotide polymorphisms (SNPs) to be associated with LA in European populations. To date, no replication studies have been reported in independent Chinese samples.

			Methods: Here, we performed a candidate gene association study comprising 220 Chinese subjects with LA and 50 controls. Thirty-nine polymorphisms on 32 risk genes were selected from previous studies, and they were genotyped through matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Genetic association analysis was firstly performed in all subjects with LA. Then, the same analysis was conducted in the six random sampling cohorts of 50 LA patients, respectively. Data analyses on the associations of SNPs with LA risk were evaluated through Pearson’s χ2 and multivariate logistic regression tests.

			Results: We found that eight polymorphisms in six genes (PMF1, ICAM1, TRIM65, AGT, FBF1, and ACOX1) were significantly associated with LA in the genetic association tests. Except for those eight gene variants, 24 other polymorphisms were not found to be significantly associated with LA in general genetic model, dominant model, recessive model, or multiplicative model. Among those eight polymorphisms, rs2984613 in PMF1 showed significant association with LA in the cohort of 220 LA subjects, and such significant association remained in both general genetic model (OR: 0.262, 95% CI: 0.091–0.752, padj = 0.030) and recessive model (OR: 0.323, 95% CI: 0.119–0.881, padj = 0.038) when controlling for clinical variables. Seven other significant variants (rs5498 in ICAM1, rs699 in AGT, rs2305913 in FBF1, rs1135640 in ACOX1, and rs3760128, rs7214628, and rs7222757 in TRIM65) were identified in those six random sampling tests that were conducted in the adjusted cohorts of 50 LA patients. In addition, except for rs699 which showed detrimental effect and represented a risk variant for LA, seven other polymorphisms seemed to exert protective effects on LA and to reduce the risk of LA. It is necessary to confirm these associations in an independent cohort.

			Conclusions: This first replication study on multiple genes in an independent Chinese population did not replicate any risk polymorphisms for LA other than rs 699 in AGT but revealed the significantly negative associations of PMF1, ICAM1, TRIM65, FBF1, and ACOX1 polymorphisms with LA. It not only supported the strong ethnic differences in the genetics of LA but also indicated that those six identified genes may be involved in Chinese white matter lesions. Larger scales of CGAS and GWAS are necessary to confirm and decipher those ethnic-Han specific risk genes for LA in China.
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			Introduction

			Leukoaraiosis (LA) describes white matter hyperintensities (WMHs) or white matter lesions (WMLs) on FLAIR-MR brain scans in healthy elderly individuals (O’Sullivan, 2008; Xiong and Mok, 2011; Grueter and Schulz, 2012). It is commonly seen in elderly people with the prevalence from 50% to 100% depending on study population and study design (Liao et al., 1996; Longstreth et al., 1996; de Leeuw et al., 2001; Launer et al., 2006; Wen et al., 2009). LA does not remain asymptomatic when it progresses to a large portion of cerebral white matter region (Helenius and Tatlisumak, 2007; Kim et al., 2008; Debette and Markus, 2010). Clinically, LA was shown to be related with a variety of neuropsychiatric disorders and significantly increase the risk of stroke, depression, dementia, Parkinson’s disease (PD), multiple sclerosis (MS), or schizophrenia (Kim et al., 2008; Debette and Markus, 2010; Lin et al., 2015). To date, the pathogenesis underlying the well-known demyelination pathology of LA is poorly understood. However, a large account of susceptible genes (up to 50 genes) has been identified in white matter lesions, indicating the strong genetics of LA seen on MRI (Turner et al., 2004; Paternoster et al., 2009; Assareh et al., 2011; Fornage et al., 2011; Lin et al., 2015; Lopez et al., 2015). This is consistent with the high heritability reported in a previous male twins study and Framingham Heart Study (Carmelli et al., 1998; Atwood et al., 2004; Turner et al., 2004). Together with the results from the previous candidate gene association studies (CGAS) (Paternoster et al., 2009; Tran et al., 2016), the recent findings from two genome-wide association studies (GWAS) of WMLs supported the multifactorial nature of LA (Fornage et al., 2011; Verhaaren et al., 2015). Confusingly, those risk genes and single nucleotide polymorphisms (SNPs) (such as rs7412 and rs429358 in ApoE, rs699 in AGT, rs1799983 in NOS3, and rs662 and rs854560 in PON1) for LA identified in the CGAS could not be confirmed in both GWAS amongst European or multi-ethnic populations (Schmidt et al., 2000; Henskens et al., 2005; van Rijn et al., 2006; Fornage et al., 2007; Hogh et al., 2007; van Rijn et al., 2007; Taylor et al., 2008; Godin et al., 2009; Paternoster et al., 2009; Fernandez-Cadenas et al., 2011; Verhaaren et al., 2015). Although those two GWAS of LA consistently confirmed the risk chr17q25 locus for LA, the genome-wide significant risk factors (such as rs3744028 in TRIM65, rs1055129 in TRIM47, and rs11869977 in WBP2) identified in the first GWAS of LA in European descent could not be replicated by the multi-ethnic GWAS (Fornage et al., 2011; Verhaaren et al., 2015). On the contrary, the later GWAS in multi-ethnic individuals not only identified several genome-wide significant SNPs (such as rs3760128 and rs1551619 in TRIM65, and rs1135889 in FBF1) on chr17q25 locus, which only showed suggestive significance in the former GWAS, but also revealed four additional novel loci for LA on chr1q22 (rs2984613 in PMF1), chr2p16 (rs78857879 in EFEMP1), chr2p21 (rs11679640 in HAAO), and chr10q24 (rs12357919 and rs7909791 in SH3PXD2A) (Verhaaren et al., 2015).

			In our published paper, we performed the first replication studies on the genetics of LA in the Han-Chinese individuals through pyrosequencing and restriction fragment length polymorphism (RFLP) (Huang et al., 2016). However, we failed to confirm the susceptibility of four risk SNPs (rs3744028 in TRIM65, rs1055129 in TRIM47, rs1135889 in FBF1, and rs1052053 in PMF1) identified in the first GWAS of LA. Those inconsistent findings may be due to the ethnic differences in the genetics of LA. To date, no replication studies have been conducted to confirm the data from the multi-ethnic GWAS and CGAS of LA in Asians.

			As a developing country in Asia, China has a rapid development speed of economy and society during the past 30 years. People have great improvement in living condition and health care and prolonged life expectancies. With economic development and population aging, China with the largest population worldwide is increasingly bearing the challenge of the growing burden from neuropsychiatric disorders including stroke, depression, and dementia (such as Alzheimer’s disease) (Gu et al., 2013; Wang X. et al., 2017; Wang Q. et al., 2017; Wang W. et al., 2017). Given the increased risk of those diseases by LA and its unknown genetic architecture in the Chinese population, as well as its high incidence in Chinese hospitalized patients (Lin Q. et al., 2017), we attempt to decipher the genetic mechanism of LA and provide a cue for the prevention of LA and its associated neuropsychiatric diseases. In order to firstly confirm the ethnic differences and identify the Chinese descent-specific risk factors for LA, we re-selected 39 risk SNPs reported in previously published papers (Table 1) and performed a systematic association analysis of those SNPs with the risk of LA in one sample group from mainland China. Thus, the aim of the replication study is not only to confirm the ethnic differences in the genetics of LA but also to identify the susceptible SNPs in suspicious genes for LA amongst Chinese individuals.



							Table 1 | Information of selected 39 variants on 32 risk genes for leukoaraiosis (LA).
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			Methods

			Study Subjects

			A total of 270 subjects which included 220 cases with LA and 50 controls were recruited from the department of neurology, the first affiliated hospital of Xiamen University, Fujian province, China, between April 2011 and September 2016 (Table 2). All participants were included in this study according to the inclusion criteria and exclusion criteria as described in our published article (Huang et al., 2016; Lin Q. et al., 2017). The diagnoses of LA were independently made by the neurology specialists (QL, Q-LM, C-XL, and S-JT). Clinical data regarding gender, age, homocysteine (HCY), cholesterol, triglycerides (TG), low-density lipoprotein-cholesterol (LDL-C), high-sensitivity C-reactive protein (HCRP), hyperlipidemia, hypertension, and diabetes were collected and analyzed. The evaluation of risk factors (e.g., hypertension, diabetes, and hyperlipidemia) in both cases and controls was conducted according to the World Health Organization (WHO) guidelines for hypertension, diabetes and hyperlipidemia (Naito, 1975; Alberti and Zimmet, 1998; Guidelines Subcommittee, 1999). The study was approved by the ethics committee of Xiamen University. All study subjects provided written informed consent for genetic analysis and publication.



							Table 2 | Clinical characteristics of the study population.

[image: ]

		


			Gene Selection

			In genetic studies, those variants that could directly contribute to the pathology by affecting the structure and function of protein or that may act as biomarkers for human diseases due to strongly significant associations may be more interesting than those polymorphisms located in the non-coding regions of genes (such as promoter, 5′UTR, 3′UTR) or intergenic regions, although the latter could modify gene expression through regulating transcriptional activity or messenger RNA (mRNA) stability and further contribute to diseases. We thus selected 39 interesting SNPs to perform a systematic association analysis on the genetics of LA according to the potential significance and function of polymorphisms. Those candidate SNPs were composed of three groups. The first group included 18 SNPs (Table 1), and they were chosen from 45 risk SNPs which consisted of 30 polymorphisms with the GWAS significance of p < 5.0 × 10–8 and 15 polymorphisms showing suggestive association with LA (p < 5.0 × 10–8 < p < 1.0 × 10–5) (Supplemental Table 1) (Verhaaren et al., 2015). Twenty-seven of 45 polymorphisms were excluded in the present study due to weak association with LA or unclear function in gene regulation. Among those selected genetic polymorphisms, seven SNPs occurring in gene bodies were selected from those eight polymorphisms which showed genome-wide significance (p < 5.0 × 10–8) in a multi-ethnic (Mix) population. They included rs7214628 in TRIM65, rs72848980 in NEURL, rs7894407 in PDCD11, rs12357919 in SH3PXD2A, rs7909791 in SH3PXD2A, rs78857879 in EFEMP1, and rs2984613 in PMF1. Seven additional missense SNPs located in the protein-encoding regions of genes were selected from 22 polymorphisms that exhibited genome-wide significance (p < 5.0 × 10–8) only in a European population. Those putatively functional SNPs (rs1135688 in UNC13D, rs4600514 in TRIM47, rs3760128 and rs7222757 in TRIM65, rs2305913 in FBF1, rs1135640 in ACOX1, and rs10883859 in TAF5) could disrupted the structure and function of the protein. Four additional SNPs (rs72934505 in NBEAL1, rs941898 in EVL, rs962888 in C1QL1, and rs9515201 in COL4A2) were selected from 15 polymorphisms with highly suggestive significance (p < 5.0 × 10–8 < p < 1.0 × 10–5) in multi-ethnic GWAS because they showed GWAS significance of p < 5.0 × 10–8 in another genome-wide meta-analysis of white matter hyperintensity volumes (WMHV) in stroke patients (Verhaaren et al., 2015; Traylor et al., 2016). In addition, 15 SNPs were included in the second group (Table 1). Since they resulted in the missense changes, those SNPs were chosen from 28 SNPs which were reported to be related with the risk of WMHs or WMLs in previous candidate gene association studies amongst European or American individuals and listed in Supplemental Table 1 (Schmidt et al., 2000; Henskens et al., 2005; van Rijn et al., 2006; Fornage et al., 2007; Hogh et al., 2007; van Rijn et al., 2007; Taylor et al., 2008; Godin et al., 2009; Paternoster et al., 2009; Fernandez-Cadenas et al., 2011; Shan et al., 2013; Lin et al., 2015). Eleven of 28 SNPs were excluded from the present study since they were located in the non-coding regions of genes and considered to be non-functional SNPs. Two additional SNPs were discarded because of the technical difficulties in detection. Given that more and more evidence supported LA as an inflammation-associated disease in the central nervous system (CNS) (Wright et al., 2009; Lin et al., 2015; Lin H. et al., 2017; Huang et al., 2018), we thought that those polymorphisms which occurred in immune/inflammation-related genes may contribute to the susceptibility of LA. Thus, six recently reported risk SNPs of immune/inflammation-related genes which showed significant association with LA were included in the last group (Fornage et al., 2008; Fernandez-Cadenas et al., 2011; Shan et al., 2013; Yadav et al., 2014). Those polymorphisms occur on the introns of genes. The gene list is presented in Table 1 and Supplemental Table 1.

			Genetic Analysis

			Genomic DNA was extracted from whole blood of the subjects using the MagCore Genomic DNA Whole Blood Kit (RBC Bioscience, Taiwan, China). The quality and quantity were measured by NanoDrop2000 spectrophotometer. All extracted DNA samples were stored in aliquots at −20°C for further requirement. Genotyping for all candidate SNPs was performed by polymerase chain reaction (PCR) and matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) using the MassARRAY® MALDI-TOF System (Sequenom Inc., San Diego, CA). Firstly, polymerase chain reaction (PCR) was used to amplify the targeted sequence of SNP from each DNA sample through locus-specific primers which were designed using the Mass ARRAY Assay Design 3.0 software. Secondly, PCR products were extended by SNP-specific extension primers. Thirdly, final base extension products were further treated using clean resin (Sequenom). Fourthly, final purified products were transferred onto the 384 format microarray (MassARRAY SpectroCHIP, Sequenom), then the genotype of each SNP-specific extension product was detected using MassARRAY Analyzer Compac. Those 39 SNPs were divided into two groups for genotyping. One group consisted of 24 SNPs (rs1135640, rs1135688, rs12357919, rs1799945, rs2075575, rs2290608, rs2305913, rs2984613, rs3760128, rs4961, rs4600514, rs7412, rs5498, rs662, rs669, rs679620, rs689466, rs699, rs7214628, rs78857879, rs854560, rs9515201, rs72934505, and rs962888). The other group included 15 SNPs (rs1799983, rs1800795, rs20417, rs2250889, rs429358, rs6265, rs7222757, rs72848980, rs7894407, rs7909791, rs941898, rs9951307, rs1799752, rs1800562, and rs10883859). Finally, the genotyping data we collected were further analyzed by MassARRAY TYPER software (Sequenom Inc., San Diego, CA). The MS-based genotyping results of three selected SNPs (rs2984613 in PMF1, rs2305913 in FBF1, and rs5498 in ICAM1) are shown in Figure 1. Genotyping data of other SNPs are shown in the Supplemental Figure 1. All primers were designed by MassARRAY Assay Designer 3.1 (Sequenom, Inc., San Diego, CA) and produced by Sangon Biotech®.
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			Figure 1 | Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)-based genotyping of rs2984613 in PMF1, rs2305913 in FBF1, and rs5498 in ICAM1. The X and Y axes represent the mass and intensity of extension product, respectively. The red dotted line on the left indicates the mass of extension primer. The bean green dotted line on the right indicates the extension product on the major or minor allele. The left and right columns show the MS result of major homozygote (wild type) and minor homozygote (mutant), respectively. The middle column shows the MS result of heterozygote.

		


			Statistical Analysis

			Clinical and biochemical data were expressed as mean ± SD or percentage. The Pearson’s chi-square (χ2) test was used to compare the difference in qualitative variables including sex, hypertension, diabetes, and hyperlipidemia between subjects with LA and controls without LA. Difference in those quantitative variables including age, cholesterol, triglycerides, homocysteine (HCY), low-density lipoprotein-cholesterol (LDL-C), and high-sensitivity C-reactive protein (HCRP) between LA group and control group was assessed through binary logistic regression analysis. Furthermore, nonparametric Wilcoxon test was conducted to compare the difference in those variables (including cholesterol, triglycerides, HCY, and HCRP) that could not pass through the test of normality between cases and controls. t test was used to confirm the effect of the clinical variables (such as age and LDL-C level) on LA. Every SNP was assessed for deviation from the Hardy–Weinberg equilibrium in cases and controls using an exact test as implemented in the Finetti program (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl) before association analysis for all SNPs. Four genetic models, including the general genetic model, the dominant model, the recessive model, and the multiplicative model (allele test) were applied to analyze the influence of every SNP on LA. We used Pearson’s chi-square (χ2) and Fisher’s tests to test the differences in frequencies of the alleles and genotypes between cases and controls. The multivariate adjustments of the associations were performed in the binary logistic regression model. We adjusted analyses for age, hypertension, and LDL-C level by including those significant variables associated with LA together with single SNP into covariates in binary logistic regression model and using “Enter” method to perform covariates screening. Wald test was used in the hypothesis test of regression coefficient. Odds ratio (OR) and 95% confidence interval (95% CI) were applied for the evaluation. Power was calculated by the OpenEpi tool (http://www.openepi.com). All statistical analyses were performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA), and a two-tailed p value <0.05 was considered to be statistically significant.

			Results

			Characteristics of Study Population

			This study population consisted of 220 subjects with LA and 50 subjects without LA. All the subjects were ethnic Han-Chinese. The clinical characteristics of those subjects are summarized in Table 2. The mean age was 73.26 ± 10.68 years, and 58.1% of the subjects were males. The percentages of subjects with history of hypertension and diabetes mellitus were 69.6% and 24.1%, respectively. There were not significant differences in gender (p > 0.05), the history of diabetes mellitus (p > 0.05), smoking (p > 0.05) and the levels of homocysteine (HCY, p > 0.05), cholesterol (p > 0.05) and triglyceride (p > 0.05), as well as the level of high-sensitivity C-reactive protein (HCRP, p > 0.05), but in age (p < 0.001), the history of hypertension (p < 0001) and the level of low-density lipoprotein cholesterol (LDL-C, p < 0.01) between LA group and control group (Supplemental Figure 2). Among those significant clinical variables, both age and the percentage of hypertension in subjects with LA were significantly higher than those in the controls, while controls showed significantly higher levels of LDL-C than LA subjects. Consistent with the findings in our previous study (Lin Q. et al., 2017), these results not only confirmed age (OR 1.068, 95% CI 1.036–1.100, p < 0.001) and hypertension (OR 2.860, 95% CI 1.521–5.375, p < 0.001) as the risk factors for LA, but also suggested high level of LDL-C (OR 0.661, 95% CI 0.488–0.897, p < 0.01) as protective factor for LA.

			Association Analysis of Alleles and Genotypes With Risk of LA

			We used MALDI-TOF MS technology to detect 39 selected SNPs in 270 samples. Among those SNPs, seven polymorphisms (rs72934505 in NBEAL1, rs10883859 in TAF5, rs4600514 in TRIM47, rs7909791 in SH3PXD2A, rs1800562 in HFE, rs1799752 in ACE, and rs7412 in APOE) failed in the genotyping. Finally, 32 SNPs were genotyped successfully in the present study. All genotyping data are summarized in Supplemental Table 2. In order to determine whether the genotype frequencies of two alleles were consistent in patients and controls, we firstly used Chi-square test to assess the Hardy–Weinberg equilibrium (HWE). Except those four SNPs that showed very low frequency in Asians in 1000 Genomes database and hardly occurred in the present cohort (rs72848980 in NEURL, rs12357919 in SH3PXD2A, rs78857879 in EFEMP1, and rs1800795 in IL6), all SNPs met the HWE criterion in both groups (p > 0.05).

			According to the allele distributions between LA and controls, we further used the multiplicative model to examine the association of every SNP with the risk of LA. Unfortunately, all of candidate SNPs did not show significant association with LA when Bonferroni-corrected alpha level of 0.00139 was considered (Table 3).



							Table 3 | Statistical analysis of allele frequencies among LA subjects and controls.
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			Given the significant associations of the alleles of rs2984613 in PMF1 (OR 0.557, 95% CI 0.351–0.886, p = 0.013), rs2305913 in FBF1 (OR 0.613, 95% CI 0.379–0.991, p = 0.045) and rs5498 in ICAM1 (OR 0.554, 95% CI 0.350–0.875, p = 0.011) with LA before multiple corrections, we performed the univariate and multivariate analyses to assess the association of those three SNPs with the risk of LA in the general genetic model, the dominant model, and the recessive model. As shown in Table 4, LA was not observed to be significantly associated with rs2305913 (p > 0.05), but it was shown to be significantly associated with rs2984613 (OR 0.323, 95% CI 0.119–0.881, p = 0.047) and rs5498 (OR 0.478, 95% CI 0.255–0.898, p = 0.020) in the recessive model and the dominant model, respectively. Moreover, rs2984613 still showed significant association (padj = 0.030 for minor homozygote, padj = 0.038 for major allele carriers) with LA after controlling for those significant variables including age, hypertension, and LDL-C. The power for rs2984613 was up to 60.32% in the present study. This indicated the potential effect of rs2984613 on reducing LA risk.



							Table 4 | Associations between three candidate gene polymorphisms and the risk of LA.
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			Due to the quadruple size difference between the control cohort and the cohort of LA subjects, the above regular association analysis could lead to some false positives and false negatives. In order to validate rs2984613 in PMF1 and rs5498 in ICAM1 and identify more significantly associated variants, we adjusted the cohort size of LA subjects to the size of the control cohort by decreasing the cohort size of LA subjects from 200 to 50, then performed a comprehensive association analyses on all candidate SNPs. In order to increase the reliability of results, we conducted six random sampling tests by randomly selecting 50 cases from 220 subjects with LA. The clinical characteristics of those randomly selected subjects in the sampling tests are summarized in Supplemental Table 3. As shown in Table 5, both rs2984613 in PMF1 and rs5498 in ICAM1 showed significant associations with LA in up to four random sampling tests. Additionally, six polymorphisms (rs699 in AGT, rs2305913 in FBF1, rs1135640 in ACOX1, and rs3760128, rs7214628, and rs7222757 in TRIM65) were observed to be significantly associated with LA. Moreover, four of six SNPs (rs699, rs2305913, rs1135640, and rs3760128) showed significant associations in more than or equal to two random sampling tests. Among those eight polymorphisms identified in the random sampling tests, only five variants (rs5498 in ICAM1, rs699 in AGT, rs2305913 in FBF1, rs1135640 in ACOX1, and rs3760128 in TRIM65) still showed significant associations with LA after adjusting for those associated variables in up to two random sampling tests. Furthermore, we surprisingly found that only rs699 showed significantly positive association with LA (OR 2.602, 95% CI 1.096–6.175, padj = 0.030 in the first sampling test; OR 2.904, 95% CI 1.102–7.656, padj = 0.031 in the fifth sampling test), suggesting this variant as the risk factor for LA. Therefore, those results indicated that rs699 in AGT and seven other SNPs (rs2984613 in PMF1, rs5498 in ICAM1, rs2305913 in FBF1, rs1135640 in ACOX1, and rs3760128, rs7214628 and rs7222757 in TRIM65) exert potentially detrimental and protective effect on LA, respectively.



							Table 5 | The association analysis of 32 candidate SNPs with LA in 6 random sampling tests.
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			Discussion

			In the present study, we only replicated the risk variant (rs699 in AGT) for LA and surprisingly found the significantly negative associations of seven polymorphisms located in PMF1, ICAM1, TRIM65, FBF1 and ACOX1 with LA in this cohort of Chinese subjects. Therefore, a strong ethnic difference is indeed implicated in the genetics of LA, and those eight variants located in six identified genes (PMF1, ICAM1, AGT, TRIM65, FBF1, and ACOX1) may be involved in Chinese white matter lesions.

			As we all know, previous European GWAS and multi-ethnic GWAS revealed a lot of WMH-associated loci with genome-wide or highly suggestive significance (Fornage et al., 2011; Verhaaren et al., 2015). Among those risk loci, some variants such as rs3744028 in TRIM65 and rs1055129 in TRIM47 had been successfully invalidated by several candidate gene association studies in Scotland and Japan (Tabara et al., 2013; Lopez et al., 2015). Other single nucleotide polymorphisms including rs7214628 in TRIM65 and rs78857879 in EFEMP1 had also been verified at genome-wide significance level by one later genome-wide meta-analysis study in overall combined community populations with stroke patients of European ancestry (Traylor et al., 2016). However, most of those SNPs could not be replicated by three recently published GWAS studies in independent populations (such as whites of European descent, African Americans, or Hispanic participants) to date (Hofer et al., 2015; Traylor et al., 2016; Beecham et al., 2017). On the contrary, they identified a large number of novel WMH-associated loci including four genome-wide significant genes (NBEAL1, EVL, C1QL1, and COL4A2) and 12 suggestive genes (CDC7, ST6GAL2, GATA6, GFRA4, TRIM6, WFDC3, FAM118A, UBE2C, PTPLA, RGPD4, ALMS1, and ZNF280D), as well as four suggestive variants (rs10883817 in the introns of AS3MT, CNNM2, and NT5C2; rs4761974 in close proximity to SLC4A8; rs6135309 in the intron of MACROD2; and rs7664442 located in the intergenic region near GBA3) (Hofer et al., 2015; Traylor et al., 2016; Beecham et al., 2017).

			Consistent with those genome-wide association studies and our previous replication study which aimed to verify the top risk variants identified in the first GWAS study in European population (Hofer et al., 2015; Huang et al., 2016; Traylor et al., 2016; Beecham et al., 2017), this study also did not find any significantly positive associations of those strongest and suggestive risk genes that were identified in the multi-ethnic GWAS with LA in this Chinese population. Even the strongest WMH-associated variant (rs7214628 located in TRIM65 gene in 17q25 locus) which holds the strongest significance of p < 2.7E-19 and p < 5.1E-19 in European individuals and multi-ethnic populations, respectively (Verhaaren et al., 2015), also showed a lack of significant and detrimental effect on LA in the present study. Unexpectedly, 6 of 18 GWAS polymorphisms (rs2984613 in PMF1, rs2305913 in FBF1, rs1135640 in ACOX1, and rs3760128, rs7214628 and rs7222757 in TRIM65) were identified through the random sampling tests, and they showed significantly negative associations with LA risk. We felt surprised by this divergence among different studies and believed that this strong inconsistency could be mainly resulted from the strong ethnic differences in the genetics of LA among Europeans, Africans, Hispanics, Japanese, and Chinese. Certainly, we should not rule out other reasons, such as disequilibrium of study sample size, the effects of gender difference, age range, potential comorbid medical disorder (such as stroke), and the difference in the quantitative method and inclusion criteria of white matter lesions (or LA) among so many population-based cohorts.

			Among those six GWAS polymorphisms which were identified in the present Chinese LA subjects, rs2984613 located in the intron of the read-through PMF1-BGLAP sequence is worth mentioning (Verhaaren et al., 2015). It was not only found to be a suggestive variant in independent European samples (p < 1.4E-05) (Fornage et al., 2011) but also to be a genome-wide significant locus in multi-ethnic overall samples (p < 2.0E-08) (Verhaaren et al., 2015). In our study, this variant also showed significant association with LA both in multiplicative model and in recessive model (p < 0.05). While inconsistent with the previous GWAS (Verhaaren et al., 2015), this study revealed significantly negative association of rs1984613 with LA, indicating the positive role of this variant in decreasing LA risk. Moreover, this protective effect could be validated by multiple random sampling tests. Although it did not remain significant in the tests in random cohort of 50 LA subjects but in the cohort of 220 LA subjects after adjusting for the associated variables, this protective effect of rs1984613 on LA should be suggested in the genetics of LA. Since the detecting power for this polymorphism in the cohort of 220 LA subjects is less than 80% and the small cohort size of 50 LA subjects may decrease the statistical power, it is necessary to confirm the significantly negative association of rs1984613 with LA in an independent and larger cohort. We thought that this association may show to be more significant in a larger cohort size of Chinese LA individuals, but its function should be interpreted with caution. The same as rs1984613 in PMF1, five other SNPs (rs2305913 in FBF1, rs1135640 in ACOX1, and rs3760128, rs7214628, and rs7222757 in TRIM65) showed significantly negative association with LA and represented potentially protective factors for LA. Compared with both SNPs (rs7214628 and rs7222757) showing significant association with LA only in one random sampling test, three polymorphisms (rs2305913, rs1135640, and rs3760128) were observed to be significantly associated with LA in up to three random sampling tests, and they still showed significant association in two sampling tests after controlling for the associated variables. Therefore, we preferentially recommended those variants including rs3760128 in TRIM65, rs2305913 in FBF1, and rs1135640 in ACOX1 besides rs1984613 in PMF1 in the genetics of Chinese LA patients followed by rs7214628 and rs7222757 in TRIM65.

			As shown for those risk variants included in the first group, most of those 15 SNPs included in the second gene group except rs5498 in ICAM1 and rs699 in AGT were not confirmed in the present Chinese cohort. However, consistent with the finding in the previous CGAS studies (Schmidt et al., 2001; van Rijn et al., 2007), rs699 showed significantly positive association with LA, indicating that AGT could act as a shared risk gene for LA between Chinese population and non-Asian population and have a detrimental effect on LA. The rs699 (M235T) polymorphism in AGT gene encodes threonine instead of methionine at position 235 residue of the angiotensinogen protein. It has been reported to be in complete linkage disequilibrium with one haplotype in the promoter region that could regulate the transcriptional activity in astrocytes (Paillard et al., 1999; Tsai et al., 2003; Schmidt et al., 2004). Thus, this finding in the present study supports the implication of the functional disturbance of AGT gene in the pathogenesis of cerebral white matter lesion. The same as rs699 in AGT and rs1984613 in PMF1, another SNP selected from previous CGAS studies, rs5498 in ICAM1, showed significant association with LA in up to four random sampling tests, and it still remained significant in two random tests after controlling for the associated variables. ICAM1 gene encodes intercellular adhesion molecule 1. Its circulating level can act as one marker of endothelial dysfunction which is considered as one pathogenesis of LA (Hassan et al., 2003; Grueter and Schulz, 2012), indicating the pathogenic functions of ICAM1 in white matter lesions. Given that the variant rs5498 (M235T) in ICAM1 showed significantly negative association with LA in the present genetic association study, we thus think that this negative association of rs5498 with LA risk and the regulatory effect of this M235T missense on protein expression, structure, and function are required to be confirmed and explored in future.

			In addition, the hypothesis that those potential variants on inflammatory genes may contribute to the increased risk of LA was also not confirmed by the findings in our present study (Lin et al., 2015). Those SNPs identified in previous studies (including rs1800795 in IL6, rs2290608 in IL5RA, rs689466 and rs20417 in COX2, and rs2075575 and rs9951307 in AQP4) (Fornage et al., 2008; Fernandez-Cadenas et al., 2011; Shan et al., 2013; Yadav et al., 2014) were not shown to be associated with LA. The inconsistent and negative results may be attributed to the following points. Firstly, the ethnic difference may contribute to the different effects of those inflammatory genes on LA. Secondly, other inflammatory factors may be involved in LA. Last but not the least, those inflammation-associated genes may not contribute to increased risk and pathogenesis of LA through the DNA variation that affects the structure and function of encoding proteins but through the abnormal expression. To demonstrate the contribution of inflammation to LA, both large scale of candidate gene association studies and genome-wide transcriptome analyses are therefore necessary to decipher those functionally inflammatory genes in the pathogenesis of LA in future.

			The major strengths of our study are as follows: 1) this single SNP association analysis could avoid the noise of GWAS and improve the recalling rate of risk variants; 2) the subjects are ethnically different from those in the previous studies. However, there are still several limitations in the study. They include the following: 1) the small size of the control cohort decreases the statistical power to detect significantly associated SNPs; 2) the quadruple size difference between the control cohort and the cohort of LA subjects could leave some room for detecting false positives or false negatives; 3) except the subjects with hypertension, stroke patients included in the study cohort may interfere with the identification of potential risk genes; 4) the candidate gene association analysis has limited power to decipher so many risk genes for human complex trait (such as LA); and 5) qualitative assessment of LA is not more efficient to identify the risk SNPs than volumetric or quantitative analysis of white matter lesion. Given the lack of significant associations and those mentioned limitations in the study, we are going to perform genome-wide association analysis and transcriptome sequencing to confirm those reported risk genes and identify novel genes implicated in the pathogenesis of LA in a larger cohort of 500 LA subjects and an equivalent size of control cohort, together with scientists from other brain research centers.

			Conclusion

			This is the first study to identify those risk variants for LA in a Chinese population through candidate genes-based screening approach. In this study, we did not replicate most of the risk genes that were identified from GWAS and CGAS in non-Asian populations, nor did the study confirm the putative contribution of chosen inflammatory genes to the increased risk of LA. On the contrary, this study revealed the significant associations of PMF1, ICAM1, AGT, TRIM65, FBF1, and ACOX1 polymorphisms with LA and suggested strong ethnic differences in the genetics of LA. Therefore, larger scales of candidate gene screening and genome-wide sequencing study are still required to confirm and decipher the Chinese-specific risk genes for LA in China.
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