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Background: Thrombospondin Type 1 Domain Containing Protein 1 (THSD1) has been suggested to be a new regulator of endothelial barrier function in the angiogenesis process, preserving vascular integrity. We sought to characterize the association of THSD1 genetic variants and mRNA expression with the risk of hemorrhagic stroke (HS) with population-based evidence.

Methods: A case–control study was conducted with 843 HS cases and 1,400 healthy controls. A cohort study enrolled 4,080 participants free of stroke at baseline in 2009 and followed up to 2022. A synonymous variant, the main tag SNP rs3803264 of the THSD1 gene, was genotyped in all subjects, and peripheral leukocyte THSD1 mRNA expression was detected using RT-qPCR in 57 HS cases and 119 controls.

Results: In the case–control study, rs3803264 AG/GG variations are associated with a decreased risk of HS with odd ratio (OR) and 95% confidence interval (CI) of the dominant model of 0.788 (0.648–0.958), p = 0.017. In addition, rs3803264 and dyslipidemia had a multiplicative interaction [OR (95% CI) = 1.389 (1.032, 1.869), p = 0.030]. In the cohort study, a similar association strength of rs3803264 dominant model and the risk of HS was observed with the incidence rate ratio (IRR) of 0.734 and p-value of 0.383. Furthermore, the risk of HS showed a non-linear as THSD1 mRNA expression increased (p for non-linearity <0.001). For the subjects without hypertension, we observed THSD1 mRNA expression had a negative correlation with systolic blood pressure (SBP; ρ = −0.334, p = 0.022).

Conclusion: SNP rs3803264 polymorphisms in THSD1 are associated with the decreased risk of HS and interacted with dyslipidemia, and a non-linear association was observed between THSD1 mRNA expression and the risk of HS.
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Introduction

Though hemorrhagic stroke (HS) has a lower incidence rate, it is associated with severe morbidity, high mortality, and worse outcomes (Unnithan et al., 2022). HS often appears as severe neurological dysfunction with underlying vascular causes, such as sudden vascular rupture or occlusion, which is attributed to an acute focal neurological injury (Unnithan et al., 2022). As reported, a history of hypertension, diabetes, dyslipidemia, smoking, and alcohol abuse was considered as the modifiable risk factors for HS (Feigin et al., 2016; Pandian et al., 2018). In the vast majority of cases, genetic risk variants contribute to a multifactorial predisposition to stroke (Montaner et al., 2020). To date, previous genome-wide association studies (GWAS) and candidate gene association studies have identified 42 loci that are robustly associated with stroke, but only 3 loci were associated with intracerebral hemorrhage (ICH) and predominantly observed in European ancestry populations (Woo et al., 2014; Neurology Working Group of the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium, the Stroke Genetics Network (SiGN), and the International Stroke Genetics Consortium (ISGC), 2016; Malik et al., 2018). Therefore, statistical associations of specific loci with HS need to be complemented to improve our understanding of the molecular pathways that underlie HS and identify novel drug targets.

Thrombospondin type I domain-containing protein 1 (THSD1) is a transmembrane protein whose function remains poorly characterized (Takayanagi et al., 2006). In 2010, the tumor-suppressive and angiogenic role of THSD1 in esophageal carcinoma cells was reported (Ko et al., 2008), and THSD1 is a critical tumor-suppressive region in esophageal carcinoma (Khamas et al., 2012). The common pathological processes of angiogenesis in tumor enlightened the researchers that whether THSD1 also play a significant role in intracerebral hemorrhage. Teresa et al. demonstrated that THSD1 is mainly expressed in endothelial cells in murine cerebral arteries (Santiago-Sim et al., 2016). THSD1 has been linked to vascular permeability (Shamseldin et al., 2015). Recently, it has been proposed that THSD1 has a potential role in angiogenesis and maintenance of vascular integrity (Dekker et al., 2011). Furthermore, rs3803264 at THSD1 is involved in angiogenesis, apoptosis, and activation of transforming growth factor beta (TGFβ; Lavrov et al., 2016). It is a surface marker of hematopoietic progenitors and endothelial cells (Takayanagi et al., 2006). Collectively, THSD1 has been suggested to be a new regulator of endothelial barrier function in the angiogenesis process, preserving vascular integrity, which may be involved in the pathophysiology of HS.

Previous studies primarily focused on the roles THSD1 played in the angiogenesis process, the association between THSD1 with HS still needs to elucidate. Meanwhile, changes in mRNA levels in HS have the potential to aid HS diagnosis and provide insight into stroke etiology (Montaner et al., 2020). Therefore, we conducted a case–control and cohort study to investigate the association of THSD1 genetic variants and mRNA expression with the risk of hemorrhage stroke. This epidemiological study would provide a population-based genomic and transcriptomic level evidence for better understanding of the role THSD1 in the pathogeny of HS.



Materials and methods


Study subjects in the case–control study and cohort study

A hospital-based case–control study was conducted on consecutive patients recruited from three hospitals in Jiangsu province from Sep 2008 to Jun 2021, including the Affiliated Huai’an NO.1 People’s Hospital of Nanjing Medical University, the Affiliated Hospital of Xuzhou Medical University, and the Affiliated Yixing Hospital of Jiangsu University. The study population consisted of 843 hemorrhagic stroke (HS) patients and 1,400 healthy controls enrolled from a community-based population who underwent health examination without hemorrhagic or ischemic stroke history. All subjects were of Chinese Han descent. The exclusion and inclusion criteria for patients and controls were similar to our previous study (Shen et al., 2013). HS was confirmed by brain computed tomography (CT) or magnetic resonance imaging (MRI) scans in all HS patients. We divided HS patients into intracerebral hemorrhage (ICH) and subarachnoid hemorrhage (SAH). Primary intraventricular hemorrhage and cerebral hemorrhage caused by trauma, hemorrhagic transformation of infarction, cerebrovascular abnormalities, brain tumors, aneurysms, or hemorrhagic diatheses due to antithrombotic therapy were excluded in this study. Additionally, for the mRNA expression study, the mRNA isolated from peripheral blood leukocytes was compared between 57 HS patients from three hospitals in Jiangsu Province and gender and age-matched 119 controls from community surveys. The demographic and clinical characteristics of the study subjects in the above two parts were listed in Table 1.



TABLE 1 Demographic and clinical characteristics of the subjects in the case–control study.
[image: Table1]

The community-based cohort study was conducted from 2009 to 2022 and recruited 4,128 participants from Guanlin Town and Xushe Town, Yixing city (Jiangsu, China). 4,080 baseline subjects without stroke and strictly controlled were followed up until May 25, 2022, for stroke onset. Detailed information about this cohort has been described previously (Dong et al., 2021). Demographic and clinical characteristics of the study population in the cohort study were summarized in Supplementary Table S2. The flow chart of this study was shown in Figure 1.

[image: Figure 1]

FIGURE 1
 The flow chart of study design and statistical analyses. We conducted a case–control study and a cohort study to investigate the association of THSD1 genetic variants and mRNA expression with the risk of hemorrhage stroke.




Questionnaire survey, physical examination, and biochemical index detection

Epidemiological information was recorded by questionnaires, and demographic information (gender and age), clinical characteristics (blood pressure, blood glucose levels, and plasma lipids), and history of the disease (hypertension, diabetes, and dyslipidemia) were collected. The patient’s blood pressure was measured within 48 h of hospitalization after the onset of HS symptoms. Peripheral venous blood was collected after an overnight fast (>10 h) for analyzing the fasting glucose and plasma lipid levels, including total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL-C), and higher-density lipoprotein cholesterol (HDL-C). Specifically, hypertension was defined as definite hypertension history, or elevated levels of measured blood pressure [systolic blood pressure (SBP) ≥140 mmHg, diastolic blood pressure (DBP) ≥90 mmHg], or under antihypertensive treatment. Diabetes was defined as definite diabetes history, fasting blood glucose level (GLU) ≥ 7.0 mmol/L, or under hypoglycemic treatment. Dyslipidemia was defined as definite dyslipidemia history, or abnormal changes in lipid levels (TC ≥ 6.2 mmol/L, TG ≥ 2.3 mmol/L, LDL-C ≥ 4.1 mmol/L, HDL-C < 1.04 mmol/L), or under lipid-modulating therapy. The details of blood sample collection and the methods of biochemical index detection were described previously (Chen et al., 2022).



Single nucleotide polymorphisms selection and genotyping

The THSD1 gene (Gene ID: 55901) is located on chromosome 13 at q14.3 (from 52,951,302 to 52,980,307) with 29,006 nt. We searched the SNPs from the upstream 2 kb to the downstream 1 kb and selected tagging SNPs (tagSNPs) through the database of the Chinese Han population in Beijing (CHB) and China of the International Hap MAP Project. Two tagSNPs (tagSNPs rs3803264 and tagSNP rs9563101) would be available for candidate SNP selection. Included tagSNPs met the criteria of minor allele frequency (MAF) ≥ 0.05, linkage disequilibrium (LD) r2 ≥ 0.8, and probes and primers designed successfully. The probe and primer designing section is known as an in silico procedure performed in dry lab (Behzadi and Ranjbar, 2019). Finally, only rs3803264 (A > G) was selected and genotyped in this study, because the probes and primers rs9563101 were not designed successfully and the MAF of rs9563101 in East Asian is 0.05. Detailed biological information and function prediction were summarized in Supplementary Table S1.

The details of DNA extraction and preservation and genotyping were described previously (Chen et al., 2022). The polymerase chain reaction (PCR)-TaqMan MGB probe array was performed for the genotyping of THSD1 polymorphism. The forward primer sequence was 5′-ACCTTCCAAGTGGGCCTATTTAC-3′, the reverse primer sequence was 5′-GGAAGACTGTTGGTGAAGATGACA-3′, and the probes sequences of rs3803264 were 5′-AAGCCCAACATTGTAGTG-3′ and 5′-AAGCCCAACATCGTA-3′. The genotyping successful call rate of rs3803264 was 100%. The amplification products of rs3803264 were sequenced and validated (Supplementary Figure 1).



RNA extraction, reverse transcription, and quantitative real-time polymerase chain reaction

The methods and reagents of white blood cell separation and preservation, RNA extraction, reverse transcription, and quantitative real-time polymerase chain reaction (RT-qPCR) were consistent with the previous study (Chen et al., 2022). All samples were analyzed in three parallels, and cycle threshold values were recorded. The 2 −ΔΔCT method was used to calculate relative expression levels of THSD1 normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH). THSD1 mRNA’s forward primer sequence (5′-3′) was TGTGACTATGTTCTTGGAGAAGC, and the reverse primer sequence (5′-3′) was GTGTCCCATTAGCACCATCAAAA. GAPDH mRNA’s forward primer sequence (5′-3′) was GGAGCGAGATCCCTCCAAAAT, and the reverse primer sequence (5′-3′) was GGCTGTTGTCATACTTCTCATGG. The amplification products of THSD1 were sequenced and validated (Supplementary Figure 2).



Statistical analysis

We used EpiData 3.1 software (The EpiData Association, Odense, Denmark) for duplicate entry and consistency checks of the collected data. Continuous variables were presented as median [inter-quartile range (IQR)] for nonparametric data. Categorical variables were presented as frequencies and percentages. For group-wise comparisons, the Kruskal–Wallis test or Mann–Whitney test was used for continuous variables with an abnormal distribution. The chi-square test (χ2) was used to compare the differences in categorical variables between case and control groups. Fisher’s exact test was used to estimate whether the genotype frequencies in the controls and HS group met the Hardy–Weinberg equilibrium (HWE) law. Binary logistic regression was applied to calculate the odds ratios (ORs) and corresponding 95% confidence intervals (CIs) for the association of THSD1 variants and hypertension and HS. Stratification analyses by age group, gender, hypertension, diabetes, and dyslipidemia were further conducted in the case–control study. Inter-subgroup heterogeneity among the stratum factors was assessed using the Heterogeneity Q test. The interaction of dyslipidemia and THSD1 rs3803264 polymorphism with HS was estimated. The multiplicative interaction hazard ratio was calculated by fitting the logistic regression model. The additive interaction was displayed by calculating the relative excess risk due to interaction (RERI), attributable proportion (AP), synergy index (SI), and 95% CIs. We used Poisson regression to estimate the association with incidence rate ratios (IRRs) and 95% CIs as well as after adjustment for covariates in the cohort study. The kernel density estimation graph was conducted to show the distribution of THSD1 mRNA expression. We also used restricted cubic splines (RCS) with four knots at the 20th, 40th, 60th, and 80th centiles to flexibly model the association of THSD1 mRNA expression with the risk of HS. We used Spearman’s rank correlation to evaluate the correlations between THSD1 mRNA expression and clinical indicators. All data analyses were carried out using SAS software 9.4 (SAS Inc., Cary, NC, United States) and R 4.1.1 version (http://cran.r-project.org/). A two-tailed p-value <0.05 was considered statistically significant.




Results


Demographic and clinical characteristics of the study subjects

Table 1 shows the detailed demographic and clinical characteristics of 843 HS cases and 1,400 controls in the genetic case–control study. The median age of the HS group (59 years) was significantly younger than that of the control group (65 years, p < 0.001). HS group had higher proportions of males (58.4%) than the control group (45.0%; p < 0.001). There were significant differences in SBP, DBP, GLU, TC, TG, and HDL-C levels (p < 0.001) except LDL-C levels (p = 0.171) between HS cases and controls. HS group had a higher prevalence of hypertension (88.6%) and diabetes (37.3%) while a lower prevalence of dyslipidemia (60.7%) than controls (53.4, 20.3, and 65.9%; p < 0.05).

In the case–control study for transcriptome level analysis, age, and gender were both matched for the HS case and control. HS group presented a higher level of SBP and DBP but lower levels of TG than the control group (Table 1). HS group had a higher prevalence of hypertension (93.0%) than the control group (63.9%; p < 0.001). The demographic and clinical characteristics of the cohort study for the incidence of HS were presented in Supplementary Table S2.



Association analyses of THSD1 rs3803264 with the risk of hemorrhagic stroke

The genotype and allele distributions of rs3803264 were consistent with the HWE in the control and HS groups (all p > 0.1). Considering HS is closely related to hypertension, we analyzed the association of rs3803264 with the risk of hypertension firstly, there was no significant association (Supplementary Table S3), even after adjustment for covariates [Adjusted ORs (95%CIs) for the three genetic models: 0.997 (0.864–1.151), 0.974 (0.799–1.186), and 1.048 (0.783–1.403), respectively] (Table 2). THSD1 rs3803264 AG/GG carriers had a significantly decreased risk of HS (Supplementary Table S3), even after adjustment for covariates (Table 2). The adjusted ORs (95%CIs) for the additive model and dominant model was 0.848 (0.734–0.979) and 0.788 (0.648–0.958). No significant association was observed for the recessive models of rs3803264 with HS (Supplementary Table S3; Table 2). Furthermore, we found rs3803264 AG/GG carriers had a reduced risk of ICH rather than SAH (Supplementary Table S3), the adjusted ORs (95%CIs) for the additive model and dominant model of rs3803264 with ICH were 0.834 (0.712–0.976) and 0.779 (0.629–0.964) (Table 2).



TABLE 2 Association analyses of rs3803264 and the risk of hypertension and hemorrhagic stroke in the case–control study.
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Sensitivity analysis for the association of THSD1 rs3803264 with the risk of hemorrhagic stroke

Considering the age and gender between HS cases and controls were significantly different, we used tendency score matching to make HS cases (n = 737) and controls (n = 719) well-matched for the sensitivity analysis. We found that the association of rs3803264 and the risk of HS were stably significant, similar to what we observed before (Supplementary Tables S4–S5).



Stratification analyses and interaction analyses

Stratified analyses by dyslipidemia showed that THSD1 rs3803264 AG/GG carriers had a significantly decreased risk of HS in the non-dyslipidemia group and normal lipid groups of TC, TG, HDL-C, and LDL-C [Adjusted ORs (95%CIs): 0.579 (0.422–0.793), 0.664 (0.522–0.843), 0.772 (0.614–0.970), 0.739 (0.591–0.925), and 0.721 (0.586–0.888), respectively]. In addition, there was heterogeneity between dyslipidemia groups, TC groups, and LDL-C groups (I2: 81.2, 72.9, and 63.0%, respectively; p-values: 0.021, 0.055, and 0.100, respectively; Table 3).



TABLE 3 Stratification analyses of dyslipidemia for the association of rs3803264 and the risk of hemorrhagic stroke in the case–control study.
[image: Table3]

Furthermore, we observed THSD1 rs3803264 significantly interacted with dyslipidemia in the risk of HS. The multiplicative interaction analyses indicated that THSD1 rs3803264 and dyslipidemia had a positive interaction, specifically in the high level of TC and LDL-C groups. The OR (95% CI) after adjustment for age, gender, hypertension, and diabetes was 1.389 (1.032, 1.869), 1.799 (1.117, 2.896), and 2.095 (1.132, 3.878), respectively. However, there was no significant addictive interaction observed (Table 4).



TABLE 4 Interaction analysis of THSD1 rs3803264 and dyslipidemia with the risk of hemorrhagic stroke in the case–control study.
[image: Table4]



Association analyses of THSD1 rs3803264 with the incidence risk of hypertension and hemorrhagic stroke in the cohort study

After an average of 10.30-year follow-up for 2,102 subjects free of hypertension at baseline, 667 incident hypertension (31.73%) were observed and the incidence density was 394.49 (per 104 person-year). The variant of rs3803264 was not associated with the incident risk of hypertension, even after adjustment for covariates [Adjusted IRRs (95%CIs) for the three genetic models: 1.078 (0.964–1.204), 1.074 (0.920–1.254), and 1.163 (0.936–1.446), respectively] (Table 5).



TABLE 5 Association analyses of THSD1 rs3803264 with the incidence risk of hypertension and hemorrhagic stroke in the cohort study.
[image: Table5]

Additionally, after an average of 12.72-year follow-up for 4,080 subjects free of stroke at baseline, 32 incident HS cases (0.78%) were observed and the incidence density was 17.35 (per 104 person-year). The AG/GG carriers presented a decreased incident risk of HS but the association did not reach the statistical significance [Adjusted IRRs (95%CIs) for the three genetic models: 0.784 (0.458–1.340), 0.734 (0.366–1.470), and 0.731 (0.222–2.406), respectively] (Table 5). Furthermore, there was no significant association between rs3803264 and the risk of HS, and no remarkable heterogeneity among different dyslipidemia groups was observed in the cohort study (Supplementary Table S6). Next, we grouped the subjects into the AA group and AG + GG group to explore the association between dyslipidemia and the incidence of HS. No significant association between dyslipidemia and the incidence of HS and no remarkable heterogeneity between the AA group and AG + GG group was observed in the cohort study (Supplementary Table S7).



Quantitative trait analyses among genotypes of rs3803264

We performed quantitative trait analyses to investigate the association among the genotypes of rs3803264 and quantitative clinical characteristics using the Kruskal-Wallis H test, results are summarized in Supplementary Table S8. No significant difference in quantitative clinical characteristics (SBP, DBP, GLU, TC, TG, HDL-C, and LDL-C) among genotypes of rs3803264 was observed both in HS cases and controls (all p > 0.05).



THSD1 mRNA expression and the risk of hemorrhagic stroke

In Figure 2A, the kernel density estimation graph showed the distribution of THSD1 mRNA expression conformed to a gamma distribution (D = 0.296, p < 0.001). THSD1 mRNA expression was down-regulated below around 3.75, but it was upregulated above around 3.75. In addition, we used restricted cubic splines to visualize the relation of predicted THSD1 mRNA expression with the risk of HS. In the total population (Figure 2B), the risk of HS plunged until around the median 0.878 of THSD1 mRNA expression and then started to increase gradually afterward (p for non-linearity <0.001).

[image: Figure 2]

FIGURE 2
 The kernel density estimation distribution of THSD1 mRNA and the association between THSD1 mRNA expression (A), and the risk of HS in the total population was evaluated by the restricted cubic spline regression (B). Estimates adjusted for age, gender, hypertension, diabetes, and dyslipidemia. The p-value for overall association and the p-value for non-linearity were annotated in the figure.




Comparisons of THSD1 mRNA expression between cases and controls

The THSD1 mRNA expression level of HT was approximately equal to that in controls (0.88 vs. 0.86, p = 0.664). Besides, there was also no significant difference in THSD1 mRNA expression between HS cases and controls (0.67 vs. 0.97, p = 0.571). Additionally, THSD1 mRNA expression among HS, HT, and controls did not have statistical differences (0.67 vs. 1.03 vs. 0.85, p = 0.823). Additionally, no significant difference in THSD1 mRNA expression was detected among the genotypes of rs3803264 in HS cases (p = 0.594) and controls (p = 0.416; Supplementary Figure 3A), and between HS cases and controls among the AA (p = 0.914), AG (p = 0.901) and GG (p = 0.115) genotype of rs3803264 (Supplementary Figure 3B).



Correlation analyses of THSD1 mRNA expression with clinical indicators

There was no significant linear correlation of THSD1 mRNA expression with clinical indicators (GLU, TC, TG, HDL-C, LDL-C, SBP, and DBP) in all subjects, controls, or HS cases, no matter whether they have hypertension or not (all p > 0.05; Table 6). For the subjects without hypertension, we observed THSD1 mRNA expression had a negative correlation with SBP (ρ = −0.334, p = 0.022). While for the subjects with hypertension, there was no significant linear correlation, either (all p > 0.05; Table 6).



TABLE 6 Correlation analyses between THSD1 mRNA expression (2−ΔΔCT) and clinical indicators.
[image: Table6]




Discussion

In this study, we investigated the association of polymorphism and mRNA expression of THSD1 with the risk of HS. In the case–control study, we found AG/GG carriers of rs3803264 had a decreased risk of HS and ICH, but not hypertension and SAH. Furthermore, the THSD1 rs3803264 variant had significantly associated with the reduced risk of HS in subgroups of age less than or equal to 65 years, males, hypertension, non-diabetes, and non-dyslipidemia. In addition, THSD1 rs3803264 and dyslipidemia had a positive interaction. In the cohort study, a similar association strength of rs3803264 dominant model and the risk of HS was observed but did not reach statistical significance. Referring to the mRNA level, the risk of HS dropped until around 0.878 of THSD1 mRNA expression and then started to increase gradually afterward. For the subjects without hypertension, we observed THSD1 mRNA expression had a negative correlation with SBP. Thus, our results demonstrated that tag rs3803264 of THSD1 polymorphism was associated with the decreased risk of HS and interacted with dyslipidemia, and a non-linear association was observed between THSD1 mRNA expression and the risk of HS.

HS refers to intracerebral hemorrhage and subarachnoid hemorrhage caused by intracranial aneurysms, cerebral and spinal vascular malformations, moyamoya disease, and other intracranial vascular diseases under the effect of blood flow (Unnithan et al., 2022). Intracranial aneurysm is the most common cause of subarachnoid hemorrhage (85%; Wang et al., 2017). The rupture of weakened cerebral arteries caused blood leakage in the brain, attributed to the blood extravasation and compression of the surrounding brain tissue, eventually, necrosis and apoptosis of brain cells lead to the disordered function of the central nervous system (CNS; Unnithan et al., 2022). Specifically, there are two phases in the pathological mechanism of HS, primary injuries and secondary injuries. In the primary injuries phase, hematoma causes the occupying effect and mechanical injuries to the adjacent brain tissue. Meanwhile, neurotoxins from hematoma such as hemoglobin, iron ions, reactive oxygen (ROS), and neuroexcitatory toxin initiate severe secondary injuries (Wilkinson et al., 2018). In the secondary injuries, biochemical and cellular responses to the neurotoxins from hematoma begin, such as ROS damage (Chen et al., 2011), inflammatory immune response (Ye et al., 2018), microglial polarization (Zhang et al., 2017), autophagy (Li et al., 2018), ferroptosis (Alim et al., 2019), and blood–brain barrier (BBB) collapse (Keep et al., 2018). However, irrespective of diversified mechanisms, cerebrovascular integrity is the most critical to the pathological process of HS. Particularly, the loss of vascular integrity can cause the initial hemorrhage, the failure of restoration contributes to the BBB disruption, brain edema formed, then neurotoxins from hematoma and blood cause detrimental injuries (Keep et al., 2012, 2014).

Previous studies demonstrated that THSD1 promotes advanced lesion stability by retaining vascular integrity of the intimal neovasculature (Dekker et al., 2011). THSD1 variants or gene loss probably cause intracranial aneurysms (IA) and SAH (Santiago-Sim et al., 2016). THSD1 is a novel nascent adhesion protein that co-localizes with several known markers such as focal adhesion kinase (FAK), talin, and vinculin (Rui et al., 2017). Genetic evidence suggested a role of THSD1 variants in the pathogenesis of IA/SAH, previously, and missense variants were identified in affected individuals clustered in the intracellular protein portion (Santiago-Sim et al., 2016). In addition, THSD1 loss may lead to arterial aneurysm formation and ultimately SAH via the disruption of endothelial cell adhesion to the extracellular matrix in cerebral arteries potentially (Rui et al., 2017). Furthermore, THSD1 has the effect of preserving vascular integrity in mice models, and THSD1 is a new regulator of endothelial barrier function during vascular development and protects intraplaque microvessels against hemorrhaging in advanced atherosclerotic lesions (Haasdijk et al., 2016). Mechanistically, THSD1 loss impaired endothelial cell focal adhesion to the basement membrane. All the above studies support the results of our study based on the population case–control study and cohort study. A recent study also supports the role of variants in THSD1 as susceptibility factors for cerebrovascular disease (Sauvigny et al., 2020). Meanwhile, our study demonstrated that rs3803264 had a significantly decreased risk of HS in those who were younger (age less than or equal to 65 years), males, with hypertension, non-diabetes, and non-dyslipidemia. Explainable reasons include that most HS patients in this study are male, the median age is <65 years old, and most of them are hypertensive. THSD1 rs3803264 and dyslipidemia had a positive interaction, specifically high levels of TC and LDL-C. A systematic review and meta-analysis revealed that TC is inversely associated with the risk of HS, and a higher level of LDL-C seems to be associated with a lower risk of HS (Wang et al., 2013).

In our study, the THSD1 mRNA expression of peripheral leukocytes showed a significant non-linear association with the risk of HS, which plunged until around 0.878 and then started to increase gradually afterward. Preceding research found that THSD1 expression by endothelial cells was detected in advanced atherosclerotic lesions with intraplaque hemorrhaging, but was not in stable lesions (Haasdijk et al., 2016). In addition, the current study identified THSD1 down-regulation and methylation in primary colorectal cancer (CRC) tissues (Khamas et al., 2012). In our study, no significant difference in THSD1 mRNA expression was detected among the genotypes of rs3803264 in HS cases, this result demonstrated that rs3803264 may further influence the pathogenesis of HS through post-transcriptional modification, methylation, or protein functional regulation but not mRNA expression. While for all subjects without hypertension, we observed THSD1 mRNA expression had a negative correlation with SBP. In other words, in non-HT subjects, the lower the THSD1 expression, the higher the blood pressure level, and the increased risk of HS. This effect warrants a further larger sample size study to validate.

This study is unique since we integrated analyses of the role THSD1 played in HS based on the genomic level and the transcriptomic level. Moreover, we explored the association of THSD1 candidate SNP with HS by combining the case–control study and the cohort study. In addition, the large sample size and the experiments with high-quality control ensured the accuracy and reliability of our results. However, some limitations are also worth mentioning. First, we did not detect serum THSD1 protein. Second, we selected candidate SNP at the THSD1 gene with the criterion of MAF ≥ 0.05, so could have missed the rare variants with MAF <0.05 that may have substantial biological effects on the HS occurrence. Third, retrospective and prospective studies with a large sample size would be warranted to validate the association.

In conclusion, our results indicated that tag rs3803264 of THSD1 polymorphism was associated with the decreased risk of HS, and the THSD1 mRNA expression of peripheral leukocytes showed a significant non-linear association with the risk of HS. Our findings might contribute to verifying that the THSD1 genetic variant and mRNA expression would affect the susceptibility to HS, and may provide useful evidence and guidance regarding the correlation between THSD1 and HS.
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p-value of 22 test for comparison of allele frequencies between the case and control groups.
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