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Abstract

Background: The role of host genetics in the development of subclinical atherosclerosis in the context of HIV-infected persons who are being treated with highly active antiretroviral therapy (HAART) is not well understood.

Methods: The present genome-wide association study (GWAS) is based on 177 HIV-positive Caucasian males receiving HAART who participated in the Fat Redistribution and Metabolic Change in HIV Infection (FRAM) Study. Common and internal carotid intima–media thicknesses (cIMT) measured by B-mode ultrasound were used as a subclinical measure of atherosclerosis. Single nucleotide polymorphisms (SNPs) were assayed using the Illumina HumanCNV370-quad beadchip. Copy Number Variants (CNV) were inferred using a hidden Markov Model (PennCNV). Regression analyses were used to assess the association of common and internal cIMT with individual SNPs and CNVs, adjusting for age, duration of antiretroviral treatment, and principal components to account for potential population stratification.

Results: Two SNPs in tight linkage disequilibrium, rs2229116 (a missense, nonsynonymous polymorphism (IIe to Val)) and rs7177922, located in the ryanodine receptor (RYR3) gene on chromosome 15 were significantly associated with common cIMT (P-value < 1.61 × 10−7). The RYR gene family has been known to play a role in the etiology of cardiovascular disease and has been shown to be regulated by HIV TAT protein.

Conclusion: These results suggest that in the context of HIV infection and HAART, a functional SNP in a biologically plausible candidate gene, RYR3, is associated with increased common carotid IMT, which is a surrogate for atherosclerosis.
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Introduction

With increasing effectiveness of highly active antiretroviral therapy (HAART), atherosclerotic vascular disease is emerging as an important complication in HIV [1–3]. HIV infection itself and antiretroviral drugs are associated with dyslipidemia (decreased HDL and increased VLDL cholesterol) and diabetes, which are known to contribute to atherosclerosis [4]. Smoking is increased in populations with HIV infection. However, atherosclerosis is still increased in those with HIV infection even after adjusting for traditional risk factors [5–7]. We have previously reported that HIV-infected patients in this age group have greater common carotid IMT compared with age-matched and sex-matched control individuals [5]. After multivariable adjustment, HIV infection was associated with 0.033 mm greater in IMT, which can be compared to 0.020 mm for smoking and 0.026 mm for diabetes.

The factors contributing to the independent increase of atherosclerosis in HIV infection have not been fully delineated. Infection with HIV and treatment with antiretroviral drugs have been associated with an increase in systemic inflammation, reduced flow-mediated arterial dilation, and damage to the vascular endothelium which contribute to the development of atherosclerosis [8–11]. Some of the ART drugs used alone or in combination are associated with serious metabolic abnormalities such as lipoatrophy and dyslipidemia [12,13]. However, in a previous study of FRAM patients that included patients from the present study, whereas HIV infection was associated with greater IMT after multivariable adjustment for traditional risk factors, no substantial associations of any antiretroviral drugs or classes were found with greater IMT [5]. Genetic susceptibility may contribute to atherosclerosis in HIV infection. Genetic variation accounts for 20–95% of the variation in drug disposition, drug clearance, and duration of action [14]. There are multiple genes involved in the metabolism and transport of drugs that make up the HAART regimen. Variation in expression or activity of such proteins derived from these genes may also relate to the risk for complications, including atherosclerosis, from the use of HAART.

Subclinical atherosclerosis assessed noninvasively using B-mode ultrasound is commonly used in cardiovascular epidemiology studies. The use of a subclinical indicator of atherosclerosis has advantages over evaluating clinical events for several reasons. First, HIV-infected cohorts with a sufficient number of cardiovascular events are not available for powerful genome-wide association studies (GWAS). Second, for most clinical cardiovascular events, atherosclerotic lesions are a necessary and specific prerequisite, with their presence being predictive of future clinical events [15,16]. In the absence of direct evaluation of anatomically defined lesions, measurement of a correlating phenotype, such as intima–medial thickness (IMT), provides information that is appropriate for genetic studies. Third, clinical cardiovascular events are more ‘genetically removed,’ complex, and multifactorial than intermediate phenotypes defined anatomically and reproducibly measured. Finally, genetic variation in the general population contributes to variation of carotid IMT (cIMT). Derived from large epidemiologic studies, estimates of heritability indicate that 35–86% of the variation in cIMT is attributable to shared familial factors [17,18].

In HIV-negative populations, cIMT has been firmly established as a subclinical measure of atherosclerosis and a predictor of incident clinical cardiovascular disease, including myocardial infarction and stroke [15,19,20]. Several studies have found that IMT measured in the bulb region of the common carotid artery where it branches off into the internal carotid artery, are higher in HIV-positive patients than in HIV-negative controls [5–7]. IMTs are consistently higher in HIV-positive patients than in HIV-negative controls, and increased IMT occurs earlier in HIV-infected patients during treatment than in untreated patients or in the general population [6,21,22]. Despite advances in our understanding of the metabolic etiology of atherosclerosis in the context of HIV/HAART, studies to date examining genes predicting the atherogenic response to HIV infection/HAART have been limited.

The biological impact of HIV infection and antiretroviral therapy on the development of subclinical atherosclerosis is incompletely understood. There have been only a few candidate genes studied in relation to atherosclerosis in HIV-infected patients [23–26]. To address the need for more comprehensive knowledge and to examine the genetic basis of atherosclerosis, we performed a GWAS involving common and internal cIMTs as intermediate phenotypes in a treated, HIV-infected population.
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Study population

The present study is nested within the Fat Redistribution and Metabolic Change in HIV Infection (FRAM) Study. The recruitment procedure and an overview of the FRAM study have been described elsewhere [27]. Briefly, FRAM was funded by the National Institutes of Health as a cross-sectional study with enrollment of 1183 HIV-infected persons (825 men, 350 women, and eight transgendered persons) and 297 controls from 16 participating HIV or infectious disease clinics or cohorts. The study participants were enrolled between June 2000 and September 2002. FRAM was initiated to examine the prevalence and correlates of changes in fat distribution, insulin resistance, and dyslipidemia in the geographically and ethnically diverse United States population of HIV-infected men and women along with a comparison group of controls. All individuals completed standardized questionnaires used to assess demographics, physical activity and related cardiovascular risk behaviors. Also laboratory reports of fasting blood and urine, and detailed medication use including antiretroviral therapy were recorded (as confirmed by medical records [27]; 97% received some form of ART, and 94% received HAART) [5].

The second examination, conducted approximately 5 years later, added carotid IMT measurements to evaluate preclinical atherosclerosis. At this time, participants were phenotyped for all measures collected during the baseline examination. All variables analyzed in this study are from the second visit. Of the 581 HIV-positive participants in the follow-up visits, 538 had common or internal cIMT measurements of whom more than 97% had been on antiretroviral therapy and more than 94% had been on HAART. To reduce heterogeneity, only male Caucasians with DNA samples (n = 177) were included in this study.
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Common and internal carotid intima–media thicknesses

Standardized IMT measurement protocols and techniques have been previously described [5,15]. Briefly, cIMT measures were obtained by certified ultrasonographers using B-mode ultrasound of the right and left, near and far walls of the common and internal carotid arteries along with the bulb region. Images were analyzed at the Ultrasound Reading Center. One longitudinal lateral view of the distal 10 mm of each common carotid artery and three longitudinal views in different imaging planes (anterior, lateral, and posterior) of the each internal carotid artery were obtained. The IMT protocol was also used to capture frozen grey-scale images and cine loops from both carotid arteries on both sides. The common carotid artery is measured with better precision than the internal. The maximal wall thickness of the common carotid artery was determined as the mean of the maximum IMT of the near and far walls of the right and left sides; available measurements from one to four wall locations. The maximal IMT of the internal carotid artery was determined similarly and included the bulb region; measurement sites ranged from one to 12 locations. Two readers measured cIMT due to a staff change and both readers measured both cIMT for 24 of the study participants. The correlation of these 24 measurements was 0.64 and 0.70 for common and internal cIMT, respectively. In the case of such duplicate observations, one cIMT measurement for each of common and internal carotid cIMT, respectively were chosen at random using the ranuni function in SAS (SAS Institute Inc., Cary, North Carolina, USA) to include in the current analysis.
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Genotyping methods

Blood samples were collected during the study visits and consent was specifically obtained for future genetic analyses. DNA was extracted using a Qiagen kit (Qiagen, Valencia, California, USA) and stored at −70°C. Genotyping was accomplished by use of the Illumina HumanCNV370-quad beadchip (Illumina, San Diego, California, USA), which probed over 370 000 markers with the Infinium Assay. The HumanCNV370 beadchip includes more than 318 000 tag single nucleotide polymorphism (SNP) markers from the International HapMap Project Phase I and II data, approximately 52 000 markers covering detection of 14 000 copy number variants (CNVs), and 5000 SNPs in the major histocompatibility complex (MHC) region.
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Population sub-structure

The presence of population substructure can be an important confounder in genetic association studies. To detect variability components even within the Caucasian population in the study samples [28], principal components analysis (PCA) implemented in the Eigenstrat software [29] was performed. The PCA technique effectively decomposes the variability present in high-dimensional data sets into lower dimensions to exclude nonhomogenous populations. The principal components were derived using genotype data consisting of 337 301 SNPs. As determined by the clustering of the first principal component of the genotypes (data not shown), five individuals appeared to have distinct ancestry and seemed to be outliers relative to the rest of the study participants. Using the EIGENSTRAT method in the remaining 172 samples [29], the first PC accounted for 1.27% of genetic variation within our European–American population. Subsequent association tests included this component as a covariate in order to control for latent population stratification for common cIMT (n = 168) and internal cIMT (n = 165) association analyses.
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Analysis

Individual SNPs with more than 3% missing data or with low minor allele frequencies (MAF < 5%) were removed from the analyses. Using the PLINK software [30], a quantitative trait analysis of the common and internal cIMT was performed using a linear regression model with adjustment for age, duration of HAART in years and the first principal component of the genetic covariance (in the univariate analyses, CD4+ cell and log(viral-load) were not significantly associated, and were, therefore, not included in our final analyses). Significance of association was determined by using an allele count χ2 test. Significance levels were adjusted for multiple correction using the Bonferroni approach; the levels using both the total number of tests and the effective number of independent tests [31] were considered. Deviations from the expected test statistic null distribution were assessed through quantile–quantile (Q–Q) plots. Two measures of potential inflation of the test statistic were examined: the slope of a line fit to the lower 90% of the distribution (λinflation), and the median of the χ2 statistics for the associations of the included SNPs. In the absence of inflation, λinflation should be 1, and the two degree of freedom χ2 statistics should be 1.386.

CNVs were characterized with the PennCNV algorithm [32], which takes into consideration the total signal intensity and allelic intensity ratio at each SNP marker, the distance between neighboring SNPs and the allele frequency of each SNP through a Hidden Markov Model. We removed eight samples based on the previously used criteria for default quality control threshold recommended by PennCNV: standard deviation for autosomal log R ratio more than 0.28, a median B allele frequency of more than 0.55 or less than 0.45 or a B allele frequency drift of more than 0.002 [33]. Copy number calls were required to span at least 10 probes, which has been shown to control false-positive calls at a rate lower than 1% [32,34]. CNV calls determined by PennCNV were analyzed by PLINK software. As PLINK does not allow direct covariate adjustment for CNV analyses, the log cIMT residuals (after adjustment for age, duration of HAART and the first PC values) were used as the outcome variables for both phenotypes. Association analysis was performed for each CNV by combining all the regions that contained each SNP individually. Empirical P-values were calculated using an adaptive permutation approach implemented in PLINK. In order to define regions for association testing of CNVs, merging of CNVs across samples was performed by identifying the common overlapping CNV region for each set of CNVs based on each SNP.

The UCSC Genome Browser was used to locate genes within 250 kb upstream or downstream of SNPs that were significantly associated with our phenotypes or located within a CNV region [35]. The Gene Sorter program was then used to identify expression patterns, homology and other information on groups of the identified genes that can be related in many ways [36].
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Results

The mean age of our HIV+ population was 49.2 (SD ± 9.1) years (range 28–77); they had been in HAART therapy for 6.28 (SD ± 2.61) years (range 0–10.9). The average common and internal cIMTs were 0.87 (SD ± 0.17) mm (range 0.57–1.68) and 1.21 (SD ± 0.49) mm (range 0.50–3.15), respectively.

The GWAS results were based on 311 194 SNPs [6549 with >3% missing data, 6936 monomorphic, 11 317 with <5% minor allele frequency and 1305 with a Hardy–Weinberg equilibrium (HWE) P-value < 0.001 were removed] for cIMT and 310 912 SNPs (6351 with >3% missing data, 6941 monomorphic, 11 774 with <5% minor allele frequency and 1305 with HWE P-value < 0.001 were removed) for the internal IMT. Allelic association analyses were performed to identify loci associated with common and internal cIMT. Manhattan plots of the association P-values for the two phenotypes are shown in Fig. 1a and b. As shown in Fig. 2, the observed P values did not greatly differ from the expected values over a wide range of values of [-Log10(p)], from 0 to 4 for common cIMT (Fig. 2a) and from 0 to 5 for internal cIMT (Fig. 2b). We did not observe any evidence for bias in the test statistics as the Type 1 error rate (λinflation = 1.01) was not inflated and the median of our two degree of freedom χ2 statistics was 1.379 for common cIMT (Fig. 2a), thus uncorrected statistics are presented throughout this paper. Four SNPs had an observed P-value 1-log10 greater and two had 2-log10 greater than the expected P-values for common cIMT association, suggesting that they are likely true genetic variants.

[image: Fig. 1]Fig. 1. Manhattan plot showing the genome wide association P-values of single nucleotide polymorphism (SNPs) with a) common carotid IMT (cIMT) and b) internal cIMT. The dark blue solid line indicates the Bonferroni threshold, the dotted blue line indicates the threshold based on the effective number of independent tests and the red solid line indicates the threshold at 1.51−5.



[image: Fig. 2]Fig. 2. Q–Q plot of observed versus expected P-values of association with (a) common carotid IMT (cIMT) and (b) internal cIMT.



Results for the strongest signals (P-value < 1.5 × 10−5) are shown in Table 1 for the two phenotypes. Two SNPs, rs2229116 and rs7177922 (in strong LD, r2 = 0.97), located in the Ryanodine receptor (RYR3) gene were significantly associated (P-value < 1.61 × 10−7) with common cIMT after Bonferroni adjustments based on total and effective number of tests. A third SNP in RYR3 (rs2291734, r2 = 0.64 with rs222916) may also be associated with common cIMT (P-value < 2.82 × 10−6). A weaker association was seen with Ryanodine receptor gene RYR2 (rs12046077, P value < 1.40 × 10−5).

[image: Table 1]Table 1. SNPs significantly associated with common and internal carotid intima–medial thickness (cIMT).



With the implemented quality control-criteria for CNVs, 1565 CNVs (180 double deletions, 649 single deletions, 674 individual insertion and 62 double insertions) were characterized for 164 patients of the study population. The numbers of CNVs ranged from 3 to 28 per individual. The sizes of the CNVs ranged from 5739 to 1 131 066 base pairs and were tagged by 10–204 SNPs. As none of the CNVs passed the genome-wide significance threshold of 3.19 × 10−5 for both the common and internal IMT, the most notable CNV was found on chromosome 14 for common cIMT. The common CNV region of 51 632 base pairs ranging from SNPs rs11157552 to rs2141988 (genomic position 21 921 670 to 21 973 302 in chromosome 14) is within the T-cell Receptor Alpha (TCRA) gene. There are six individuals with a single deletion in this region; they had the log common cIMT residual measurements of 0.193 ± 0.132 versus −0.007 ± 0.150 mm in those without the deletion (P = 0.0005).
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Discussion

This report describes the first GWAS evaluating common and internal cIMT, markers of atherosclerosis, among HIV-positive white men. The results suggest that the gene ryanodine receptor 3 (RYR3), located on chromosome 15 is linked to atherosclerosis in HIV-infected individuals. Two SNPs, rs2229116 and rs7177922, which are in tight linkage disequilibrium (r2 = 0.97), are significantly associated with the common cIMT above the Bonferroni correction (P < 3.4 × 10−8 and P < 2.74 × 10−8, respectively). The rs2229116 SNP is a nonsynonymous polymorphism that has a missense function, as there is a residue change of Ile to Val resulting from the ‘A’ to ‘G’ nucleotide substitution in the sequence. As shown in Fig. 3 and Table 1, individuals with the GG genotype have a higher common cIMT than the individuals with AA or AG genotypes. Further, another SNP rs2291734 (r2 = 0.64 with rs2229116) in RYR3 gene, is also associated with greater common cIMT (P < 2.82 × 10−6). These three SNPs lie between recombination hotspots, located within genomic regions 31579227–31580636 and 31718354–31725688 base pairs in chromosome 15 (Fig. 3). Whether the association is due to the direct effects of the missense mutation should be investigated in future studies of the gene in the laboratory. Of note, another SNP, rs12046077 in the RYR2 gene (an isoform of RYR3) appears to be associated with common cIMT (P-value < 1.40 × 10−5).

[image: Fig. 3]Fig. 3. A comprehensive distribution of 122 informative SNPs from the Illumina humanCNV370-quad beadchip in the RYR3 gene spanning from 31 390 469 to 31 945 595 base pairs genomic location in chromosome 15 and the –log (P-values) (left y-axis) of genomic association with common carotid IMT (cIMT). The blue colored SNP is the functional SNP (rs2229116) that was associated at the genomic significance level after Bonferroni adjustment. The colors of the other SNPs indicate the linkage disequilibrium (LD) (r2) in relation to rs2229116. The right y-axis is the recombination rate shown in blue graphical lines to define recombination hotspots within the RYR3 gene. The dotspot graph at the top represents the log10(p) values of common cIMT residual (after adjusting for age, HAART duration and first principal component) along with mean and median by genotype for rs2229116.



The sequenced RYR3 cDNA spans 15 564 base pairs and contains an open reading frame of 14 613 base pairs. RYR3, along with its two isoforms, RYR1 and RYR2 [37], are tetramers consisting of four identical subunits. The corresponding proteins have a molecular mass around 2200 kDa making these the largest ion-channel proteins that specifically release Ca+2 from intracellular stores following transduction of various extracellular stimuli [38]. RYR3 is found in human arterial endothelial cells and plays a role in endothelial vasodilation [39]; endothelial vasodilation is compromised in atherosclerosis. It is of interest that HIV-1 Tat, an important factor in viral pathogenesis, has been shown to cause endothelial dysfunction [40]. HIV-1 Tat can induce rapid loss of endoplasmic reticulum Ca+2 through the mediation of RYRs [41]. RYR has been shown to be upregulated in the atherosclerotic aorta of atherosclerosis-prone mice compared to atherosclerosis-resistant mice [42]. In a study of mice on western diet, oxidized LDL induced a dose-dependent rise in intracellular calcium in aortic endothelial cells and increased monocyte chemoattractant protein-1 production. Chemically inhibiting intracellular calcium alleviated the effect of oxidized LDL on monocyte chemoattractant protein-1 production [42]. Though future laboratory studies are needed to determine the functional relationship of these RYR3 SNPS with the pathology of atherosclerosis among ART treated HIV-infected patients, evidence in the literature creates a foundation for a role of RYR calcium signaling in the inflammatory process of atherogenesis in the artery.

Similarly, a deletion of the CNV region within the TCRA gene in chromosome 14 suggests an association with common cIMT. TCRA encodes one of two polypeptide subunits that make up immunoglobulin-like integral membrane glycoproteins on the receptors of T cells, which are responsible for recognizing antigens bound to MHC molecules. In one study, genomic region around TCRA has been localized for familial hypertrophic cardiomyopathy [43]. Other studies have shown the presence of T lymphocytes, mostly bearing alpha/beta TCR, in atherosclerotic lesions [44,45]. T lymphocytes are a key target of HIV itself.

The present study involves a relatively homogenous population of white men receiving HAART therapy. It is known that HIV and antiretroviral therapy both have a cumulative effect on risk factors for cardiovascular diseases, including atherosclerosis [1,4,5]. Most patients in industrialized nations are now treated with antiretroviral drugs. Like many cohorts, more than 94% of the FRAM individuals who had IMT performed had been on HAART and more than 97% had received antiretroviral drugs. Given these data, we cannot assess whether the genetic associations are unique to HAART. Although there was an adjustment for the differential duration of HAART, the cross-sectional measurements of IMTs are also a limitation of the study. Common cIMT can be measured with greater accuracy than the internal carotid artery [46]. As, the cIMT measure is reproducible, and valid [47,48], the observed association of SNPs in the RYR3 gene with common cIMT is convincing.

Another limitation with this study is the small sample size. On the basis of the simulation-based power calculation, assuming a SD of approximately 0.15 units (in log-scale), as for common cIMT, with the sample size of this present study, there is 80% power to detect differences in the log-transformed common cIMT log(cIMT) of at least 0.08 for SNPs with MAF of 10% and at least 0.06 for MAF 25%. But theoretically, there would be no power to detect significant difference considering multiple comparisons. Of note however, the minor allele frequency (MAF) for the strongest result was 18% and the observed difference in log(cIMT) between highest and lowest groups (two homozygotes) was about 0.33, which would theoretically correspond to an additive model difference of 0.17. Thus, the finding from this study, which passes even stringent Bonferroni adjustment, suggests a true association and needs to be evaluated further.

Continued research is needed to understand the effects of HIV infection and antiretroviral therapy on CVD risk. Large-scale, long-term longitudinal studies are necessary to resolve the conflicting findings regarding accelerated atherosclerosis in HIV-infected individuals treated with HAART, but such studies may not be feasible. Therefore, further research on the underlying genetic influences may illuminate the molecular mechanisms involved in atherosclerosis within and outside the context of HIV and its treatment. Although the resulting polymorphisms seen in this study need to be validated in larger cohorts within similar and other ethnic populations, these genetic variants should lead to identification of biological pathways for atherosclerosis in the context of HIV/HAART. This information could be used to develop innovative therapeutic or preventive interventions to reduce the burden of atherosclerosis in this high-risk population. Although the results from this study are preliminary, they show the potential for identification of atherosclerosis genes, particularly in the context of HIV and HAART treatment.
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