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Abstract 

 

Epigenetic Association with Estimated Glomerular Filtration Rate (eGFR) among HIV-infected 

Individuals 

By Junyu Chen 

 

People living with human immunodeficiency virus (HIV) infection have higher risk for chronic 

kidney disease (CKD), defined by reduced estimated glomerular filtration rate (eGFR). Previous 

studies have implicated epigenetic changes contributing to CKD, however, mechanism of HIV-

related CKD has not been thoroughly investigated. We conducted an epigenome-wide 

association studies of eGFR among 567 HIV-infected and 117 HIV-uninfected Veterans Aging 

Cohort Study (VACS) participants to identify epigenetic signatures of kidney function. By 

surveying over 400,000 CpG sites measured on peripheral blood, we identified 15 and 16 sites 

significantly associated with eGFR (false discovery rate q-value < 0.05) among the HIV-infected 

and total study population, respectively. The most significant CpG sites, located at MAD1L1, 

TSNARE1/BAI1, and LTV1, were all negatively associated with eGFR (cg06329547: p-value of 

5.2510-9; cg23281907: p-value of 1.3710-8; cg18368637: p-value of 5.1710-8). These 

identified associations were not significant among HIV-uninfected participants. We also 

replicated previously reported eGFR-associated CpG sites including cg17944885 located 

between ZNF788 and ZNF20 on chromosome 19 (p-value of 2.510-5). Our findings highlighted 

novel epigenetic associations with kidney function among people living with HIV, and suggested 

potential epigenetic mechanism linked with HIV-related CKD risk.  
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Literature Review 

Chronic Kidney Disease (CKD) is a significant public health concern with increasing numbers of 

individuals affected in the world(1). CKD affected an estimated 16.8% of U.S. adults aged 20 years and 

older in the period from 1999 to 2004(2) and caused 956,000 deaths globally in 2013(3). Individuals 

with an estimated glomerular filtration rate (eGFR) <60 ml/min/1.73 m2 are diagnosed CKD because 

this level or lower represents loss of at least half of the adult level of normal kidney function. 

 

Human immunodeficiency virus (HIV) infected individuals are at increased risk of getting CKD, which 

is associated with higher mortality(4, 5). HIV-related renal dysfunction has been reported across several 

populations. In South Africa, it is estimated that 650,000 patients developed human immunodeficiency 

virus (HIV)-related renal disease(6). Clinically meaningful renal injury developed in HIV-infected 

Koreans receiving Tenofovir disoproxil fumarate(7). Among middle-aged individuals from the HIV 

outpatient clinic of the Academic Medical Center in Amsterdam, HIV infection was independently 

associated with renal impairment(8). 

 

The pathogenesis of HIV-related CKD can be multifactorial: exposure to HIV viremia as well as 

traditional risk factors such as hypertension, diabetes and smoking may be independent predictors(9). 

Also, Tenofovir, ritonavir-boosted atazanavir, and ritonavir-boosted lopinavir use may partially explain 

the higher burden of kidney dysfunction compared with uninfected men(10). Moreover, HIV infection 

can increase histone methylation (H3K4 trimethylation) at the vitamin D receptor (VDR) promoter, 

which would display enhanced expression of SNAIL, a repressor of VDR in renal cells(11). However, 

the epigenetic markers and other types of molecular mechanisms for HIV-related CKD haven’t been 
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investigated thoroughly. 

 

Previous studies suggested that epigenetic changes were associated with CKD. Differential methylation 

of 389 CpG sties in 187 genes were significantly associated with end-stage renal disease (ESRD) among 

patients with diabetes(12). Recent epigenome-wide association study (EWAS) demonstrated that DNA 

methylation sites in more than 40 genes were associated with eGFR(13-15).  

 

Besides CKD, previous researches have connected DNA methylation with diverse kinds of kidney 

diseases. Reports indicate that DNA methylation patterns of kidney fibroblasts differ between control 

and diseased kidneys and hypermethylation of the RAS Protein Activator Like 1 (Rasal1) promoter 

contributes to activation of fibroblasts and progression of kidney fibrosis(16-18). KLOTHO 

methylation is associated with uremic toxins and uremic toxin-induced CDK(19). Decreased 

methylation of p66Shc promoter, a member of the ShcA (Src homologous- collagen homologue) 

adaptor protein family, has been observed in patients with ESRD(20). Significant hypomethylation of 

two CpG sites within Interferon Induced Protein 44 Like (IFI44L) promoter were associated with renal 

damage among systemic lupus erythematosus (SLE) patients(21).  
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Introduction 

Human immunodeficiency virus (HIV) infection continues to be a global pandemic with high 

prevalence, incidence and mortality(22). Approximately 36.7 million people living with HIV 

(PLWH) and 1.8 million cases of incident HIV infection with 1.0 million people died from 

HIV-related diseases globally by the end of 2016(23). In mid-2017, approximately 20.9 

million PLWH were receiving antiretroviral therapy (ART) globally(23). Although ART is 

proven to suppress viral replication and improve the life expectancy of persons with HIV 

infection(23-26), PLWH have increased risk for chronic inflammation, premature aging, and 

metabolic disorders(27, 28) (e.g., diabetes, hyperlipidemia, and abnormal body fat 

composition), which are associated with renal impairment(29, 30).   

 

Chronic kidney disease (CKD), which emerged as a common complication of both HIV 

infection and its treatment, has been a critical cause of shortening the life span of PLWH(5, 

28, 30-34). The pathogenesis of HIV-related CKD can be multifactorial: it can be linked to 

direct exposure to HIV viremia, superinfections and the systematic immune response to 

infection(28, 34-38), as well as traditional CKD risk factors such as increased body mass 

index (BMI), hypertension, diabetes and cigarette smoking (9, 39-43); ART regimens may 

partially explain the higher burden of kidney dysfunction compared with uninfected men(10, 

44, 45); the genetic predisposition to HIV-associated CKD is largely due to variants in the 

APOL1 gene among PLWH with African ancestry(46, 47). However, our understanding of the 

underlying molecular mechanisms and pathophysiologic pathways of developing HIV-related 

CKD remains largely unknown. To further improve the health outcomes of PLWH, we need 
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to identify novel biomarkers and to better understand molecular mechanisms contributing to 

the progression and onset of HIV-related CKD(48). 

 

While genetic factors including common and rare genetic variants, copy number variation, or 

mitochondrial mutations can confer a disease risk, epigenetic modifications can be another 

molecular mechanism regulating disease susceptibility (49, 50). Epigenetics refers to a 

heritable change in the pattern of gene expression that is mediated by a mechanism 

specifically not due to alterations in the primary nucleotide sequence(51, 52). Epigenetics risk 

profiles can be used as potential drug targets for clinical use(53). Recent advances in genomic 

technologies and the epigenome-wide association study (EWAS) design have enabled large-

scale studies of epigenomic signatures associated with human diseases(54). In fact, DNA 

methylation, the most studied epigenetic modification at the population level, has been 

associated with kidney disease traits(16-21). Previous EWAS identified several DNA 

methylation sites associated with estimated Glomerular Filtration Rate (eGFR)(12-15), which 

is widely used to assess the excretory function of the kidneys and to diagnose CKD. 

However, these EWAS results were not consistent across studies and populations with 

different degree of severity or causes of CKD. The epigenetic association with eGFR and 

CKD has not been investigated among PLWH. 

 

Characterizing DNA methylation patterns related to CKD caused by HIV infection and its 

treatments is essential for assessing treatment strategies and relieving the burden for this 

population. We utilized the EWAS approach to identify differential DNA methylation related 
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to the risk for HIV-associated CKD. We applied a stringent quality control procedure and 

carefully controlled for confounders to examine previously identified CKD-associated CpG 

sites and to discover novel epigenetics changes associated with eGFR among PLWH. 
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Methods 

Samples and phenotypes 

The phenotypic and epigenetic data were from the Veterans Aging Cohort Study (VACS), 

which is an observational, prospective study of HIV-infected and age, race/ethnicity, sex, and 

site-matched uninfected veterans in care at the Department of Veterans Affairs (VA) medical 

centers across the US. The VACS was approved by the Human Research Protection Program 

of Yale University and Institutional Research Board committee at the Connecticut Veteran 

Healthcare System, West Haven Campus(55, 56). All VACS participants provided written 

consent. 

 

We included 567 HIV-infected and 117 HIV-uninfected participants with both phenotypic and 

epigenome-wide DNA methylation data for this study. A questionnaire was completed by 

each subject at the baseline to collect clinical information, including the presence of chronic 

health conditions such as diabetes, information on cigarette smoking, anti-hypertension 

medication and antiretroviral treatment(57). Laboratory values such as total white blood cell 

counts and CD4 counts were enumerated at the time of peripheral whole blood samples 

collection(56, 57). The eGFR was calculated from standardized creatinine levels, sex, race, 

and age using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) 

equation(58). All individuals with an eGFR less than 60 ml/min/1.73 m2, are classified as 

having CKD regardless of the presence of kidney damage because reduction to this level or 

lower represents loss of half or more of the adult level of normal kidney function. VACS 

index score, a HIV mortality risk score introduced in VACS study, was enumerated by 
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summing preassigned points for age, routinely monitored indicators of HIV disease and 

general indicators of organ system function(59). 

 

Epigenomic data generation, quality control and processing 

Genomic DNA was extracted from whole-blood samples using PAXGene collection tubes 

(QIAGEN, Hilden, Germany) and FlexiGene DNA extraction kits (QIAGEN), and stored 

using standard techniques. The Illumina Infinium HumanMethylation450 Beadchip (450K; 

Illumina, San Diego, CA, USA), which targets more than 480,000 CpG sites in the human 

genome, was utilized for genome-wide DNA methylation profiling at the Yale Center for 

Genomic Analysis. All samples were randomly placed on each array and across arrays to 

reduce batch effect by confounding.  

 

Quality control procedures were performed to exclude problematic samples and CpG sites for 

analysis: 1. Intensity values with detection P ≥0.001 were set to missing for each site, and 927 

CpG sites with a missing rate over 5% were removed; 2. All samples passed a call rate > 95% 

(i.e., missing rate < 5%); 3. 35,605 probes were removed because they were within 10 base 

pairs from a single-nucleotide polymorphism (SNP); 4. 24,749 CpG sites were removed as 

they mapped to multiple genomic locations. Following Illumina's control probe scaling 

procedure, all raw intensity values were quantile normalized using limma in R package.  

Normalized intensity values were then used to generate a methylation score (β value = 

Methylated allele intensity / (Unmethylated allele intensity + Methylated allele intensity + 

100) for each CpG site, ranging from 0 representing unmethylation to 1 for complete 
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methylation(60).    

 

DNA methylation age (DNAm age) was calculated by a web-based calculator 

(https://dnamage.genetics.ucla.edu/) using preselected age-related CpG sites and an algorithm 

developed by Horvath (2013)(61) . A t-test were performed to assess the difference of DNAm 

age difference (DNAm age – chronological age) between HIV-positive and HIV-negative 

groups. Linear regressions were modeled to examine the association between DNAm age and 

chronological age, as well as eGFR. Heterogeneous cell type proportions across individuals 

in blood and other tissues is a well-established confounder in epigenetic epidemiological 

studies. (62). Using probes from the 450K array that were highly correlated with six cell 

types (CD4+ T cells, CD8+ T cells, NK T cells, B cells, monocytes, and granulocytes) in the 

blood and estimated the cell type proportions, and an algorithm developed by Houseman, et 

al(63) (implemented in the R minfi package), we calculated cell type proportions for each 

participant. These estimated cell type proportions were subsequently adjusted in the 

epigenetic association analyses. 

 

Assessment and adjustment of potential confounding factors 

We conducted multivariate linear regression to quantitative variables, such as DNAm age, race, 

smoking status, diabetes, antihypertension drug usage and six methylation-estimated cell types, 

as a function of eGFR, controlling for chronological age, which are known epigenetic 

modifiers(64, 65). Variables with p < 0.05, along with previously established function of eGFR, 

were subsequently adjusted as covariates in the EWAS model. 

https://dnamage.genetics.ucla.edu/
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Principle components analysis 

The population stratification is a potential confounder in EWAS(66). To address population 

stratification in the VACS sample(60), we performed a principal component analysis (PCA), 

using an analytical approach developed by Barfield et al.(67). We created a pruned dataset that 

kept only CpG sites within 50 bp of a genetic variant and used prcomp function in Factoextra 

R package to calculate the principal components (PCs). We included the top 10 PCs as 

covariates in the EWAS of eGFR. 

 

Statistical methods 

For autosomal analysis, mixed linear regression models for the effect of methylation status at 

individual CpG sites on eGFR included random effect for chip regardless of HIV-infection 

status were regressed out using nlme R package. The final adjusted models for the EWAS 

included age, race, BMI, average systolic blood pressure (SBP), HIV-infection status, HCV-

infection status, smoking status (current smoking vs. noncurrent smoking), diabetes status, 

anti-hypertensive drug usage, 6 cell type proportions and top 10 PCs. We also performed 

epigenetic association analyses stratified by HIV infection status using the same covariates 

excluding HIV-infection status. To corrected for multiple testing in the EWAS, we applied false 

discovery rate (FDR) q-value of 0.05, and the conservative Bonferroni Corrected p-value of 

0.05 as significance thresholds. To replicate previous findings in non-HIV population (Smyth, 

2014 (13)and Chu, 2017(14)), we analyzed and compared their associations with eGFR in the 

VACS samples. In this VACS sample of male veterans, we also separately examined DNA 
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methylation of 11,232 CpG sites on the X chromosome within pooled sample using the same 

statistic model as above(68).    

 

Results 

After quality control, the analysis dataset included 412,583 unique CpG sites in 567 HIV-

infected and 117 HIV-negative participants. The characteristics of the phenotypic variables 

were summarized in table 1. All subjects were males with an average age of 52.0 years. More 

participants self-reported black race in the HIV positive group than that in the HIV negative 

group (85% vs. 62%). HIV-infected participants had a higher rate of HCV infection (58% vs. 

28%) and lower BMI (25.5 vs 30.7 kg/m2). However, the prevalence of diabetes was lower 

among HIV-infected participants than that in the uninfected controls. The eGFR was, on 

average, 3.4 mL/min/1.73 m² higher among the HIV-infected compared to the controls, but not 

statistically significant (p-value of 0.24). Additional clinical and biochemical characteristics of 

the study population are presented in Table 1. 

 

To determine the covariates for adjustment, we first examined the associations of each variable 

with the eGFR. Because age was used to calculate eGFR and was a known epigenetic modifier, 

we always controlled for age while testing the association of the other variables. Race, BMI, 

anti-hypertensive medication use, SBP and cell type proportions were significantly associated 

with eGFR (Table 2). In addition, VACS index score and SCD14 were associated with eGFR 

among HIV-positive group. Diabetes, current smoking status, HIV-infection status and ART 

were not significantly associated with eGFR in this study, showing heterogeneous 



11

11 

characteristics comparing to non-HIV studies(23, 69, 70). Because of previous evidence of 

eGFR association and epigenetic modification, we controlled for diabetes, current smoking and 

HIV-infection status as potential confounders in the EWAS of eGFR.  

 

DNAm age was correlated with chronological age (r = 0.72, p-value < 2.2  10-6) as previously 

reported(57) (Table 1). DNAm age was, on average, one-year older than chronological age (P 

= 0.0002). The difference between chronological age and DNAm age is not significantly 

associated with HIV infection after controlling for diabetes, current smoking, HCV infection 

and 6 cell type proportions (P = 0.34). Also, the difference of chronological age and DNAm 

age was not significantly associated with eGFR after adjusting for all potential confounders in 

the whole study population that was previously discussed (P = 0.67).  

 

Figure 1a (Manhattan plot) and table 3 presented 16 CpG sites significantly associated with 

eGFR at the FDR less than 0.05 among the whole study population adjusted for covariates. A 

Quantile-Quantile plot (QQ plot, Figure 1b) comparing the observed p-values to the expected 

p-values for this EWAS indicated a low level of global inflation (genomic control inflation 

factor = 1.02). As a result, we did not further control for inflation as the covariate adjustment 

including the PCs sufficiently control for spurious associations. The test statistics and 

annotations of 16 epigenome-wide significant CpG sites were summarized in Table 3. Fifteen 

of these 16 significant CpG sites were negatively associated with eGFR (i.e., hypermethylation 

among patients with declined renal function) while only one CpG site was positively associated 

with eGFR. Fifteen out of 16 eGFR- associated CpG sites identified in the pooled samples were 
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also statistically significant among the HIV-infected group (Table 3). However, the significance 

of these sites was largely inconsistent among HIV-negative group (Table 3). Corresponding 

Manhattan plots and QQ plots of EWAS stratified by HIV-infection status were shown in figure 

1c-f. Figure 1d and 1f indicated a low level of global inflation for both PIWH and HIV-negative 

group (genomic control inflation factor = 0.996 and 1.03). 

 

Using a more stringent threshold of Bonferroni corrected p-value of 0.05 (i.e., Pnominal < 10-7), 

three CpG sites, cg06329547, cg23281907 and cg18368637, remained significant. These three 

CpG sites are located within genic regions of Mitotic Arrest Deficient Like 1 (MAD1L1), T-

SNARE Domain Containing 1/ Brain-Specific Angiogenesis Inhibitor 1 (TSNARE1/BAI1), and 

LTV1 Ribosome Biogenesis Factor (LTV1), respectively. One CpG site in MADA1L1, 

cg06329547, showed higher methylation levels among patients with lower eGFR, with 1% 

increase in β value associated with 2.54 unit decrease of eGFR (95% CI: -3.38, -1.70; p-value 

of 5.25  10-9). One significant CpG site, cg23281907, located between genes TSNARE1 and 

BAI1 (position: 143509372-143509630), was also negatively associated with eGFR, with 1% 

increase of beta-value associated with 2.20 unit decrease of eGFR (95% CI: -2.95, -1.45; p-

value of 1.3710-8). Another significant CpG site in LTV1, cg18368637, was associated 

reversely with eGFR, with 1% increase in β value associated with 1.85 unit decrease of eGFR 

(95% CI: -2.52, -1.20; p-value of 5.1710-8). These three CpG sites showed similar effect size 

on eGFR within HIV-infected patients and the associations remained statistically significant, 

but such significant associations were absent in HIV-negative group. The regional plots (Figure 

2) showed all tested CpG sites in the neighboring regions of these three sites, and additional 
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association signals with eGFR within these regions. There are 11(12.5%), 34 (6.0%) and 16 

(5.4%) CpG sites with p-value less than 0.05 in regions for cg06329547, cg23281907 and 

cg18368637 respectively. No statistically significant CpG sites were identified in the X 

chromosome.  

  

Previous studies have identified several CpG sites that showed differential DNA methylation 

associated with eGFR. Smyth, et al(13) reported 23 genes with at least one CpG site 

significantly associated with eGFR. However, Chu 2017(14) reported lack of replication in a 

much larger EWAS of eGFR including 2,264 participants from the Atherosclerosis Risk in 

Communities Study and 2,595 participants from the Framingham Heart Study. They reported 

18 CpG sites significantly associated eGFR. We sought to replicate these findings in our study 

of HIV-infected and uninfected participants. We successfully found significant differential 

methylation of cg17944885 located between Zinc Finger Family Member 788 (ZNF788)/ Zinc 

Finger Protein 20 (ZNF20) on chromosome 19 (P = 2.5  10-5) (Table 4). In addition, there were 

5 sites with p-values less than 0.05 (cg23591762, cg16428517, cg19942083, cg06158227 and 

cg27660627). The replicated association between all 19 CpG sites and eGFR showed 

consistency with Chu, et al in directionality(14).  

 

Discussion 

HIV-1 viremia and its corresponding treatments are known to be responsible for development 

of CKD and decrease of eGFR(30, 34). However, the pathogenesis has not been studied 

thoroughly. Previous reports demonstrated that HIV infection could accelerate epigenetic aging 
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in blood tissues(71). We hypotheses that epigenetic aging may contribute to aging-related 

pathologies of CKD. Therefore, we explored the relationship between chronological age and 

DNAm age, HIV status and eGFR in the hope of building the bridge between HIV infection 

and CKD. DNAm age, a marker of biological aging, was approximately, on average, one-year 

older than chronological age (P = 0.0002), illustrating accelerated epigenetic aging among our 

study population. However, the difference between DNAm age and chronological age was not 

associated with neither HIV or eGFR, suggesting that epigenetic aging might not be a path 

between HIV and eGFR.  

 

Using an EWAS approach, we detected 16 significant CpG sites after correction for multiple 

testing. The most significant CpG site cg06329547 is located in MAD1L1, which is a key 

component of the mitotic spindle-assembly checkpoint. MAD1L1 is known to serve as an 

important checkpoint that prevents the onset of anaphase until all chromosome are properly 

aligned at the metaphase plate during mitotic spindle-assembly(72). MAD1L1 was recently 

suspected to contribute to prostate cancer, gastric cardia carcinoma, bipolar disorder and 

schizophrenia(73-76). Precisely how epigenetic changes in MAD1L1 is causing different eGFR 

remains unknown, however, MAD1L1 functions as a homodimer to code Mitotic-Arrest 

Deficient 1 (MAD1) protein, which inhibits maturation and expansion of T-lymphocytes by 

modulating expression of growth-regulating genes(77). MAD1 was reported to be targeted by 

Human T cell leukemia virus type 1 during virus transformation(78). Reduction of MAD1 may 

play a role in modulating specific immune responses to HIV epitopes and polyclonal  

gammopathy, both of which result in the formation of circulating immune complexes that are 
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deposited in the glomerular capillary tuft. Additionally, defects in MAD1L1 are involved in the 

development and/or progression of various types of cancer including kidney carcinomas(79), 

suggesting that MAD1L1 is a target for cancer immune evasion. Regulation of MAD1L1 

expression modulates host defense, which involves in the mechanisms of HIV-associated 

immune-mediated kidney diseases.  

 

Another significant CpG site is cg23281907 in genes TSNARE1 and BAI1. Gene TSNARE1  

participates in SNARE binding and SNAP receptor activity and may therefore have a 

vertebrate-specific function in intracellular protein transport and synaptic vesicle exocytosis. 

Interestingly, Both the top 2 significant genes MAD1L1 and TSNARE1 were estimated to be 

associated with susceptibility of Schizophrenia / Bipolar Disorder(75, 76, 80). Schizophrenia 

is associated with a nearly 25% increase in the risk of developing CKD(81). We speculate that 

both genes MAD1L1 and TSNARE1 might be key effectors in the development of 

schizophrenia-related CKD, which might have similar pathways as other types of CKD. BAI1 

(ADGRB1) is associated with transmembrane signaling receptor activity(82). A function of 

gene ADGRB1 is to mediates bacterial killing(83). BAI1 is likely to play a significant role as a 

mediator of the p53 signal in suppression of glioblastoma(82). Coherently, the tumor 

suppressor protein p53 strongly alters human immunodeficiency virus type 1 replication(84). 

Also, deletion of p53 was reported to protect kidneys from functional and histologic 

deterioration by decreasing necrosis, apoptosis, and inflammation. BAI1 might have regulated 

the impact of p53 in protection from kidney diseases during HIV infection, but further studies 

are needed to clarify this.  
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Another significant CpG site in LTV1, cg18368637, was differentially methylated associating 

with eGFR. Diseases associated with LTV1 include Spinal Cord Disease. LTV1 was established 

to be overexpressed in lung and breast, and it was linked to Spinal Cord Disease(85). However, 

the association with HIV-related CKD has not been investigated. Several differential CpG sites 

that reached FDR q < 0.05 failed to retain significance after Bonferroni Correction, but they 

may be biologically relevant. Some of them were also located on or between genes involved in 

the development of neural diseases. Our study points out increased DNA methylation 

associating with eGFR in genes DLG Associated Protein 2 (DLGAP2) and LIM Homeobox 

Transcription Factor 1 Alpha (LMX1A), which were reported to contribute to development of 

Northern Epilepsy, Parkinson's disease(86, 87). Patients with CKD are frequently afflicted with 

neurological complications that can potentially affect both the central and peripheral nervous 

systems(88). Even though the cause-consequence relationships between methylation of these 

genes, kidney failure and neural diseases are unknown, we speculate some of the significant 

CpG sites from our study are consequences of eGFR rather than predictors, and they are likely 

to involves in formation of neurological disorders caused by CKD. In other hand, a set of 

candidate genes including Laminin Subunit Alpha 2 (LAMA2), Apolipoprotein B (APOB), 

Neuropeptide Y Receptor Y2 (NPY2R) and PQ Loop Repeat Containing 2 (PQLC2) are 

associated distinct types of metabolic diseases(89-92), which can be responsible to renal 

impairment. The results raised a possibility that low values of eGFR in some of our study 

subjects might be due to different causes other than HIV infection and its treatments, and the 

above genes might involve in these mechanisms. 
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EWAS results among patients with HIV infection showed a similar set of CpG sites that were 

associated with eGFR changes. However, we cannot replicate these results in the EWAS among 

HIV negative participants. This heterogeneity might prove that indicated CpG sites in our study 

are associated with CKD caused only by HIV infection and its treatments. However, there is 

concern that this difference might be due to the small amount of HIV negative participants and 

the lack of power to detect true significant CpG sites among this group. Further study recruited 

more HIV negative subjects is needed to confirm this result.  

 

Because all subjects in VACS were male, we separately analysis epigenetic changes in X 

Chromosome. There were no norminal significance signals found in this analysis. Further study 

is needed to confirm this result.   

 

One smaller EWAS of eGFR were conducted using the HM450K array on whole blood to 

compare DNA methylation of 255 CKD cases vs.152 controls and more than 50 candidate sites 

were reported. Chu 2017, an EWAS of eGFR based on 2264 ARIC Study subjects and 2595 

Framingham Heart Study participants, performed replication analysis those CpG sites and most 

of the results could not be successfully replicated. We also tried to analyze these CpG sites 

separately and we got similar results as Chu 2017. Only one site, cg17500228 in gene Exocyst 

Complex Component 3 (EXOC3), showed association with P < 0.05 (Smyth 2014: P = 1.5710-

14, Chu 2017: P = 0.0002, VACS: P = 0.0095). EXOC3, which is essential for protein binding, 

exocytosis and protein transport, was established to be a key effector to HIV-1 Nef protein-
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mediated enhancement of nanotube formation(93). Nef protein was suggested to play a 

pathogenesis role in HIV-associated nephropathy(28). Of 19 significant sites implicated across 

Chu 2017, cg17944885 in between ZNF788/ZNF20 showed significant association with eGFR 

in our study (P = 2.510-5). Genes ZNF788 and ZNF20 were both be linked to transcriptional 

regulation(94). Five other candidate sites showed associations with P < 0.05, from which we 

confirm that Protein Tyrosine Phosphatase, Non-Receptor Type 6 (PTPN6) and Ankyrin Repeat 

Domain 11 (ANKRD11) may be a promising candidate gene for further experimental 

evaluation(14). The poor associations of the other previously implicated CpG sties might be 

due to differences in the severity or causes of CKD or differences in confounders adjustment, 

or a combination of the above. 

 

A limitation of our study is that we selected the sample based on HIV status, thus, the sample 

size might not be well-powered enough to detect true associations for eGFR. We found that 

known determinants of CKD such as current smoking and diabetes were not significantly 

correlated with eGFR in our sample population, which may be due to restricted number of 

CKD cases. However, in order to avoid potential confounding, we controlled current smoking 

and diabetes in our analysis models. HIV infection and its treatments, respectively, had a 

reverse relationship with eGFR, but the linkages were weak, which may attribute to the lack of 

patients with CKD as well. Therefore, we were unable to distinguish between epigenetic 

changes due to decreasing eGFR that were caused by HIV infection, HIV therapy regimens, or 

other factors. Further studies with larger number of HIV-related CKD cases are needed to fully 

understand the impact of HIV-related CKD on the DNA methylation patterns.  
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A potential limitation of VACS is that blood derived DNA were used rather than DNA obtained 

from affected and unaffected kidneys. Direct evaluation of methylation chances in kidney 

tissues is not readily available for human population-based studies(13). Therefore, we identify 

epigenetic changes from peripheral blood leucocytes, a readily accessible source that may have 

relevant function in a routine clinical setting. Recent publications showed similar trait-

associated differentially CpG sites in blood and in the target tissues, suggesting that DNA 

methylation in blood can serve as an indicator of methylation in other tissues(14, 95, 96). 

Another limitation, inherent to the use of the 450K array, is that the discovery potential of DNA 

methylation screening is restricted because of the inability to detect 5-hmC modifications and 

low coverage rate of total human DNA methylation. Additionally, we suspect that anti-

hypertension drug use might not be an ideal proxy for hypertension status: some patients 

without hypertension might use anti-hypertension drug to prevent hypertension and some 

patients with hypertension might not be taking any treatments. Further investigations are 

needed to evaluate this relation. We were also unable to examine the function of roles of 

indicated CpG sites for eGFR. Further studies performing pathway analysis to investigate the 

regulatory mechanism of methylation alteration in reported genes will provide insight into the 

methylation mechanisms.   

 

Despite the limitations of this study, there are some undeniable strengths of our study: 1) This 

is the first attempt to investigate the relationship between HIV infection and its treatment, DNA 

methylation aging and CKD using a unique dataset; 2) This the first EWAS of eGFR that 
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examine the impact of HIV infection as an effect modification; 3) Previously indicated and 

biologically meaningful methylations of EXOC3, PTPN6 and ANKRD11 were replicated in our 

study sample. The highlighted methylation signals illustrate the key role of epigenetic changes 

in the complex mechanism for development and progression of HIV-related CKD. 

Identification of a genetic-epigenetic profile that contribute to HIV-related CKD is a crucial 

step towards early diagnosis and health benefits for affected individuals.  
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Table 1. Demographic and clinical characteristics of the samples  

Characteristic 
Total  

(N=684) 

HIV Positive  

(N=567) 

HIV Negative  

(N = 117) 
P-value 

eGFR (mL/min/1.73 m²) 98.4 (32.90) 99.0 (34.00) 95.6 (26.90) 0.243 

Chronic Kidney Diseases  56 (8%) 47 (8%) 9 (8%) 0.9643 

Age(years) 52.0 (8.01) 52.0 (7.82) 53.2 (8.83) 0.169 

BMI (kg/ m²) 26.4 (5.51) 25.5 (4.67) 30.7 (7.08) <0.0001 

Race/Ethnicity       <0.0001 

      White 88 (13%) 58 (10%) 30(26%)   

      Black 554 (81%) 481(85%) 73(62%)   

      Hispanic 24 (3.5%) 15 (3%) 9 (8%)   

      Other 18 (2.6%) 13 (2%) 5 (4%)   

Smoking status       0.0283 

      None 142 (20%) 115 (20%) 27 (23%)   

      Current 376 (55%) 324 (57%) 52 (44%)   

      Past 166 (24%) 128 (23%) 38 (23%)   

Anti-hypertensive medication 497 (73%) 402 (71%) 95 (81%) 0.2067 

Hepatitis C 362 (53%) 329 (58%) 33 (28%) <0.0001 

Diabetes 156 (23%) 115 (20%) 41 (35%) 0.0008 

Laboratory values         

      CD4* - 425.0 (277.67) - - 

      Systolic BP 129.3 (14.46) 129.3 (14.73) 129.3 (13.13) 0.107 

      Diastolic BP 79.1 (9.53) 79.4 (9.35) 77.7 (10.29) 0.169 

VACS index score  - 34.5 (21.27) - - 

ART  - 472 (83%) - - 

DNA methylation age 53.1 (8.62) 53.6 (8.64) 51.1 (8.24) 0.0033 

Estimated Glomerular Filtration Rate (eGFR); Body mass index (BMI); human immunodeficiency virus (HIV); 

Veterans Aging Cohort Study Index score (VACS index score); Antiretroviral therapy (ART) 
*: Among HIV negative group, only two people had data on CD4 count.  
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Table 2. Summary statistics of associations between covariates and eGFR. 

Tested variable Effect SE P-value 

Black-Race* 13.4  3.71 0.0003  

BMI -0.35  0.04 0.1284  

Current Smoking 2.3  3.11 0.4665  

Anti-Hypertensive Drug* -8.5  2.89 0.0033  

HIV 2.2  3.40 0.5211  

Hepatitis C * 5.2  2.55 0.0426  

Diabetes -2.0  3.01 0.5079  

CD4 <0.01  <0.01 0.5730  

HIV Virus load <0.01 <0.01 0.8506  

SBP* -0.2  0.09 0.0350  

DBP -0.1  0.13 0.5056  

CD8T* 48.2  15.77 0.0023  

CD4T 19.0  19.79 0.3382  

NK 29.4  23.07 0.2030  

B cell* 110.6  25.71 <0.0001 

Mono -28.0  34.12 0.4125  

Gran* -41.2  9.98 <0.0001 

ART -0.9  2.74 0.7506  

DNAm age - Age 0.1  0.21 0.6485 

Estimated Glomerular Filtration Rate (eGFR); Body mass index (BMI); human immunodeficiency virus (HIV); systolic 

blood pressure (SBP); diastolic blood pressure (DBP); Antiretroviral therapy (ART); DNA methylation age (DNAm 

age) 

*Significantly correlated with eGFR.
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Table 3. Top ranked CpG sites exhibiting differential DNA methylation for eGFR, controlled for Age, Race, BMI, Average SBP, HIV, HCV, 

Smoking, Diabetes, Anti-hypertension medication use, Cell types proportion and top ten principle components (FDR q<0.05) 

CpG sites CHR Position Closest Gene 
Total  HIV positive  HIV negative 

Effect  SE P-value Effect SE P-value Effect SE P-value 

cg06329547 7 1937739 MAD1L1 -253.8  42.85  5.2510-9 -260.6  44.45  8.2810-9 358.6  482.47  0.4599  

cg23281907 8 143509556 TSNARE1/BAI1 -219.9  38.22  1.3710-8 -228.5  40.63  3.1010-8 -133.3  148.91  0.3739  

cg18368637 6 144179905 LTV1 -185.8  33.70  5.1710-8 -181.4  36.45  8.9310-7 -166.0  95.02  0.0852  

cg07796977 8 962467 ERICH1-AS1 -414.7  77.42  1.2010-7 -456.2  81.12  3.1210-8 488.6  319.73  0.1311  

cg17461641 1 164023978 - -309.3  59.02  2.1910-7 -322.7  66.57  1.6810-6 -232.8  124.43  0.0657  

cg03658275 6 129285274 LAMA2 -150.7  28.90  2.5310-7 -162.0  33.15  1.3910-6 -88.0  58.75  0.1388  

cg17355919 5 1331538 CLPTM1L -403.2  78.97  4.4010-7 -438.2  84.28  2.9310-7 -65.4  244.59  0.7901  

cg03012642 2 21346892 APOB -432.6  85.24  5.1210-7 -439.0  89.99  1.4410-6 49.5  390.81  0.8996  

cg14220251 1 19653075 PQLC2 303.9  59.96  5.3110-7 276.7  68.59  6.3310-5 325.3  113.28  0.0054  

cg05267756 1 165329719 LMX1A/RXRG -238.9  47.50  6.4310-7 -244.2  51.90  3.2910-6 -127.2  119.68  0.2916  

cg08198773 8 1697536 DLGAP2/CLNB -429.5  86.76  9.5510-7 -490.7  97.16  6.210-7 -77.6  213.91  0.7181  

cg04525441 10 1509792 ADARB2 -443.8  89.85  1.0110-7 -449.7  96.44  4.0010-6 -77.5  287.44  0.7883  

cg21875401 17 12541750 LINC00670 -284.3  58.06  1.2510-7 -285.7  63.03  7.3010-6 -194.6  159.61  0.2271  

cg10657250 4 156136570 NPY2R -459.8  94.96  1.6210-7 -531.0  103.29  3.9410-7 389.4  250.59  0.1248  

cg11796565 19 13205681 NFIX 79.9  16.55  1.7410-7 89.8  18.46  1.5210-6 28.4  37.73  0.4535  
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Table 4. Replication analysis of eGFR-DNA methylation in ARIC and FHS study. 

CpG Sites CHR Position Gene 

Meta-analysis of 

ARIC and FHS  

VACS  VACS VACS 

Total HIV positive HIV negative 

P-value β P-value β P-value β P-value 

cg17944885 19 12225735 ZNF788/ZNF20 1.22810-23 -176.9  2.510-5 169.00  0.0005  -165.10  0.0499  

cg23597162 7 28102341 JAZF1 2.8210-19 -130.9  0.0001  135.07  0.0008  -181.78  0.0043  

cg04036920 11 33562503 C11orf41 2.38710-15 -42.0  0.2114  -38.29  0.3085  10.97  0.8941  

cg00501876 3 39193251 CSRNP1 3.62310-15 -20.7  0.7033  13.92  0.8266  -240.05  0.0445  

cg00994936 19 1423902 DAZAP1 3.25910-11 70.7  0.1122  76.82  0.1307  10.07  0.9170  

cg16428517 16 3317428 MEFV/ZNF263 1.16610-10 -224.2  0.0008  193.11  0.0159  -248.22  0.0581  

cg11950754 1 53782077 LRP8 2.00610-10 -30.1  0.4604  -23.88  0.6296  -20.63  0.7748  

cg12065228 1 19652788 PQLC2 2.19610-10 33.9  0.1859  33.58  0.2424  33.21  0.6021  

cg10750182 10 73497514 C10orf105 4.96210-10 -23.2  0.7059  -4.99  0.9428  -297.96  0.0561  

cg09022230 7 5457225 TNRC18 5.22210-10 13.6  0.7268  14.70  0.7438  28.57  0.7274  

cg19942083 12 7070562 PTPN6/PHB2, 7.17410-10 80.9  0.0050  75.67  0.0165  45.80  0.5951  

cg06158227 15 43662311 TUBGCP4 8.48210-10 -196.4  0.0065  230.16  0.0075  -3.75  0.9784  

cg27660627 16 89461803 ANKRD11 9.93910-10 -125.6  0.0104  175.70  0.0022  45.92  0.6181  

cg12116137 17 1576449 PRPF8 5.27710-9 5.8  0.7964  -8.32  0.7545  91.34  0.0284  

cg04460609 4 16532808 LDB2 7.85410-9 -31.5  0.2826  -27.98  0.4010  -64.95  0.3433  

cg19497511 2 238609807 LRRFIP1 3.45110-8 -2.7  0.9508  -14.49  0.7723  16.16  0.8875  

cg22515589 17 79426432 BAHCC1 6.43710-8 26.9  0.6820  25.79  0.7484  43.31  0.7129  

cg13296238 3 127323965 MCM2 1.45310-5 34.8  0.5834  25.45  0.7291  160.12  0.2666  
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Figure 1. Autosome Epigenome-wide association with eGFR in pooled sample (N=684, 1a, 1b), HIV 

positive group (N=567, 1c, 1d) and HIV negative group (N=117, 1e, 1f).  
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Figure 2. Regional Plots of DNA methylation site of cg06329547, cg23281907 and cg18368637.  
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