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Abstract

Background—Tenofovir disoproxil fumarate (TDF) causes kidney toxicity in some patients. We 

performed genome-wide analyses to identify associations with plasma tenofovir clearance and 

change in creatinine clearance (CrCl) during the first 6 months after initiating therapy among 

subjects randomized to TDF/emtricitabine-containing regimens in AIDS Clinical Trials Group 

protocol A5202.

Methods—Pharmacokinetic analyses involved 501 subjects randomized to the tenofovir arm. 

The CrCl analyses involved 1096 subjects, including 548 control subjects randomized to abacavir-

containing regimens. All had been randomized to also receive atazanavir/ritonavir or efavirenz. 

Multivariable linear regression and generalized least squares models tested for associations 

between polymorphisms and tenofovir clearance and CrCl change, with Bonferroni correction. 

Planned sub-analyses considered candidate genes and polymorphisms.

Results—Median CrCl at baseline was 116 ml/min (interquartile range [IQR] 99.8 to 135.5). 

Median change in CrCl after 6 months was −0.5 ml/min (−10.7 to +10.8) and 2.2 (IQR −9.9 to 

+13.2) in tenofovir and abacavir arms, respectively. In genome-wide analyses SLC17A1 

rs12662869 was associated with an increase in tenofovir clearance (P = 7.1x10−9). In candidate 

gene analysis for tenofovir clearance, most polymorphisms evaluated were in ABCC4. In the 

ABCC4 region, the lowest p-value was for CLDN10 rs12866697 (P=1.4x10−3). Among African 
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Americans, SLC22A2 rs3127573 was associated with a greater 6-month CrCl increase in the 

tenofovir arm after correcting for multiple comparisons (P = 3.3x10−5).

Conclusions—Among subjects randomized to receive TDF/emtricitabine in A5202, there were 

no genome-wide significant associations with change in CrCl. This study did not replicate 

polymorphisms previously implicated in tenofovir-associated renal injury.
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Introduction

Tenofovir disoproxil fumarate (TDF) is included among recommended first-line regimens 

for human immunodeficiency virus type 1 (HIV-1) infection [1]. It is converted in vivo to 

tenofovir, which undergoes intracellular diphosphorylation to its active moiety, tenofovir 

diphosphate [2]. Although generally safe, effective and well tolerated [3, 4], some HIV-

infected patients prescribed TDF experience declines in creatinine clearance (CrCl) [4, 5-7], 

particularly in regimens that include an HIV-1 protease inhibitor plus low-dose ritonavir [4, 

6]. In AIDS Clinical Trials Group (ACTG) protocol A5202, median change in CrCl from 

baseline to week 96 decreased by 3 mL/min in subjects who received TDF/emtricitabine 

with atazanavir/ritonavir, but increased by 5 mL/min in subjects who received TDF/

emtricitabine with efavirenz [4]. Discontinuation or dose reduction of TDF/emtricitabine for 

changes in renal function in A5202 was infrequent [4].

Renal elimination of tenofovir involves glomerular filtration and tubular secretion [8]. 

Tenofovir entry into proximal tubule cells appears to be mediated by two transporters, 

organic anion transporter 1 (OAT1, also called solute carrier family 22 member 6 

(SLC22A6) and OAT2 (also called SLC22A7) [9]. Renal tubular secretion is mediated by 

efflux transporters including multidrug resistance protein 4 (MRP4, also called ATP-binding 

cassette, sub-family C, member 4 (ABCC4)) [9], and possibly MRP2 (also called ABCC2), 

although the importance of MRP2 is uncertain [9]. Declines in CrCl associated with 

concomitant HIV-1 protease inhibitors may reflect ABCC4 inhibition, with resultant 

tenofovir accumulation in proximal tubule cells.

Candidate gene studies have suggested associations between single nucleotide 

polymorphisms (SNPs) and adverse renal effects with tenofovir-containing regimens. A 

study of 30 patients in France suggested increased risk for proximal renal tubulopathy with 

an ABCC2 polymorphism (1249G→A, rs2273697, P = 0.02) [10]. A study of 190 Japanese 

patients suggested increased risk for renal tubular dysfunction with two polymorphisms in 

ABCC2 (−24T→C, rs717620, and 1249 G→A, each P = 0.02) [11]. An analysis of 115 

patients in Spain suggested increased risk of tubular dysfunction with ABCC2 −24T→C (P = 

0.03) [29], and two polymorphisms in ABCC10 (rs9349256, P = 0.02; and rs2125739, P = 

0.05) [12]. Another study of 30 patients suggested an association between higher peripheral 

blood mononuclear cell tenofovir diphosphate concentrations and an ABCC4 polymorphism 

(3463A→G, rs1751034, P = 0.04) [13]. Kidney tubular dysfunction included serum 

creatinine and/or creatinine clearance differences in some reports [10][11] but not others 
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[12][14]. Previous reports showed limited replication other than perhaps ABCC2 

polymorphisms [10][11].

We present two genome-wide association studies (GWAS) based on HIV-infected subjects 

from a prospective randomized clinical trial. The first GWAS considers plasma tenofovir 

clearance among subjects randomized to tenofovir (treatment-only study); the second 

considers change in estimated CrCl among patients randomized to tenofovir versus abacavir 

(treatment-and-control study). Both tenofovir clearance and change in CrCl are treated as 

continuous variables. This is the first GWAS of tenofovir pharmacokinetics, and of 

tenofovir-related change in renal function. We identified SNPs of potential interest, 

including SNPs that were genome-wide significant after Bonferroni correction. 

Polymorphisms previously implicated in tenofovir renal toxicity did not replicate.

Methods

Study subjects

AIDS Clinical Trials Group (ACTG) Protocol A5202 (ClinTrials.gov NCT00118898) was a 

phase IIIb study of once-daily regimens for initial treatment of HIV-1 infection [3, 4]. 

Briefly, 1,858 HIV-infected subjects were randomized to receive either TDF/emtricitabine 

(300 mg/200 mg) or abacavir/lamivudine (600 mg/300 mg), with either open-label 

atazanavir (300 mg) plus ritonavir (100 mg), or efavirenz (600 mg). Serum creatinine 

determinations were performed before entry, at entry, at weeks 4, 8, 16 and 24, and every 12 

weeks thereafter until week 96 after the last subject enrolled. Creatinine clearance was 

calculated using the Cockcroft-Gault formula based on ideal body weight [15].

Tenofovir assays and plasma sampling

Pharmacokinetic samples include those collected between weeks 4 and 24 of A5202. A 

sparse sampling strategy was designed to measure antiretroviral concentrations in 3 plasma 

samples per subject. Plasma collection times included a 24-hour post-dose sample followed 

by an observed-dose sample 3-4 hours post-dose, and another sample 5-15 hours post-dose. 

The TDF dose of 300 mg is equivalent to 245 mg of tenofovir disoproxil and to 136 mg of 

tenofovir. Steady-state plasma concentrations of tenofovir were measured using tandem 

mass spectrometry detection [16].

Pharmacokinetic model development

A total of 2,172 plasma tenofovir determinations from 818 participants were analyzed using 

a nonlinear mixed-effects modeling approach (NONMEM version VII; ICON, Ellicott City, 

MD). One- and two-compartment disposition models with first-order absorption were tested 

to determine the pharmacokinetic structural model. First-order conditional estimation 

method with interaction (FOCEI) was used throughout. The final model was a two-

compartment model that estimated apparent oral and intercompartmental clearances, and 

volumes of distribution of central and peripheral compartments. Because concentration data 

were lacking in the absorption phase, the absorption rate constant was fixed to 1 h−1 based 

on previous data [17]. Exponential errors with log-normal distribution were used for 

intersubject variability of pharmacokinetic parameters. A proportional error model was 

Wanga et al. Page 3

Pharmacogenet Genomics. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinTrials.gov


assigned to residual variability. The final structural pharmacokinetic model was assessed by 

successful convergence and goodness-of-fit plots. Individual Bayesian estimates of oral 

clearance values of tenofovir were estimated from the final model.

Genetic polymorphisms

Genetic consent was obtained under protocol A5128 [18]. Of 1,858 subjects with clinical 

data, 1,356 consented to A5128, including 677 randomized to tenofovir-containing regimens 

(350 with efavirenz, 327 with atazanavir/ritonavir) and 679 randomized to abacavir-

containing regimens (349 with efavirenz, 330 with atazanavir/ritonavir). Genome-wide 

genotype data on 1,221 subjects from Illumina Human-1M-Duo were from a separate 

immunogenomics project [19]. The Vanderbilt Institutional Review Board and the ACTG 

approved this use of genotype data.

For pharmacokinetic association analyses, we considered candidate SNPs of potential 

relevance to tenofovir [10-12, 14, 21-27]. Initially, 25 candidate SNPs in 11 genes were 

identified using PharmGKB (ABCB1, ABCC10, ABCC2, ABCC4, AK2, AK3, NME1, 

SLC22A6, SLC22A8 and SLC22A11) [28], of which 15 were in our genotype data. Proxies 

were identified for 3 of the other 10 (a total of 15 proxies) through SNP annotation and 

proxy (SNAP) search [29], using an r2 threshold of 0.8, providing 30 SNPs (representing 18 

candidate SNPs) for pharmacokinetic association analysis. For separate analyses we 

considered all available SNP data between transcription start and end positions of these 11 

genes, based on the human reference genome hg18/NCBI36 [30]. We identified 594 such 

SNPs: 110 in ABCB1, 12 in ABCC10, 38 in ABCC2, 378 in ABCC4, 8 in AK2, 18 in AK3, 6 

in NME1, 6 in SLC22A6, 14 in SLC22A8, 4 SLC22A11 and 0 in NME1.

For CrCl association analyses, we identified 91 SNPs previously associated with any renal 

trait at P < 1.0 x 10−5 in any cohort, as posted to the NHGRI GWAS Catalog [31], of which 

43 were available in our genotype data. These GWAS Catalog traits were chronic kidney 

disease, chronic kidney disease and serum creatinine levels, creatinine levels, end-stage 

renal disease, renal function and chronic kidney disease, renal function-related traits (BUN), 

renal function-related traits (eGRF creatinine), renal function-related traits (sCR), renal 

function-related traits (urea), glomerulosclerosis, IgA nephropathy, nephropathy, 

nephropathy (idiopathic membranous), and nephrotic syndrome (acquired). Proxies were 

identified for 34 of the other 48 SNPs (a total of 169 proxies) as described above, providing 

212 SNPs (representing 77 candidate SNPs) for CrCl association analysis.

Quality control of genetic data

Quality control (QC) was done using PLINK version 1.07 [20]. Before QC, 546 subjects met 

inclusion criteria for pharmacokinetic (1,212 for CrCl) association analyses as described in 

the statistical analyses section, and with ~1.2 million SNPs. We excluded subjects with >2% 

missing genotypes, extreme heterozygosity (|F| > 0.1), for duplicates or relatedness (pihat > 

0.125), or sex mismatch. We excluded SNPs that deviated from Hardy-Weinberg 

equilibrium within principal component (PC)-derived race/ethnicity groups (P < 10−6), with 

<98% genotyping efficiency, and minor allele frequency (MAF) < 5%. Quality control was 

performed for the combined group (African Americans, European Americans and Hispanic 
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Americans, hereafter called White, Black, and Hispanic, respectively) and separately for 

each race/ethnicity group.

We generated PCs to infer and adjust for genetic ancestry. Before generating PCs we 

removed non-autosomal SNPs, and SNPs from two regions of high linkage disequilibrium 

(LD), 25.5 MB to 33.5 MB spanning the MHC region on chromosome 6, and from 8.0 MB 

to 12.0 MB on chromosome 8. Subsets of SNPs in low pairwise LD (r2 < 0.2) were used to 

generate PCs using smartpca in EIGENSTRAT [32]. Race/ethnicity was derived by 

analyzing these samples in concert with HapMap 3 samples from 11 populations [19].

Imputing genotypes

Imputation was done by Dr. Marylyn Ritchie's laboratory at Pennsylvania State University. 

Briefly, post QC data were imputed to 1000 Genomes [33] after converting to genome build 

37 using liftOver [34] and stratifying by chromosome to parallelize imputation processing. 

ShapeIt2 [35] was used to check strand alignment and to phase data. The IMPUTE2 

algorithm [36] was used to impute additional genotypes that were available in the 1000 

Genomes reference panel, but not directly genotyped. Each chromosome was segmented 

into 6 MB regions with at least 3500 reference variants in each region. Imputed genotypes 

were included if posterior probabilities exceeded 0.9. Chromosomes 23 through 26 were not 

imputed.

Quality of imputed data was assessed following the Electronic Medical Records and 

Genomics (eMERGE) protocol [37]. Each chromosome from each phase was checked for 

100% concordance with genotyped data. No batch effects were found. Imputed SNPs were 

dropped for imputation scores < 0.3, genotyping call rates < 98% and minor allele 

frequencies < 0.05.

Tenofovir clearance association analyses

Pharmacokinetic association analyses included only subjects that had been randomized to 

tenofovir-containing arms and had available clinical, pharmacokinetic, and genotype data. 

Multivariable linear regression models were fit. Plasma tenofovir clearance values 

approximated a normal distribution (Supplemental Digital Content Figure 1). Analyses 

were performed on all subjects, and separately in each group (White, Black, and Hispanic) 

based on PCs. Meta-analysis of the three stratified models was also performed.

Tenofovir clearance, estimated from the pharmacokinetic model, was regressed using 

multiple linear regression on genotype, adjusting for sex, age, body mass index (BMI), 

concomitant efavirenz versus atazanavir/ritonavir use, and baseline CrCl. In the combined 

analysis, we also adjusted for the first two PCs (adjusting for additional PCs did not 

substantially change results; see Supplemental Digital Content Table 1) and self-reported 

race coded as White, Black, Hispanic, and other. For QC we tested for the known genome-

wide association between UGT1A1 SNPs and baseline plasma bilirubin concentration [38].

As a sensitivity analysis, we repeated the TDF clearance analyses as described above, but 

evaluated the combined effect of genotype and a genotype-by-efavirenz/atazanavir 

interaction using a likelihood ratio test with 2 degrees of freedom.
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Creatinine clearance association analyses

Creatinine clearance association analyses included subjects randomized to TDF or abacavir 

arms, and with available clinical and genotype data. All determinations within 200 days after 

randomization were included in analyses; 200 days was chosen to represent 6 months plus a 

grace period. At least two CrCl determinations after baseline were available from 91% of 

subjects.

The TDF and abacavir arms were expected to result in different changes in creatinine 

clearance over time, and we were interested in identifying SNPs that influence this 

difference. We addressed this using a one-degree-of-freedom test for significance of a three-

way interaction among time, treatment, and genotype. We used a generalized least squares 

regression model with compound symmetric correlation structure, with creatinine clearance 

(hereafter called time-dependent CrCl change) as the outcome and including all main, two-

way and three-way interactions of time, treatment arm (TDF or abacavir), and genotype. 

Generalized least squares models, instead of linear mixed effects models, were chosen for 

analyses with multiple measurements per subject because of their computational efficiency 

and so not to assume a distributional form for the random effects. The model was adjusted 

for sex, age, BMI, self-reported race, concomitant antiretroviral (efavirenz or atazanavir/

ritonavir), baseline CrCl, and the first two PCs. Baseline CrCl was the value at 

randomization (i.e., day 0); for subjects without data on day 0, we used the first available 

value before randomization (preferred) or after randomization. Three additional models, 

stratified by PC-inferred race, were fit in the same manner as above, but without adjusting 

for self-reported race and PCs. Meta-analysis of regression output from the stratified models 

was also done. For CrCl we evaluated the 212 candidate GWAS Catalog SNPs.

As sensitivity analyses, we repeated analyses as described above, but using change in CrCl 

from baseline to 6 months (defined as the value closest to day 183 ± 30 days) as the 

phenotype. We hereafter call this the 6-month CrCl change. This cut-off is based on 

reported time to change in creatinine, much of which is apparent within the first 6 months of 

initiating TDF-containing regimens. Time was excluded in this model, and the p-value for 

two-way interaction between genotype and treatment arm (TDF or abacavir) was calculated. 

Because patients prescribed tenofovir in A5202 were more likely to experience a decline in 

CrCl if also prescribed a ritonavir-boosted protease inhibitor [4], we performed an additional 

sensitivity analysis by repeating the analyses for 6-month CrCl change with the inclusion of 

an interaction between treatment arm and concomitant ARV.

Statistical software and technicalities

Genetic data management and statistical analyses were done using PLINK version 1.07 [20] 

and R version 3.0.1. Meta-analyses were performed in PLINK, and the random effects p-

values reported. Analysis scripts are available upon request. Except where indicated 

otherwise, we used Bonferroni correction to determine significance thresholds, with P < 5.0 

x 10−8 for genome-wide analyses, and 0.05 divided by number of SNPs in candidate gene 

and SNP analyses. QQ-plots of each analysis showed no evidence of genomic inflation 

(Supplemental Digital Content Figures 2-7). QQ-plots of tenofovir clearance and CrCl 
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residuals suggested linear models were appropriate (Supplemental Digital Content Figures 
8-10).

Results

Study subjects and genetic data

Characteristics of subjects in tenofovir and abacavir arms are shown in Table 1. 

Randomization provided similar distributions of sex (86-87% male), concomitant 

antiretroviral (49% atazanavir and 51% efavirenz), age (median 38-39 years), BMI (median 

24.8 kg/m2), baseline creatinine clearance (median 116 ml/min), and race/ethnicity between 

study arms. Figure 1 describes data management and QC steps in the combined group 

analyses. After QC, there were 501 subjects and ~890,000 SNPs for pharmacokinetic 

analyses, and 1096 subjects (548 randomized to TDF-containing regimens) and ~840,000 

SNPs for creatinine clearance analyses. There were ~ 4.3 million imputed SNPs for both 

analyses.

Tenofovir clearance pharmacokinetic association analyses

For pharmacokinetic association analyses, median plasma tenofovir clearance was 46.8 L/hr 

(IQR 39.7 to 53.7). Table 2 shows the 20 SNPs with the smallest p-values in meta-analyses 

based on GWAS with genotyped SNPs, GWAS with imputed SNPs, association analyses 

with candidate SNPs, and association analyses with candidate genes. Minor allele 

frequencies of these 20 SNPs are in Supplemental Digital Content Table 2. In the GWAS 

analysis with imputed SNPs, rs12662869 in SLC17A1 was associated with increased 

tenofovir clearance (P = 7.1x10−9); five SLC17A1 polymorphisms in strong LD with 

rs12662869 (rs6926425, rs1179086, chr6:25792711:D, rs1575535, rs1165216) were also 

among the top ten SNPs with the lowest p-values. Results of similar analyses, but for all 

subjects adjusting for PC-derived ancestry, and separately within each race/ethnicity group, 

are provided in Supplemental Digital Content Table 3. Of 30 candidate SNPs evaluated, 

15 (50%) were in ABCC4. In a LocusZoom plot of this region, the lowest p-value was in 

CLDN10 (rs12866697, P=1.4x10−3), not ABCC4 (Figure 2, Panel A). As a positive control, 

log-transformed baseline bilirubin concentration was analyzed [38]; multiple UGT1A1 SNPs 

were associated (P = 2.2 x 10−11 for UGT1A1 rs887829), confirming our ability to detect 

true associations.

Based on results from a prior study [4], we performed an additional GWAS with genotyped 

SNPs (non-imputed) including a genotype-efavirenz or atazanavir/r interaction on TDF 

clearance. The results, based on a likelihood ratio test, were similar: No SNPs were genome-

wide significant, and SNPs with the smallest p-values were those seen in the initial analyses 

(results not shown).

Creatinine clearance association analyses

The median change in CrCl from baseline to 6 months was −0.5 ml/min (IQR −10.7 to 

+10.8) and 2.2 (IQR −9.9 to +13.2) in the tenofovir and abacavir arms, respectively. No 

SNP was significantly associated with a differential time-dependent CrCl change between 

the tenofovir and abacavir arms in the first 200 days of therapy, after Bonferroni correction. 
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The 20 SNPs with the lowest meta-analysis p-values in GWAS with genotyped SNPs, 

GWAS with imputed SNPs, and association analyses with candidate SNP meta-analyses for 

time-dependent CrCl change are shown in Table 3. Minor allele frequencies of these 20 

SNPs are in Supplemental Digital Content Table 2. Results of similar analyses, but for all 

subjects adjusting for PC-derived ancestry, and separately within each race/ethnicity group, 

are provided in Supplemental Digital Content Table 4. In the entire population, rs1751036 

in ABCC4 was among the top 20 SNPs for time-dependent CrCl change (P = 2.4 x 10−5, 

Supplemental Digital Content Table 4). In a LocusZoom plot of this region, 12 ABCC4 

SNPs in LD with rs1751036 at r2 > 0.8 were associated with time-dependent change in 

creatinine clearance at unadjusted P < 0.01 (Figure 2, Panel B).

Sensitivity analyses were performed using the outcome 6-month CrCl change (i.e., CrCl at 

6-months minus CrCl at baseline). The 20 SNPs with the lowest meta-analysis p-values in 

GWAS with genotyped SNPs, GWAS with imputed SNPs, and association analyses with 

candidate SNP meta-analyses for 6-month CrCl change are shown in Supplemental Digital 
Content Table 5; similar to primary analyses, no SNP was significant after adjusting for 

multiple comparisons.

In candidate SNP analyses stratified by population, rs3127573 in SLC22A2 was significantly 

associated with a positive 6-month CrCl change among African Americans (Supplemental 
Digital Content Table 6, P = 3.3×10−5), and was also among the top 20 SNPs in the 

analysis of combined group (Supplemental Digital Content Table 6, P = 0.036). This SNP 

was also among the top 20 SNPs in the genome-wide analysis of 6-month CrCl change 

among African Americans (Supplemental Digital Content Table 5), had the second lowest 

P-value (P = 0.0018) among 212 candidate SNPs in the time-dependent CrCl change 

analyses among African Americans (Supplemental Digital Content Table 7), and was 

among the top 20 SNPs in the 212 candidate SNPs analysis of the combined group with 

time-dependent CrCl change (Supplemental Digital Content Table 7, P = 0.09).

Analyses of 6-month CrCl change in which the interaction between treatment arm and 

efavirenz or atazanavir/r was included yielded results similar to those in which this 

interaction was not included. Except for the above SNP in the 212 candidate SNPs analysis 

of the African American group (rs3127573, P = 4.1×10−5), no SNPs were significantly 

associated with the outcome.

Discussion

Tenofovir disoproxil fumarate is extensively prescribed worldwide. The present report 

describes the first GWAS of associations with tenofovir pharmacokinetics, and the first 

GWAS of change in CrCl with tenofovir-containing regimens. A polymorphism in SLC17A1 

was significantly associated with tenofovir clearance (rs12662869, P = 7.1x10−9). However, 

no polymorphism achieved genome-wide significance (P < 5.0 x 10−8) for association with 

change in CrCl. The tenofovir clearance GWAS was complemented by targeted analyses 

involving 594 SNPs in genes suggested to affect tenofovir disposition, and an even more 

focused analysis involving 30 candidate SNPs suggested to affect tenofovir disposition. No 

polymorphism was significant in either of these analyses. Our CrCl GWAS was 
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complemented by a more targeted analyses of 212 SNPs associated with any renal trait in 

prior GWAS. Again, no polymorphism was significant in these targeted analyses.

Several aspects of the present study favored our likelihood of identifying true 

genotypephenotype associations if present. Both CrCl and tenofovir clearance analysis 

involved over 500 subjects, considerably more than in previous candidate gene association 

studies of tenofovir renal toxicity [10-12, 15]. The extent of genotype data analyzed far 

exceeded previous candidate gene analyses [10-12, 15]. Clinical data were from a 

prospective randomized clinical trial, which included rigorous quantification of change in 

creatinine clearance over time, and which showed TDF/emtricitabine with atazanavir/

ritonavir to be less favorable in this regard [4, 38, 39]. For CrCl analyses, availability of well 

matched randomized TDF and abacavir arms allowed the use of the arm containing abacavir 

(which is not nephrotoxic) as a control to test for associations between SNPs and CrCl 

change present in the TDF arm but not the abacavir arm, thus permitting an investigation of 

SNPs that might interact with tenofovir to change CrCl. Substantial numbers of White, 

Black and Hispanic subjects afforded the opportunity to examine associations in the 

combined population, and in each population separately, an approach that has proven 

valuable in pharmacogenomic analyses of other antiretrovirals [38, 39]. Longitudinal models 

in our analyses allowed us to capture associations between genotype and change in CrCl 

over time.

There are possible reasons for the paucity of significant associations in the present analyses. 

With GWAS the threshold for significance after correcting for multiple comparisons is 

stringent. However, functional polymorphisms that affect drug disposition and/or 

pharmacodynamics may be genome-wide significant with modest sample sizes. For 

example, genetic prediction of abacavir hypersensitivity would be genome-wide significant 

(P<5.0x10−8) with 15 cases and 200 controls [40], and statin-induced myopathy with 85 

cases and 90 controls [41]. In addition, we complemented our GWAS with more focused 

candidate gene/SNPs analyses with less stringent P-value thresholds, which still did not 

identify significant associations. It is possible that effects of genetic polymorphisms are 

context dependent, and may not have been detected with concomitant efavirenz or 

atazanavir/ritonavir (analyses with efavirenz or atazanavir/r interactions also showed 

insufficient evidence that the effect of genotype on tenofovir clearance or 6-month CrCl 

change differed by efavirenz or atazanavir/r), but could have been apparent with other 

concomitant antiretrovirals. We cannot exclude the possibility that previously reported 

associations were spurious, as reported P-values were marginally significant and would not 

have withstood correction for multiple comparisons even for the few SNPs genotyped.

We considered plasma tenofovir clearance in the present analyses, despite intracellular 

tenofovir diphosphate being the presumed toxic moiety. While plasma tenofovir 

pharmacokinetics do not equate with drug exposure within renal tubular cells, we 

hypothesized that functional drug transporter gene polymorphisms that affect drug 

disposition across cell membranes might also affect plasma drug clearance. Analyses with 

imputed SNPs detected a genome-wide association of SLC17A1 rs12662869 with plasma 

tenofovir clearance, and additional SNPs in strong LD with rs12662869 in this gene were 

among the top SNPs detected. Although not a gene known to be associated with tenofovir 
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clearance, the encoded protein sodium-dependent phosphate transport protein 1 is a urate 

transporter speculated to be relevant to the kidney [42]. Its potential relevance to tenofovir 

disposition may warrant further study.

Within each analysis, there was some overlap for a few SNPs, especially in the combined 

and meta-analyses. Although not significant, most of the top SNPs in pharmacokinetic 

candidate SNP analyses were in ABCC genes, which have been reported to be involved in 

tenofovir clearance and creatinine clearance among patients receiving tenofovir [8-12]. A 

previous study of the association of ABCC10 polymorphisms with kidney tubular 

dysfunction identified an association between rs9349256 (odds ratio = 2.3, P = 0.02) and 

rs2125739 (OR = 2.0, P = 0.05) and tubular dysfunction [12]. In our study, rs9349256 was 

among the top 20 (of 30) candidate SNPs evaluated in the combined, Black, and White 

group analyses, and was among the top 20 (of 594) candidate SNPs evaluated in the White 

population (P = 0.10), which also suggests an association of this SNP with tenofovir 

clearance.

Although none of the SNPs in the ABCC family were significant at the genome-wide or 

candidate SNP level, a SNP near ABCC4, rs12866697 located in CLDN10, was the top SNP 

in the ABCC4 region (± 500 KB). A biological study in mice linked loss of CLDN10 to 

hypermagnesemia and nephrocalcinosis because this gene is involved in paracellular sodium 

permeability [43], but the relevance of this to tenofovir is not apparent. We cannot exclude 

the possibility that SNPs in CLDN10 regulate ABCC4 expression.

Only the sensitivity analysis of the 212 candidate SNPs identified SNP rs3127573 as 

significant in the CrCl associations. However, this SNP appeared among the top 20 SNPs in 

some of our genome-wide and candidate SNPs analyses as outlined in the results section. 

Previous studies have suggested a potential role of SLC22A6 and SLC22A7 in renal 

proximal tubules [9, 25]. Furthermore, a study of the association of SLC22A2 

polymorphisms with phenotypes of net tubular creatinine secretion in which rs3127573 was 

one of two SNPs genotyped in patients with end-stage renal disease found an association 

between end-stage renal disease and rs3127573: odds ratios [95% CI] 1.39 [1.16-1.67] [44]. 

Our results are in the same direction as this finding, affirming the association of some 

SLC22A2 SNPs with renal phenotypes.

There were limitations to the present study. Renal toxicity associated with tenofovir in 

A5202 was modest, so did not include extreme phenotypes. The present analysis focused on 

change in CrCl as the primary phenotype, but it is possible that other markers of renal 

tubular function are more affected by genotype. The sample size within each PC-derived 

race/ethnicity was small, although studies have reported significance with even fewer 

individuals [10-12]. It is also possible that analyses with ~4.3 million imputed SNPs were 

limited in power by small sample sizes. Nevertheless, we detected a genome-wide 

association in SLC17A. It is conceivable that alternative statistical approaches (e.g. joint 

multiple-SNP analysis) could identify associations not identified herein. Finally, 

intracellular tenofovir exposure and secretory clearance of tenofovir, which are likely more 

directly relevant to renal toxicity than is plasma exposure, was not measured in A5202.
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In summary, we identified a genome-wide significant association with plasma tenofovir 

clearance, but not with change in CrCl among patients randomized to TDF-containing 

regimens in A5202. Further research is warranted to replicate the SLC17A association with 

tenofovir disposition, and to assess whether previously suggested genetic associations with 

tenofovir-associated renal tubular injury depend on context, such as specific concomitant 

medication.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Disposition of study subjects and SNPs through the data management and QC process
Panel A is the disposition of study subjects. The number of subjects included in PK and 

CrCl association analyses varied depending on the SNPs included in the analysis, with a 

median (IQR) of 501 (500 to 501) PK analysis subjects, and 1039 (1038 to 1040) CrCl 

analysis subjects. Panel B is the disposition of genetic polymorphisms.
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Figure 2. LocusZoom plots of ABCC4 gene region for association with tenofovir 
pharmacokinetics and change in creatinine clearance by meta-analysis
The region of ABCC4 (± 500 KB) is shown. Genes in the region are shown at the bottom. 

Filled circles represent p-values for SNPs in our data. Markers are color coded to represent 

their degree of correlation (r2) with the lowest p-value SNP as estimated internally by 

LocusZoom using the hg18/HapMap Phase II CEU genome build [45]. The blue lines 

correspond to the recombination rate [45]. Panel A represents tenofovir pharmacokinetic 

analyses. The lowest p-value SNP for tenofovir pharmacokinetics in this region, 

rs12866697, is represented by the purple diamond. Panel B represents change in creatinine 

clearance analyses. The lowest p-value SNP for change in creatinine clearance in this region, 

rs1751036, is represented by the purple diamond. The 12 SNPs with the lowest p-values for 

change in creatinine clearance are rs7330330, rs7331488, rs4148540, rs2766475, rs1678387, 

rs1678409, rs1678365, rs1189466, rs1751043, rs943289, rs1189435, and rs1189434.
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Table 1

Baseline characteristics of study subjects

Variable TDF/FTC (n = 501) ABC/3TC (n = 548)

Male; No. (%) 434 (87) 472 (86)

Self-reported race/ethnicity; n (%)

    White 243 (49) 243 (44)

    Black 149 (30) 189 (36)

    Hispanic 100 (20) 102 (18)

    Other 9 (2) 14 (2)

Concomitant antiretroviral; n (%)

    Atazanavir/r 246 (49) 269 (49)

    Efavirenz 255 (51) 279 (51)

Age in years; median (IQR) 39.0 (31.0, 45.0) 38.0 (31.0, 45.0)

BMI in kg/m2; median (IQR) 24.8 (22.3, 27.9) 24.8 (22.3, 27.8)

Baseline CrCl in ml/min; median (IQR) 116.0 (99.8, 135.5) 116.6 (99.2, 138.0)

TDF/FTC = tenofovir disoproxil fumarate with emtricitabine; ABC/3TC = abacavir with lamivudine; n = number; kg/m2 = kilogram per square 
meter; mL/min = milliliter per minute; BMI = body mass index; CrCl = creatinine clearance; IQR = interquartile range.
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