
Genome wide association study identifies the common variants 
in CYP3A4 and CYP3A5 responsible for variation in tacrolimus 
trough concentration in Caucasian kidney transplant recipients

William S. Oetting, Ph.D.1, Baolin Wu, Ph.D.2, David P. Schladt, M.S.3, Weihua Guan, Ph.D.2, 
Rory P. Remmel, Ph.D.4, Roslyn B. Mannon, M.D.5, Arthur J. Matas, M.D.6, Ajay K. Israni, 
M.D.3,7,8, DeKAF Genomics Investigators1

1Department of Experimental and Clinical Pharmacology, University of Minnesota, Minneapolis, 
MN

2Department of Biostatistics, University of Minnesota, Minneapolis, MN

3Minneapolis Medical Research Foundation, Minneapolis, MN

4Department of Medicinal Chemistry, University of Minnesota, Minneapolis, MN

5Division of Nephrology, University of Alabama, Birmingham, AL

6Department of Surgery, University of Minnesota, Minneapolis, MN

7Department of Medicine, Hennepin County Medical Center, Minneapolis, MN

8Department of Epidemiology & Community Health, University of Minnesota, Minneapolis MN

Abstract

The immunosuppressant tacrolimus (TAC) is metabolized by both cytochrome P450 3A4 

(CYP3A4) and CYP3A5 enzymes. It is common for European-Americans (EA), to carry two 

CYP3A5 loss-of-function (LoF) variants, which profoundly reduces TAC metabolism. Despite 

having two LoF alleles, there is still considerable variability in TAC troughs and identifying 

additional variants in genes outside of the CYP3A5 gene could provide insight into this variability. 

We analyzed TAC trough concentrations in 1,345 adult EA recipients with two CYP3A5 LoF 

alleles in a genome wide association study. Only CYP3A4*22 was identified and no additional 

variants were genome wide significant. Additional high allele frequency genetic variants with 

strong genetic effects associated with TAC trough variability are unlikely to be associated with 

TAC variation in the EA population. These data suggest that low allele frequency variants, 

identified by DNA sequencing, should be evaluated and may identify additional variants that 

contribute to TAC pharmacokinetic variability.
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INTRODUCTION

Tacrolimus (TAC) is a common immunosuppressive agent which potently inhibits T-cell 

function and proliferation through inhibition of calcineurin by binding to FKB12. It 

is primarily metabolized by the enzymes cytochrome P450 (CYP) 3A4 and CYP3A5, 

whereas CYP3A7 (expressed in fetal liver) does not significantly contribute to the oxidative 

metabolism of tacrolimus (1, 2). The in vitro TAC clearances (Km/Vmax) for TAC 13-O­

demethylation (major metabolite) by the two enzymes are similar (0.48 μL/min/pmol P450 

for CYP3A4 vs. 0.78 μL/min/pmol P450 for CYP3A5) (3, 4). We and others have shown 

that interpatient variation in TAC troughs is greatly affected by genetic variants in CYP3A5 
(5–8). The most common allele in the European American (EA) population is CYP3A5*3 
(rs776746), a loss-of-function (LoF) variant which creates a cryptic splice site, resulting 

in additional coding sequence being added to the protein product (9). The allele frequency 

for the non-functional *3 allele is approximately 0.95 in the EA population and ranges 

from 0.15 to 0.35 in other non-EA populations (4, 10). There are two additional CYP3A5 
LoF alleles which have been identified in the EA population but with significantly lower 

frequencies (MAF < 1%), CYP3A5*6 (rs10264272) and CYP3A5*7 (rs41303343) (10, 11). 

These alleles are fairly common in Africans (MAF = 0.154 and 0.118 respectively). The 

CYP3A5*6 variant alters a splice site resulting in alternative splicing and the deletion of 

exon 7 producing an inactive enzyme and the CYP3A5*7 variant is a frameshift mutation 

resulting in a truncated protein also producing a non-functional enzyme. Therefore, a 

complete loss of CYP3A5 function is common in EA recipients and TAC metabolism occurs 

primarily through the CYP3A4 enzyme.

Obtaining optimal concentrations of TAC in the blood of kidney allograft recipients is 

critical to reducing the risk of acute rejection (AR) and maximizing graft survival, while 

also reducing the risk of TAC-related toxicity. Unfortunately, there is a high degree of 

pharmacokinetic variability and dose requirements vary widely between individuals. This 

variability has significant consequences in the case of lower TAC trough concentrations in 

whole blood, which has been associated with increased risk for AR (12–15).

To identify additional common genetic variants beyond those in the CYP3A5 gene, we 

analyzed EA kidney transplant recipients who had two CYP3A5 LoF alleles. Analyzing 

variation of TAC troughs among these recipients allowed for the identification of additional 

variants in other genes without interference by the very large effect provided by common 

CYP3A5 LoF variants. A genome-wide association study (GWAS), containing a panel of 

common single nucleotide polymorphisms (SNPs) designed specifically for transplantation, 

including candidate LoF alleles thought to be important in transplant outcomes, was 

analyzed to identify additional genetic variants (16).

MATERIALS and METHODS

Study Design and Population

All subjects were enrolled in the DeKAF genomics study (14). The study design and 

cohort characteristics have been previously reported (8, 17, 18). For this analysis, we 

selected only self-reported European-American kidney (EA) allograft recipients. A total 
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of 1,446 EA kidney transplant recipients were included in this study. Subjects were 18 years 

and older, received TAC for maintenance immunosuppression and had TAC trough blood 

concentrations available in the first 6 months post-transplant. This study was registered 

at www.clinicaltrials.gov (NCT01714440). Subjects were enrolled and provided written 

consent at time of transplant. Informed consents were approved by the Institutional Review 

Boards at each of the enrolling centers.

Participants received oral immediate release TAC with mycophenolate maintenance with 

varying durations of steroid per transplant center standard-of-care protocols. Induction 

therapy was administered as per transplant center preference but mainly consisted of 

rabbit antithymocyte globulin (rATG), basiliximab or Campath-1H. Immunologically high 

risk patients were more likely to receive rATG, such as those with donor-specific 

antibody, prior pregnancies, or repeat transplants. Donor and recipient characteristics, 

such as race, serum creatinine (SCr), estimated glomerular filtration rate (GFR) and 

concomitant medications were obtained from the respective medical records. All TAC 

trough whole blood measurements were clinically measured at each site and were analyzed 

in a CLIA approved laboratory with >95% measured by liquid chromatography-mass 

spectrometry. When available, two concentrations were obtained in the first 8 weeks and 

two concentrations per month in months 3, 4, 5 and 6 for a maximum of 24 trough 

concentrations per patient. TAC doses were adjusted by the transplant center based on 

trough concentrations to reach institution-specific trough goals based on time post-transplant 

(generally 8–12 ng/mL in months 0 to 3 and 6–10 ng/mL in months 4 to 6). Dose was also 

adjusted for toxicity (e.g. nephrotoxicity attributed to TAC) by center specific preferences. A 

total of 25,255 TAC trough concentrations from 1,446 recipients were analyzed.

GWAS Genotyping

Pre-transplant recipient blood was collected at the transplant centers at time of transplant 

and DNA was isolated at a central laboratory at the University of Minnesota. Lymphocytes 

were isolated by centrifugation after red blood cell lysis and the DNA isolated. Genotyping 

was performed on a custom exome-plus Affymetrix TxArray SNP chip (16). This chip 

contains approximately 782,000 markers including pharmacogenomic SNPs, 168,000 exonic 

or coding variants and over 16,000 putative LoF variants. The GWAS analysis was 

performed on recipients who carried two of any combination of three common CYP3A5 
LoF alleles (CYP3A5*3, rs776746; CYP3A5*6, rs10264272; or CYP3A5*7, rs41303343). 

The CYP3A5 genotypes were taken from the SNP chip and the remaining SNPs were used 

for the GWAS analysis. SNPs that diverged from Hardy Weinberg equilibrium (HWE) were 

excluded (p < e−3). Additional SNPs for analysis were identified through imputation (see 

below).

GWAS Genotyping Data Quality Control

Genotyping was conducted as previously described (8). Data quality control was carried 

out with PLINK software (version 1.90b1a) (19). Genotypes were subjected to a 95% call 

rate threshold. Samples with very high heterozygosity and suspected contamination were 

re-assayed and removed if high heterozygosity could not be resolved. Unrelated samples 

with pairwise identity by descent (IBD) > 0.3 were excluded from the study. Individual 
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SNPs were excluded if they were monomorphic. The final number of variants analyzed from 

the SNP chip was 644,224.

Imputation of the GWAS to 1000 Genomes

Imputation to the 1000 Genomes reference population was conducted on the GWAS 

SNPs and performed in two steps: (1) pre-phasing with ShapeIt2 (v2.r644) (20); and (2) 

imputation with IMPUTE2 (21). Measured SNPs used for imputation were restricted to 

those with a >99% call rate and HWE test with p < e−3. SNPs were removed if they had 

either low certainty due to imputation errors (imputation info statistic <0.9) or low minor 

allele frequency (MAF < 0.01). After frequency and genotyping pruning, there were 577,084 

SNPs in the final set used for the imputation. The final number of genotyped and imputed 

SNPs used in the analysis was 1,221,308.

Statistical Analysis

We fit a linear mixed effects model (LMM) to test for the association between SNP and the 

log transformed dose-normalized TAC trough concentrations. A log transformation was used 

to ensure that the dose-normalized TAC concentrations were normally distributed. Visual 

inspection showed that that dose-normalized trough concentrations initially started low, rose 

quickly until day 9 post-transplant and then plateaued in the early weeks post-transplant (22, 

23). Therefore, a simple spline method was used to model the effect of time on all trough 

concentrations, with the change in slope occurring at day 9. The longitudinal LMM included 

a random intercept and random slopes for days post-transplant and adjusted for age, gender, 

and transplant center. To adjust for the influence of population stratification and global 

admixture, the first principal component from the GWAS genotypes were incorporated 

as covariates in the regression models. SNP genotypes were coded as an additive model. 

Genome-wide significance was declared with association P-value < 5e−8.

To determine variation of TAC troughs attributable to clinical and genetic variables, we 

began by creating a LMM with clinical variables alone on the cohort of EA patients with 

0, 1, or 2 LoF alleles. Backward selection with a retention p-value of 0.10 was performed 

on the following variables (starred variables were retained): transplant center*, donor age 

and gender*, donor type (living or deceased)*, and recipient factors such as age*, gender, 

weight at baseline*, diabetes at baseline*, antibody induction* and SPK transplantation. 

Time-varying covariates considered for the backward selection, defined at each TAC trough 

observation, were: closest eGFR to TAC trough*, steroid use*, calcium channel blocker 

use*, ACE inhibitor use*, and antiviral drug use*. Analyses were conducted with SAS 

version 9.4 (SAS Institute, Cary, NC) and R software version 3.3.

RESULTS

Characteristics of the cohort are shown in Table 1 for both the entire EA recipient cohort and 

for those EA recipients with two CYP3A5 LoF alleles. There were no statistically different 

clinical variables between the two cohorts. After excluding recipients with less than 2 LoF 

alleles, there were 1,345 EA kidney transplant recipients used in the GWAS analysis: 1,342 

were CYP3A5*3/*3, two were CYP3A5*3/*6, and one was CYP3A5*3/*7.
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Genome wide significant SNPs were identified after adjusting for multiple testing (p-value 

< 5e−8). The Manhattan plot revealed that the most significant SNPs were located on 

chromosome 7 (Figure 1). Genome wide significant SNPs are shown in Table 2. The 

Q-Q plot is shown in Figure 1s in the supplementary data. The most significant SNP, 

rs35599367 (p=2.21e−17), is a previously described reduced functional variant within the 

CYP3A4 gene (CYP3A4*22) (24). The minor allele frequency for the CYP3A4*22 variant 

in our population was 0.054. The distribution of the dose normalized TAC concentration 

for all three genotypes is shown in Figure 2S. Eleven additional SNPs within the CYP3A 
locus region on chromosome 7 were also significant. After adjusting for the top SNP 

rs35599367 (CYP3A4*22) all other SNPs were below the threshold of genome-wide 

statistical significance. The Manhattan plot (Figure 3S) and the Q-Q plot (Figure 4S) for 

the adjusted analysis are shown in the supplementary data.

We then determined the contribution of clinical variants and genetic variants to TAC 

trough variation. Determination of the contribution of CYP3A5 variants to the variation 

in TAC troughs cannot be done in individuals with 2 LoF CYP3A5 alleles since there is 

no CYP3A5 activity present. For this analysis the entire EA cohort, from which our two 

CYP3A5 LoF allele recipients were derived, was used. A model with just clinical covariates 

explained 24.1% of variance in TAC troughs (Table 3). A model with clinical covariates 

and CYP3A5*3 (rs776746) explained 36.6% of variance. A model with clinical covariates, 

CYP3A5*3, and CYP3A4*22 (rs35599367) explained 40.1% of the variance, leaving 59.9% 

of the variance in TAC troughs still unexplained. CYP3A5*3 and CYP3A4*22 together 

explained a 16% of the total variance.

DISCUSSION

In this EA cohort of 1,342 kidney allograft recipients having two CYP3A5 LoF alleles, 

a common variant in the CYP3A4 gene (CYP3A4*22, rs35599367), with a MAF of 

0.054, was identified and significantly contributed to the total variation in TAC troughs. 

This variant has been previously reported to be associated with variation in TAC troughs 

in European recipients (24, 26–28). We previously reported in a multi-race analysis of 

CYP3A5 LoF carriers and non-carriers that CYP3A4*22 was not associated with TAC 

troughs (7). However, when the analysis is limited to only EA recipients, CYP3A4*22 was 

identified as significant. Given our sample size in the EA cohort, a power analysis showed 

88% power to detect a genetic variant that can explain 3% variance of TAC, at significance 

level of 1e−7. If there are any additional common variants underlying TAC metabolism, they 

would most likely have low effect sizes.

Surprisingly, many variants have been previously reported to be associated with TAC trough 

variation. Damon et al., analyzing 229 kidney allograft recipients, identified variants in 

the ATP-binding cassette, subfamily C, member 8 (ABCC8) and the solute carrier family 

28, member 3 (SLC28A3) genes, but variants in these genes were not significant in our 

study (29). Additional variants in candidate genes have been reported to be associated 

with TAC troughs including the ATP-binding cassette, subfamily B, member 1 (ABCB1) 

gene, the cytochrome P450 oxidoreductase (POR) gene, the cytochrome P450 subfamily 2C, 
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polypeptide 19 (CYP2C19) gene and the peroxisome proliferator-activated receptor-alpha 

(PPARA) gene, but none of these were found to be significant in our cohort (30–38).

When taking into consideration the common variants we identified, there is still significant 

variance in TAC troughs that has yet to be explained in recipients with two CYP3A5 
LoF alleles. In this cohort, we can account for 40.1% of the total TAC variance. In the 

paper by Damon et al (29), SNPs explained up to 70% of inter-patient variability of TAC 

metabolism in their population. There are several key differences between our study and 

Damon et al. First, Damon et al. included up to 85 genetic variants in their predictive model 

(most not found significant in our population), whereas we used only those SNPs which 

were genome-wide significant. Second, the R2 (% variance explained) value is prone to 

overestimation in small samples and large number of predictors. Our cohort has a much 

larger sample size than Damon et al., and allows us to obtain more accurate estimation of the 

R2.

Our data show that there is still a significant percentage of variation that is still unexplained. 

Some of this variation may be attributed to clinical factors, such as age, time posttransplant, 

drug drug interactions or medication adherence, which we did not include in our model. An 

additional source of genetic variation may lie in rare functional variants (MAF < 1%). These 

variants could contribute to TAC trough variability but because of their low MAF they would 

not be identified through a GWAS analysis. There may be many rare LoF alleles in CYP3A4 
as well as other candidate genes encoding proteins that influence tacrolimus metabolism 

or transport. Identifying these variants could help us predict a greater percentage of the 

TAC trough variance for individual tacrolimus dosing, as well as pointing to additional 

genes potentially associated with outcomes after transplantation. Alternatively, epigenetic 

and environmental factors may contribute to variability in the expression of CYP3A4, since 

protein expression has been shown to vary between samples in liver microsomal banks (42, 

43).

To introduce pharmacogenetics into clinical practice, we have developed and tested genetic 

dosing models which will move pharmacogenomics one step closer to the clinic (39, 

40, 41). These models will need to be continually refined and improved as additional 

genetic and clinical factors associated with TAC disposition are identified. Identifying 

determinants of efficacy and toxicity of all immunosuppressants is critical to improving 

precision immunosuppression and ultimately allograft survival. Understanding the effects of 

many genes will someday improve other areas of transplantation including donor selection 

(e.g. APOL1) and rejection (e.g. kidney biopsy gene expression).
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Figure 1. 
Manhattan plot for dose-normalized tacrolimus troughs in European-American recipients 

with 2 CYP3A5 LoF alleles.
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Table 1.

Recipient Characteristics for kidney allograft recipients with either two CYP3A5 LoF alleles for with 0, 1 or 2 

CYP3A5 LoF alleles

0, 1, or 2 LoF (N=1,446) 2 LoF (N=1,345)

Age group (yrs), n (%)

 18–34 165 (11.4%) 151 (11.2%)

 35–64 1048 (72.5%) 971 (72.2%)

 65–84 233 (16.1%) 223 (16.6%)

Donor age group (yrs), n (%)

 0–34 454 (31.4%) 415 (30.9%)

 35–64 954 (66.0%) 891 (66.3%)

 65–84 38 (2.6%) 39 (2.9%)

Living donor status, n (%) 961 (66.5%) 884 (65.7%)

Female, n (%) 538 (37.2%) 505 (37.6%)

Diabetes at transplant, n (%) 564 (39.0%) 525 (39.1%)

SPK, n (%) 120 (8.3%) 114 (8.5%)

Body Mass Index, mean (SD) 28.3 (5.5) 28.3 (5.6)

Antibody Induction, n (%)

 Combination 42 (2.9%) 42 (3.1%)

 Monoclonal 554 (38.3%) 516 (38.4%)

 Polyclonal 792 (54.8%) 730 (54.3%)

 None 58 (4.0%) 57 (4.2%)

Median tacrolimus trough in ng/mL (IQR) in first 6 months 8.4 (6.6–10.3) 8.4 (6.7–10.4)

Median daily tacrolimus dose in mg (IQR) in first 6 months 5.5 (4.0–8.0) 5.0 (3.5–7.0)

Median dose-normalized tacrolimus trough (IQR) in ng/mL per total daily dose in mg in first 
6 months 1.52 (1.01–2.33) 1.64 (1.13–2.47)
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Table 2.

Significant SNPs (p<1e−8) and effect sizes associated with dose normalized tacrolimus troughs in recipients 

with two CYP3A5 LoF alleles.

Chr SNP Position Gene* A1 beta SE P-value

7 rs35599367 99366316 CYP3A4 A 0.300 0.035 2.21e−17

7 rs62471957 99440105 CYP3A43 G 0.294 0.035 2.64e−17

7 rs62471929 99274316 CYP3A43 G 0.285 0.034 7.20e−17

7 rs78912778 99133763 ZKSCAN5 T 0.282 0.034 1.16e−16

7 rs62471956 99421085 CYP3A43 A 0.307 0.037 2.18e−16

7 rs45459197 99054663 CPSF4 T 0.278 0.034 3.22e−16

7 rs62474460 99463342 CYP3A43 C 0.295 0.036 4.32e−16

7 rs74516408 99060440 ATP5J2-PTCD1 T 0.275 0.034 5.81e−16

7 rs150746244 99068756 ZNF789 T 0.276 0.034 8.61e−16

7 rs4986910 99358524 CYP3A4 G 0.592 0.085 2.85e−12

7 rs7792939 99207876 GS1-259H13.2 C 0.172 0.025 4.35e−12

7 rs2572004 99500512 TRIM4 A 0.452 0.069 5.26e−11

Position based on Assembly GRCh37.p13

*
Closest gene excluding pseudogenes

A1 - minor allele

SE - standard error.
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Table 3.

Variation attributed to clinical variables and genetic variants in subjects with 0, 1, or 2 CYP3A5 LoFs

Model Variation of TAC troughs* Variation explained by model**

Simple time-trend model 0.361 -

Clinical variables 0.274 24.1%

Clinical variables + rs776746 0.229 36.6%

Clinical variables + rs35599367 0.258 28.5%

Clinical variables + rs776746 and rs35599367 0.216 40.1%

*
variance estimated for day 9 post-transplant ln transformed dose normalized TAC trough concentration

**
proportion of variation explained by each model compared to the simple time-trend model, i.e., 1 – var/0.361, where var is the estimated variance 

for day 9 random variable in the previous column
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