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Background. Tenofovir is a widely used antiretroviral drug although it can cause kidney tubular dysfunction
(KTD). The aim of this study was to determine the association between polymorphisms in genes encoding drug
transporters and KTD in Japanese patients treated with tenofovir.

Methods. The association between tenofovir-induced KTD and 14 single nucleotide polymorphisms (SNPs)
in the ABCC2, ABCC4, ABCC10, SCL22A6, and ABCBI genes was investigated in 190 Japanese patients. KTD was
diagnosed by the presence of at least 3 abnormalities in the following parameters: fractional tubular resorption of
phosphate, fractional excretion of uric acid, urinary B2-microglobulin, urinary ol-microglobulin, and urinary
N-acetyl-p-D-glucosaminidase. Genotyping was performed by allelic discrimination using TagMan 5’-nuclease
assays with standard protocols. Associations between genotypes and KTD were tested by univariate and multivar-
iate logistic regression analyses.

Results. KTD was diagnosed in 19 of the 190 (10%) patients. Univariate and multivariate analyses showed a
significant association between KTD and genotype CC at position —24 CC (adjusted odds ratio [OR], 20.08; 95%
confidence interval [CI], 1.711-235.7; P=.017) and genotype AA at position 1249 (adjusted OR, 16.21; 95% CI,
1.630-161.1; P=.017) of ABCC2. Multivariate analysis showed higher adjusted OR for patients with both homo-
zygotes (adjusted OR, 38.44; 95% CI, 2.051-720.4; P=.015). ABCC2 haplotype —24T and 1249G was a protective
haplotype for KTD (OR, 0.098; 95% CI, .002-.603; P =.003

Conclusions. This is the first study of our knowledge to identify the association between SNPs in ABCC2 and
tenofovir-induced KTD in an Asian population. Close monitoring of renal function is warranted in tenofovir-
treated patients with these SNPs.

Tenofovir disoproxil fumarate (TDEF), a prodrug of te-
nofovir, is a nucleotide reverse transcriptase inhibitor
widely used for the treatment of human immunodefi-
ciency virus type 1 (HIV-1) infection and hepatitis B

Received 20 May 2012; accepted 24 August 2012.

Correspondence: Hiroyuki Gatanaga, MD, PhD, AIDS Clinical Center, National
Center for Global Health and Medicine, 1-21-1, Toyama, Shinjuku, Tokyo 162-
0052, Japan {higatana@acc.ncgm.go.jp).

Clinical Infectious Diseases

© The Author 2012. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com.

DOI: 10.1093/cid/cis772

infection [1-4]. Tenofovir is excreted by a combination
of glomerular filtration and active tubular secretion.
Although the nephrotoxicity of tenofovir is regarded
mild and tolerable [5-7], several cases of tenofovir-
induced nephrogenic diabetes insipidus, Fanconi syn-
drome, and acute renal failure have been reported, and
prognosis of renal function with long-term tenofovir
use remains unknown [8-10].

The mechanism of tenofovir-induced kidney
damage is not fully understood. However, mitochon-
drial damage in the proximal renal tubular cells was
observed in patients with prominent tenofovir-
induced kidney tubular dysfunction (KTD) [11, 12].
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Because the characteristics and severity of tenofovir-induced
KTD vary widely among individuals, the role of host genetics
has drawn a particular attention. Single nucleotide polymor-
phisms (SNPs) in transporter proteins of renal tubular cells
have been investigated to elucidate their roles in tenofovir-
induced KTD [13-15].

Tenofovir enters kidney tubular cells through the basolateral
membrane and is transported mainly by organic anion trans-
porter (OAT) 1 and, to a lesser extent, OAT 3, encoded by
genes SLC22A6 and SLC22A8, respectively [16]. Tenofovir is ex-
creted into the urine at the apical membrane by 2 transporters
on the luminal membrane; multidrug resistance protein (MRP)
4 and MRP 2, encoded by the adenosine triphosphate-binding
cassette (ABC) genes ABCC4 and ABCC2, respectively [17, 18].
Although the role of MRP4 in transporting tenofovir has been
well established, that of MRP 2 remains controversial [19, 20].
Recently, MRP 7, encoded by ABCCI0 gene, was also reported
to take part in the excretion of tenofovir [21]. P-glycoprotein is
a membrane protein expressed on the cells of renal proximal
tubule, intestine, and hepatocytes. Encoded by ABCBI gene,
P-glycoprotein transports TDE, the prodrug of tenofovir. SNPs
on ABCBI might alter the expression of P-glycoprotein and
thus affect exposure of tenofovir [22-24].

Previous studies reported inconsistent findings on the asso-
ciation of the SNPs of the transporter protein on tenofovir-
induced KTD [13-15]. Several pathological processes could
induce KTD, such as active infection, inflammation, diabetic
nephropathy, concurrent use of nephrotoxic drugs, and preex-
isting renal impairment, and thus it is difficult to evaluate
KTD induced exclusively by tenofovir [25]. Moreover, drug
interaction with other antiretrovirals, especially ritonavir-
boosted protease inhibitors, modifies tenofovir clearance and
thus the severity of tenofovir-induced KTD [26, 27]. Previous
studies examined patients treated with various antiretroviral
combinations, which might also contribute to the inconsistent
findings. Thus, the effect of SNPs on tenofovir-induced KTD
remains to be clarified and isolated from other abovemen-
tioned conventional risk factors for KTD [15, 28]. Of note,
the population investigated in previous studies on the role
of SNPs in tenofovir-induced KTD was mostly whites, and
patients of other genetic background have hardly been
examined.

Based on the above background, the present study was de-
signed to elucidate the association between polymorphisms in
genes encoding drug transporters in renal tubular cells and
tenofovir-induced KTID, in a setting designed to exclude other
predisposing or intervening factors: the inclusion of Japanese
patients with HIV infection on the same antiretroviral
combination with suppressed HIV-1 viral load, and free of
preexisting renal impairment, major comorbidities, and active
infections.

METHODS

Ethics Statement

This study was approved by the Human Genetics Research
Ethics Committee of the National Center for Global Health
and Medicine, Tokyo, Japan. Each patient included in this
study provided a written informed consent for genetic testing
and publication of clinical data for research purposes. The
study was conducted according to the principles expressed in
the Declaration of Helsinki.

Study Design

We performed a single-center cohort study to cross-sectionally
elucidate the association between SNPs in genes encoding
renal tubular transporters in Japanese patients with HIV infec-
tion and tenofovir-induced KTD.

Study Subjects

The study included consecutive Japanese patients with HIV
infection, aged >17 years, with HIV-1 viral load <200 copies/
mL, and on at least 4-week treatment with once-daily ritonavir
(100 mg)-boosted darunavir (800 mg) plus fixed dose teno-
fovir (300 mg)/emtricitabine (200 mg), seen at our clinic
between 1 October 2011 and 31 March 2012. The exclusion
criteria were (1) active infection, (2) malignancy, (3) diabetes
mellitus, defined by the use of anti-diabetic agents or fasting
plasma glucose >126 mg/dL or plasma glucose >200 mg/dL on
two different days, (4) alanine aminotransferase 2.5 times
more than the upper limit of normal, (5) estimated glomerular
filtration rate (eGFR) calculated by Cockeroft-Gault equation
of <50 mL/minutes [creatinine clearance = [(140 — age) X
weight (kg)]/(serum creatinine x 72)(x0.85 for females)] [29],
and (6) patients without consent to the study.

Measurements

Blood and spot urine samples were collected either on the day of
enrollment or on the next visit, together with body weight mea-
surement. The blood samples were used to measure serum creat-
inine, serum uric acid, serum phosphate, CD4 count, and C-
reactive protein, whereas urine samples were used to measure
phosphate, uric acid, creatinine, B2-microglobulin (f2M),
ol-microglobulin  (0¢1M), and N-acetyl-B-D-glucosaminidase
(NAG). The values of p2M, c.1M, and NAG measured in the
urine samples were expressed relative to urinary creatinine of
1 g/L (/g Cr).

Urinary concentrations of §2M and olM were measured
with latex aggregation assay kits (B2M: BMG-Latex X1
“Seiken”; Denka Seiken Co, Niigata, Japan; o1M: Eiken a:1M-
IIL; Eiken Chemical Co, Tokyo, Japan), and those of NAG by
colorimetric assay of enzyme activity with 6-methyl-2-pyridyl-
N-acetyl-1-thio-B-D-glucosaminide substrate  (Nittobo
Medical Co, Tokyo).
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Definition of Renal Proximal Tubular Dysfunction
KTD was defined as the presence of at least 3 abnormalities in
the following 5 parameters: fractional tubular resorption of phos-
phate {1 - creatinine)/(urine
creatinine x serum  phosphate)]} x 100 of <82%, fractional
excretion of uric acid {[(urine uric acid X serum creatinine)/
(urine creatinine x serum uric acid)] x 100)} of >15%, pB2-
microglobulinuria (B2M > 1000 ug/g Cr), ol-microglobulinuria
(1M > 16.6 mg/g Cr), and high-NAG level in urine (NAG>
5.93 U/g Cr). The above cutoff levels were selected on the basis
of data reported previously by various investigators [15, 30, 31].
The potential risk factors for KTD were determined accord-
ing to previous studies and collected together with the basic
demographics from the medical records [6, 27, 32, 33]. They
included age, sex, body weight, and presence or absence of
other medical conditions (concurrent use of nephrotoxic
drugs such as ganciclovir, sulfamethoxazole/trimethoprim,
and nonsteroidal antiinflammatory agents, coinfection with
hepatitis B, defined by positive hepatitis B surface antigen, co-
infection with hepatitis C, defined by positive HCV viral load,
hypertension, defined by current treatment with antihyperten-
sive agents or 2 successive measurements of systolic blood
pressure >140 mmHg or diastolic blood pressure >90 mmHg
at the clinic, dyslipidemia, defined by current treatment with
lipid-lowering agents or 2 successive measurements of either
low-density lipoprotein cholesterol >140 mg/dL, high-density
lipoprotein cholesterol <40 mg/dL, total cholesterol >240 mg/dL,
triglyceride >500 mg/dL. At our clinic, blood pressure and
body weight are measured every visit. We used the data on or

[(urine phosphate x serum

closest to and preceding the day of blood/urine sample collec-
tion by no more than 180 days.

Genetic Polymorphisms

SNPs in genes encoding tubular transporters were selected on
the basis of their functional significance, findings of previously
published reports, and/or reported minor-allele frequencies
>5% in the Japanese [13-15, 21, 28]. The allele frequency data
for the Japanese were obtained from the Japanese Single Nu-
cleotide Polymorphisms (JSNP) database [34]. The 14 SNPs
selected were (1) ABCC2 (encodes MRP2) —24C — T (in the
promoter; rs717620); 1249G— A (Valdl7lle; rs2273697);
2366C — T (Ser789Phe; rs56220353); 2934G — A (Ser978Ser;
rs3740070), (2) ABCC4 (encodes MRP4) 559G—T
(Gly187Trp; rs11568658); 912G — T (Lys304Asn; rs2274407);
2269G — A (Glu757Lys; rs3765534); 3348A — G (Lys1116Lys;
rs1751034); 4135T — G [in the 3’ untranslated region (UTR);
(rs3742106)); 4976T — C (3’ UTR; rs1059751), (3) ABCCI0
(encodes MRP10) 526G — A (intron; rs9349256); 2759T — C
(1e920Thr; 1s2125739), (4) SLC22A6 (encodes OAT1)
180C — T (Asn60Asn; rs11568630), and (5) ABCBI (encodes
P-glycoprotein) 2677T — A/G (A:Ser893Thr, G:Ser893Ala;
rs2032582).

Pharmacogenetic Analyses

Genomic DNA was extracted from peripheral-blood leuko-
cytes using the protocol described in the sheet enclosed with
the QIAamp DNA MiniKit (Qiagen, Valencia, California). All
genotyping was performed by allelic discrimination using
TaqMan 5'-nuclease assays with standard protocols (TagMan
SNP Genotyping Assays; Applied Biosystems, Foster City,
California). The primer and probe sequences are available on
request.

n=244

Japanese patients with once-daily
DRVir plus TOFIFTC for >4 weeks

Excluded n=54
Did not consent
HIV viral load >200 copies/mi

Enrolled in the study
n=180

Diabetes mellitus
ALT 2.6 times >ULN
Did not visit during study period
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Patients with Patients with normal
kidney tubular dysfunction kidney tubular function
n=19 n=171

Figure 1.
TDF/FTC, tenofovir/emtricitabine; ULN, upper limit of normal.

Patient enrollment. Abbreviations: ALT, alanine transaminase; DRV/r, ritonavir-boosted darunavir; HIV, human immunodeficiency virus;
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Statistical Analysis

Baseline characteristics were compared between patients with
KTD and without tubular dysfunction by the Student ¢ test for
continuous variables and by either the %> test or Fisher exact
test for categorical variables. Statistical comparisons for geno-
type frequencies between 2 groups were made by use of 2 x 3
table Fisher exact test (2 X 6 table for rs2032582). Associations
between genotypes and KTD were tested by univariate and
multivariate logistic regression analyses. The impact of other
variables was estimated with univariate analysis, and those
with P <.20 were incorporated into multivariate analysis, in
addition to the basic demographics such as age and sex. Statis-
tical significance was defined at 2-sided P value <.05. We used
odds ratios (ORs) and 95% confidence intervals (95% CIs) to
estimate the impact of each variable on KTD. The Haploview
software was used to test Hardy-Weinberg equilibrium and
ABCC2 and ABCC4 haplotype analysis. All other statistical

analyses were performed with the Statistical Package for Social
Sciences ver. 17.0 (SPSS, Chicago, Illinois).

RESULTS

A total of 190 patients who provided blood and urine samples
and satisfied the inclusion and exclusion criteria were enrolled
in the study (Figure 1). KTD was diagnosed in 19 of the 190
patients (10%). The baseline characteristics and laboratory
data for patients with and without KTD are listed in Table 1.
Patients with KTD were older (P <.001), had smaller body
weight (P=.006) and lower eGFR (P =.003), and were more
likely to be hypertensive than patients with normal tubular
function (P =.088). The median duration of tenofovir therapy
was 71.5 weeks (interquartile range [IQR]: 36.8-109.2 weeks)
for the entire study population, which was not different
between the 2 groups (P = .888).

Table 1.

Characteristics of Patients With and Without Kidney Tubular Dysfunction

Patients With KTD (n=19)

Patients With Normal Tubular

Function (n=171) PValue

Urinary NAG >5.93 U/g Cr, No. (%)

17 (89.5) 23(13.5)

Fractional excretion of uric acid >15%, No. {%)

2 (10.5)

Sex (male), No. (%)

Hepatitis

Dyslipidemia, No. (%)

18 (94.7)

4(21.1) 54 (31.6) 253

C-reactive protein (mg/dL)?

0.07 (0.03~0.28)

0.07 (0.03-0.16) 277

Abbreviations: KTD, kidney tubular dysfunction; NAG, N-acetyl-B-o-glucosaminidase; TDF, tenofovir disoproxil fumarate.
2 Median (interquartile range).
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Table 2. Genotype Frequencies at ABCC2, ABCC4, ABCC10, SLC22A6, and ABCBT in Patients With and Without Kidney Tubular
Dysfunction

Patients With Normal Tubular
Genotype Amino Acid Patients With KTD (n = 19) Function (n=171) PValue®

1249 G — A, rs2273697 Vald17lle

AG 5 (26.3) 34 (19.9) 017

2366 C — T, rsb6220353 Ser789Phe

cr 0(0) 3(1.8) 1.000

2934 G — A, rs3740070 Ser978Ser

G/A 1{6.3) 11 (6.4) 1.000

ABCC4 (MRP4)

oG o
976T—C, 1s1069751
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Table 2 continued.

Genotype

Amino Acid

69207

Patients With KTD (n=19)

Patients With Normal Tubular

Function (n=171) P Value®

Abbreviation: KTD, kidney tubular dysfunction.
@ By Fisher exact test.

Table 2 summarizes the distribution of genotypes at the
ABCC2, ABCC4, ABCC10, SLC22A11, and ABCBI genes in
the 2 groups. All polymorphisms were in Hardy-Weinberg
equilibrium with a cutoff P value of .001. In single SNP analy-
sis, a higher percentage of patients with KTD were found
among genotype CC at position —24 and genotype AA at po-
sition 1249 of ABCC2, compared to patients with other geno-
types (—24 CC; 14.3% [in 18 of 126 patients] vs 1.6% [in 1 of
64 patients]; P=.004) (1249 AA; 42.9% [in 3 of 7 patients] vs
8.7% [in 16 of 183 patients]; P =.023), respectively. The per-
centage of patients with KTD was also higher among genotype
AA at position 2677 of ABCBI, compared to patients with
other genotypes (2677 AA; 42.9% [in 3 of 7 patients] vs. 8.7%
[in 16 of 183 patients); P =.023). KID was marginally associ-
ated with genotype AA at position 559 and genotype GG at
position 4976 of ABCC4 (P =.112, and .090, respectively).

Association of Genatypes with iTD

Univariate analysis showed a significant association between
KTD and patients with genotype CC at position —24
(OR, = 10.50; 95% CI, 1.369-80.55; P =.024) and patients with
genotype AA at position 1249 (OR, 7.828; 95% CI, 1.609-
38.10; P=.011) of ABCC2 (Table 3). The risk for KTD was
higher in patients with both genotype CC at position —24 and
genotype AA at position 1249 (OR, 31.88; 95% CI, 3.131-
324.5; P=.003). Genotype AA at position 2677 of ABCBI was
also significantly associated with KTD (OR, 7.828; 95% CI,

1.609-38.10; P=.011). Furthermore, old age (per 1 year, OR,
1.165; 95% CI, 1.100-1.233; P <.001), low body weight (per 1
kg decrement, OR, 1.076; 95% CI, 1.021-1.135; P =.007), and
low eGFR (per 1 mL/minutes/1.73 m? decrement, OR, 1.052;
95% CI, 1.016~1.090; P =.004) were also associated with KTD.

Multivariate analysis identified genotype CC at position —24
and genotype AA at position 1249 of ABCC2 as independent
risks for KTD after adjustment for sex, age, weight, eGFR, and
hypertension (adjusted OR,=20.08; 95% CI, 1.711-235.7;
P=.017) (adjusted OR, 16.21; 95% CI, 1.630-161.1; P=.017),
respectively (Table 4). Patients with both of the abovemen-
tioned two homozygotes showed higher adjusted OR in multi-
variate analysis (adjusted OR, 38.44; 95% CI, 2.051-720.4;
P=.015) (Table 4). On the other hand, genotype AA at posi-
tion 2677 of ABCBI was not significantly associated with KTD
in multivariate analysis adjusted for the abovementioned vari-
ables (adjusted OR, 1.686; 95%CI, .163-17.43; P = .661).

Association of Haplotypes at ABCC2 and ABCC4 with KTD

Haplotype construction was performed with the 4 identified
SNPs with P <.10 in univariate analysis: ABCC2, =24 C—=T,
1249 G — A; ABCC4, 559 G ~ T, 4976 T — C (Table 4). Hap-
lotypes with frequency of >1% were analyzed. ABCC2 haplo-
type CA was significantly associated with TDF-induced KTD
(OR, 2.910; 95% CI, 1.295-6.221; P=.011), whereas ABCC2
haplotype TG was a protective haplotype (OR, 0.098; 95%
CI, .002-.603; P=.003). ABCC4 haplotype TT was marginally
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Table 3. Univariate Analysis of Risks for Kidney Tubular Dys-
function in Patients With HIV Infection Treated With Tenofovir

Characteristic OR 95% ClI PValue

Concurrent use .322-7.555 .581

of nephrotoxic drugs

Crreactive protein per 1 mg/dL 1561  689-3.494 289

Dyslipidemnia 183-1.823 349

ABCC2

1249 AA

| 2934 GG

Abbreviations: Cl, confidence interval; eGFR: estimated glomerular filtration
rate; HIV, human immunodeficiency virus; OR, odds ratio.

® Due to low prevalence of minor alleles, rsb6220353, rs11568630, and
rs2274407 were not included in this analysis.

associated with tenofovir-induced KTD (OR, 2.497; 95%
CI, .902-6.949; P = .077).

DISCUSSION

The present study demonstrated that genotype CC at position
—24 and genotype AA at position 1249 of ABCC2 gene are
associated with tenofovir-induced KTD in Japanese patients
with HIV-1 infection. The effect of SNPs was more evident in
patients with both —24 CC and 1249 AA homozygotes than
in those with either homozygote only. The findings of this
study resolve long-term controversy over the role of genetic

Table 4. Multivariate Analysis for the Risk of Tenofovir-Induced
Kidney Tubular Dysfunction With Hemozygotes at —24 and 1249
of ABCCZ in Patients With HIV Infection

Adjusted OR 95% Cl PValue

1.630-161.1

Homozygote at 1249 AA 16.21

Each variable was adjusted for sex, age, weight, estimated glomerular
filtration rate, and hypertension.

Abbreviations: Cl, confidence interval;, OR, odds ratio.

polymorphisms in tenofovir-induced KTD and confirm the
effect of the SNPs in ABCC2 gene in tenofovir-induced KTD.

CA haplotype (—24C, 1249A) of ABCC2 was associated with
tenofovir-induced KTD, whereas TG was a protective haplotype
(Table 5). Izzedine et al [13] reported the role of CATC haplo-
type (—24C, 12494, 3563T, 3972C) of ABCC2 in KID.
However, 3563T did not play such role in this haplotype analy-
sis, because the prevalence of 3563T is 0% in the Japanese, ac-
cording to the HapMap data, and haplotype with only —24C
plus 1249A still exhibited its effect on tenofovir-induced KTD
(Table 5; www.hapmap.org). The reported association between
tenofovir-induced KTD and 526G and 2759C of ABCCIO de-
scribed by Pushpakom et al [21] was also not reproduced in this
study. Furthermore, SNPs in ABCC4, SLC22A6, and ABCBI in-
vestigated in the present study did not show a significant associ-
ation with tenofovir-induced KTD (Table 3).

Three main aspects of our study are important. First, this is
the first study to our knowledge that elucidated the effect of
SNPs on tenofovir-induced KTD conducted in a country other
than European countries or the United States. Our study ex-
amined Japanese patients of genetic background different
from patients of previous studies, which consisted mostly of
whites. While SNPs —24C and 1249A of ABCC2 have been
speculated to correlate with tenofovir-induced XTD in previ-
ous studies, the present study confirmed that these SNPs are
risk factors for tenofovir-induced KTD in nonwhites.

The result that the SNPs in ABCC2 are a risk for tenofovir-
induced KTD can also be applied to patients with other
genetic backgrounds who host SNPs —24C and 1249A.
Notably, the impact of SNPs on tenofovir-induced KTD might
be more significant in Africans and Indians than in Japanese
or whites, considering that the allele frequencies of —24C and
1249A are higher in these population according to the
HapMap data (—24C; Africans 96.9%, Indians 92.6%, Japanese
80.8%, whites 81.9%, 1249A; Africans 21.7%, Indians 30.7%,
Japanese 8.9%, whites 23.7%; www.hapmap.org).

Second, the study was designed to evaluate the exclusive
effect of SNPs on tenofovir-induced KTD by excluding
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Table 5. Association Between Haplotype in ABCCZ and ABCC4 and Kidney Tubular Dysfunction

Allele/Haplotype Frequency, %

SNP Marker/Haplotype Allele KTD Group (n=19) Control Group (n=171) OR (95% CI)? PValue

ABCC2 CA 28.9 12.3 2.91(1.295-6.221) 011

haplotype TG 2.6 21.6 0.098 (.002-.603) 003

Abbreviations: Cl, confidence interval; KTD, kidney tubular dysfunction; OR, odds ratio; SNP, single-nucleotide polymorphism.

® ORs and P values are for comparisons of allele/haplotype frequencies between the kidney tubular dysfunction and control groups.

possible predisposing factors for KTD, for example, active in- SNPs on KTD with long-term TDF use needs to be evaluated
fection, malignancies, diabetes mellitus, and preexisting renal  in prospective studies.
impairment, which are known risks for KTD [35]. Patients Several limitations need to be acknowledged. First, not all
who showed no HIV-1 viral suppression were also excluded.  polymorphisms in genes of the targeted transporter proteins
Furthermore, the enrolled patients were Japanese only, and  were examined. Thus, we might have missed other important
this helped to examine a study population with comparatively =~ SNPs on the function of tenofovir transportation. There might
similar genetic background. The study population was also on  be other unknown transporter proteins for tenofovir excretion
the same antiretroviral regimen (ritonavir-boosted darunavir  in the kidney that contribute to susceptibility to tenofovir-
plus tenofovir/emtricitabine), and this also helped to evaluate  induced KTD as well. Second, the diagnostic criteria for TDF-
more precisely the effect of SNPs, because plasma concentra-  induced KTD are not uniformly established in the field and
tion of tenofovir is affected by concomitant antiretrovirals and  are different in the published studies. The criteria applied in
the delta change in plasma tenofovir concentration likely  this study are not entirely similar to the ones used in previous
differs in the presence of each concomitant drug [26]. studies that examined the role of SNPs in tenofovir-induced
Third, SNPs were examined in 190 patients in this study. KTD. However, by excluding other predisposing factors for
To our knowledge, the number of enrolled patients is the = KTD and enrolling a large number of patients, this study suc-
largest among the studies that have so far examined the effect  ceeded in providing a clear-cut association between SNPs and
of SNPs on tenofovir-induced KTD. Thus, this feature provid- tenofovir-induced KTD.
ed the study a higher statistical power than previous studies. In conclusion, the present study demonstrated that SNPs in
Why are polymorphisms in ABCC2 a risk for tenofovir- ~ ABCC2 associate with tenofovir-induced KTD in Japanese pa-
induced KTD, even though it is controversial whether MRP2  tients, in a setting that excluded other predisposing factors. As-
plays a role in the excretion of tenofovir via the lJuminal mem- sessment of renal tubular function is more cumbersome and
brane? [18, 20] The exact mechanism has not been determined costly to monitor than serum creatinine. However, monitoring
yet, but we speculate 2 hypotheses. First, there might be  tubular function is clinically important, because undetected long-
unknown endogenous substances that influence tenofovir  term tubular dysfunction might lead to premature osteopenia
nephrotoxicity in renal tubular cells, and SNPs in ABCC2  due to phosphate wasting and accelerated progression of renal
modulate the function or transportation of such substances  dysfunction. Close monitoring of tubular function is warranted
[15]. Second, MRP2 may indeed take part in transporting te- in patients with ABCC2 —24C and 1249A under TDF treatment.
nofovir, because various substances including methotrexate
are reported to be a substrate of MRP2, and ABCC2 mutation Notes
alters excretion of those substances [36, 37]. Further studies Acknowledgments, 'The authors thank Ryo Yamada, Takuro Shimbo,
are warranted to elucidate the exact mechanism of these SNPS  gyiniko Hinoshita, Yoshimi Kikuchi, Katsuji Teruya, Kunihisa Tsukada,
on tenofovir-induced KTD. Furthermore, the impact of these ~ Junko Tanuma, Hirohisa Yazaki, Haruhito Honda, Ei Kinai, Koji
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Association of Takayasu arteritis with HLA-B*67:01
and two amino acids in HLA-B protein
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Abstract

Objective. Takayasu arteritis (TAK) is a rare autoimmune arteritis that affects large arteries. Although the
association between TAK and HLA-B*52:01 is established, the other susceptibility HLA-B alleles are not
fully known. We performed genetic association studies to determine independent HLA-B susceptibility
alleles other than HLA-B*52:01 and to identify important amino acids of HLA-B protein in TAK
susceptibility.

Methods. One hundred patients with TAK and 1000 unrelated healthy controls were genotyped for HLA-B
alleles in the first set, followed by a replication set containing 73 patients with TAK and 1000 controls to
compare the frequencies of HLA-B alleles. Step-up logistic regression analysis was performed to identify
susceptibility amino acids of HLA-B protein.

Results. Strong associations of susceptibility to TAK with HLA-B*52:01 and HLA-B*67:01 were observed
(P=1.0x107"® and 9.5 x 107°, respectively). An independent susceptibility effect of HLA-B*67:01 from
HLA-B*52:01 was also detected (P=1.8x 10™7). Amino acid residues of histidine at position 171 and
phenylalanine at position 67, both of which are located in antigen binding grooves of the HLA-B protein,
were associated with TAK susceptibility (P < 3.8 x 107%) with a significant difference from other amino
acid variations (AAIC > 9.65).

Conclusion. HLA-B*67:01 is associated with TAK independently from HLA-B*52:01. Two amino acids in
HLA-B protein are strongly associated with TAK susceptibility.

Key words: Takayasu arteritis, genetic association study, HLA-B, aortitis, vasculitis.
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Takayasu arteritis (TAK) is a relatively rare systemic arter-
itis that affects mainly large branches of the arteries,
including the aorta, carotid artery, subclavian artery and
coronary artery. TAK affects mainly young females. Both
environmental and genetic components have been shown
to be involved with the onset of TAK [1]. Among genetic
components, HLA-B52, mainly B*52:01, has shown a
strong association with TAK with odds ratios (ORs) of
~3 [2, 3]. The association with HLA-B52 has been repeat-
edly shown in various studies and the association is
established beyond ethnicity [4, 5]. Other associations
between TAK and HLA alleles have not been confirmed
due to the low prevalence of the disease and the lack of
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large-scale comprehensive genetic analysis using TAK
patients. While a previous study showed that HLA-B39
is also associated with TAK [6], another recent study
failed to replicate the association [7]. The recent study
also suggested that a relatively rare HLA-B allele, HLA-
B*67:01, was associated with TAK susceptibility (cor-
rected P=0.023) [7], but there are no replication studies.
No studies have addressed independent associations
of HLA-B alleles from HLA-B*52:01. Moreover, no large
studies have ever been performed to analyse which
amino acid residues are important for TAK susceptibility.
As some TAK patients develop autoantibodies against
aortic endocardium [8], the detection of susceptibility
amino acids to TAK would lead to identification of a
possible antigen that provokes an autoimmune response
in TAK patients.

Materials and methods

Study subjects

DNA samples of 100 Japanese patients with TAK were
collected at Kyoto University Hospital and Tokyo
Women'’s Medical University. DNA samples of 73 patients
with TAK were also collected at Kyoto University Hospital.
Two patients in the first set are a parent and a child. Each
of 1000 control DNA samples in the first and replication
sets were collected at the HLA laboratory from unrelated
healthy individuals. All the patients were diagnosed with
TAK based on ACR criteria [9] or guidelines of the
Japanese Circulation Society [10] or were registered to
the Japanese national registry for rare and intractable
diseases (http://www.nanbyou.or.jp/english/index.htm).
Information on classifications of TAK based on criteria
by Hata et al. [11] and of complications of aortic regurgi-
tation (AR) were obtained from 75 and 85 patients,
respectively, by reviewing clinical charts from the Kyoto
University Hospital. A summary of the subjects is shown in
supplementary Table S1, available at Rheumatology
Online. This study was approved by the local ethics com-
mittees at each institution (Kyoto University Graduate
School and Faculty of Medicine Ethics Committee,
Tokyo Women’s Medical University Genome Ethics
Committee and Tokyo Women's Medical University
Ethics Committee) and written informed consent was ob-
tained from all subjects.

HLA-B genotyping

The cases and controls were genotyped for HLA-B alleles
in four-digit resolution using the WAKFlow system at
the Kyoto University Hospital and HLA laboratory,
respectively.

Amino acid sequences of HLA-B alleles

Amino acid sequences were obtained for each HLA-B
allele for four-digit resolution from the IMGT database
(http://www.ebi.ac.uk/ipd/imgt/hla/). Amino acid vari-
ations were searched across all the HLA-B alleles con-
fained in the study population. In total, 99 variants of
amino acids over 53 positions were determined in the

HLA-B alleles. A three-dimensional structure analysis of
the HLA-B protein was performed using UCSF Chimera
software (University of California, San Francisco,
San Francisco, CA, USA) [12].

Statistical analysis

The association between TAK and HLA-B alleles was
investigated using 2 x 2 contingency tables and tested
for statistical significance using the »x? test or Fisher's
exact test for alleles with a frequency >1% in either the
cases or the controls. Heterogeneity between the two stu-
dies was analysed using the Breslow-Day test. The ORs
and 95% Cls were also calculated. The relative predispo-
sitional effect (RPE) method [13] was applied to identify
the associations of more than one HLA-B allele sequen-
tially according to their strength. The associations
between clinical phenotypes and HLA-B*67:01 were
assessed by the Wilcoxon rank sum test for age at
onset or Fisher’s exact test for other clinical phenotypes.
Crude P-values were indicated unless we mentioned the
use of corrected P-values.

The 99 amino acids over 53 positions were used as
independent variables in logistic regression analysis (sup-
plementary Table S2, available at Rheumatology Online).
When we found only two amino acids in the same pos-
ition, we set one independent variable in this position.
When we found more than three amino acids in the
same position, we distinguished all amino acids as inde-
pendent variables. Step-up multiple logistic regression
analyses for TAK susceptibility were performed to identify
susceptibility amino acids in HLA-B in the combined study
until an amino acid whose P-value did not reach signif-
icance was chosen. The Akaike information criterion (AIC)
was also calculated.

Significant levels were set according to Bonferroni’s cor-
rection, namely, 0.0028 for HLA-B alleles, 0.05 for clinical
phenotypes and 0.00051 for amino acids. Amino acid vari-
ations were considered significant over other variations
when the logistic regression model containing the variation
showed the smallest AIC with the difference in AIC >7 in
comparison with those containing other alleles (AAIC > 7)
[14]. Permutation tests were performed 10000 times to
assess the probability that the observed improvements of
deviance in multiple logistic regression analysis were ob-
tained by chance. Deviances of the best-fitting model using
one, two and three amino acids were calculated in each
permutation test and sequential improvements of deviance
by the best three amino acids were compared with the
observed improvements. Deviance of logistic regression
analysis is defined as —2 xlog likelihood of logistic
models with degrees of freedom of k, where k—1 is the
number of alleles in the models.

Results

The strong association of TAK with HLA-B*52:01 was
confirmed in the first set (P=2.6 x 107'%). A significant
association with HLA-B*67:01 was also observed
(P=0.00081; Table 1), and no other HLA-B alleles
showed significant associations with TAK. The replication
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TaeLe 1 Associations of HLA-B alleles with TAK susceptibility

B*07:02
B*13:01
B*15:01
B*15:18
B*35:01
B*39:01
B*40:01
B*40:02
B*40:06
B*44:03
B*46:01
B*48:01
B*51:01
B*52:01
B*54:01
B*65:02
B*59:01
B*67:01

2
2
9

122

28
153
27
160
68
108
177
92
125
87
60
161
232
133
47
41
27

. First set

| HLA-Ballele? CGase Controdl P

0.14
0.51
0.86
0.31
0.13
0.20
0.14
0.38
0.70
0.89
0.45
0.69
0.12
2.6x107"®
0.72
0.31
0.43
0.00081

OR (95% ClI)

0.56 (0.26, 1.21)

0.35 (0.0086, 2.17)

1.05 (0.61, 1.80)

0.51 (0.0088, 2.25)

0.61 (0.31, 1.17)
0.43 (0.086, 1.34)
0.54 (0.24, 1.25)
0.78 (0.44, 1.36)
0.86 (0.41, 1.81)
1.04 {0.58, 1.88)
1.28 (0.67, 2.44)
0.83 (0.3, 2.09)
0.60 (0.31, 1.16)
3.27 (2.34, 4.55)
0.90 (0.49, 1.65)
0.42 (0.049, 1.62)
0.48 (0.056, 1.88)
3.44 (1.60, 7.43)

Case  Control

1

O -+

- Replication set
P

0.36
1.00
0.98
0.17
0.38
0.11
0.84
0.11
0.0085
0.41

0.80

0.63
4.8x107°
0.57

0.72

0.52
0.0061

OR (95% CI)

0.68 (0.29, 1.57)
0.50 (0.012, 3.10)
0.99 (0.52, 1.87)
00, 1.52)

0.74 (0.37, 1.47)
1.84 (0.86, 3.93)
1.08 (0.53, 2.17)
0.52 (0.22, 1.19)
0.13 (0.0032, 0.74)
0.7 (0.30, 1.62)
0.8 (0.34, 1.85)
0.67 (0.13, 2.08)
1.15 (0.65, 2.04)
2.28 (1.52, 3.43)
0.82 (0.41, 1.63)
1.19 (0.47, 3.01)
0.35 (0.0085, 2.08)
3.70 (1.36, 10.05)

P

0.085
0.32
0.90
0.059
0.084
0.96

0.33

0.1

0.057
0.70

0.87

0.45

0.39

1.6x 1078
0.57

0.72

0.21
9.5x107°

Combined study.
OR (95% Cl)

0.61 (0.34, 1.08)
0.42 (0.049, 1.59)
1.03 (0.68, 1.54)
0.18 (0.0046, 1.08)
0.66 (0.41, 1.06)
0.99 (0.53, 1.84)
0.77 (0.45, 1.31)
0.68 (0.43, 1.09)
0.52 (0.27, 1.03)
0.91 (0.56, 1.47)
1.04 (0.63, 1.73)
0.76 (0.37, 1.57)
0.83 (0.54, 1.27)
2.82 (2.19, 3.64)
0.85 (0.54, 1.35)
0.77 (0.35, 1.66)
0.43 (0.086, 1.31)
3.62 (1.97, 6.66)

RPE P

1.6x10718

1.8x 1077

2Alleles with a frequency of >1% in either the case or control are indicated.
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study was performed to confirm the findings in the first
set. As a result, the association of HLA-B*67:01 with TAK
was observed (P=0.0061; Table 1), as well as that of HLA-
B*52:01 (P=4.8 x 107%). HLA-B*40:06 showed a protect-
ive association against TAK (P=0.0085). In the combined
analysis, solid evidence of associations of HLA-B*67:01
and HLA-B*52:01 with TAK was obtained [P=9.5 x 107°
and 1.0x107"%, OR=3.62 (95% Cl 1.97, 6.66) and 2.82
(95% ClI 2.19, 3.64), respectively; Table 1]. Any signs of
heterogeneity between the two studies were observed for
these two alleles (P > 0.18). No other alleles, including
HLA-B*40:06, showed significant associations. To
assess the independence of HLA-B*67:01’s association
from HLA-B*52:01 and to detect further candidates of in-
dependent susceptibility HLA-B alleles, RPE analysis was
performed in the combined study. As a result, HLA-
B*67:01 showed a significant association with TAK sus-
ceptibility that was independent of HLA-B*52:01
(P=1.8 x 1077; Table 1). The analysis did not show further
candidates with independent associations with TAK
(P = 0.17). Since previous studies suggested associations
between HLA-B alleles and disease phenotypes [15], we
analysed the associations between HLA-B*67:01 and age
at onset, female ratio, classifications of TAK or complica-
tions of AR. As a result, we did not observe significant
associations (P > 0.61; supplementary Tables S3 and
S4, available at Rheumatology Online).

Next, which amino acid residues contribute to TAK
susceptibility was analysed by a step-up multiple logistic
regression analysis in the combined study, using 99 amino
acid variations over the HLA-B protein (see the Materials
and methods section). Logistic regression analysis
revealed the strongest association of histidine residue
at the position of the 171st amino acid residue
(P=1.8x10"% Fig. 1 and supplementary Table S5,
available at Rheumatology Online), with a AAIC of 11.17
in comparisons with other amino acids. In the case of
conditioning with the 171st histidine, phenylalanine at
the 67th amino acid residue showed the strongest asso-
ciation (P=3.8 x 107%; Fig. 1), with an AAIC of 9.65. An
alanine residue at the 158th position showed a suggestive
association in conditioning with these two amino acids
(P=0.0024; Fig. 1) without significant AAIC (0.13), indicat-
ing uncertainty of the selection of this amino acid as the
third susceptibility amino acid. We did not find any further
amino acid variations with significant associations in the
condition with these three amino acids (P > 0.065). A total
of 10 000 permutation tests revealed that improvements in
deviance from these three amino acids were less likely to
be obtained by chance (permutation P-value 0.0001,
0.0001 and 0.0024, respectively). The 171st and 67th
amino acid residues are located in peptide binding
grooves, implying that an antigen binding capacity con-
ferred by these amino acids might influence TAK suscep-
tibility (supplementary Fig. S1, available at Rheumatology
Online). When HLA-B*52:01 was excluded from the asso-
ciation studies, the two amino acid variations did not show
significant associations (data not shown), indicating that
the associations of the two amino acids were brought by
HLA-B*52:01.

1772

Fia. 1 Associations of amino acids of the HLA-B protein
with TAK susceptibility.
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P-values are plotted according to the amino acid positions
in (A) single logistic regression analysis, (B) in the condi-
tion with histidine at position 171 and (C) with 171 histidine
and 67 phenylalanine.

Discussion

This is the first study to provide solid evidence of an
HLA-B TAK susceptibility allele independent of
HLA-B*52:01 and to report on TAK susceptibility amino
acids in HLA-B protein. As the top two residues of 171
and 67 were located at peptide binding grooves and have
shown their significance in peptide binding [16, 17], the
susceptibility effects on TAK appear to be reasonable.
HLA-B39 did not show an association in the current
study, or in another recent study [7]. Thus association
between HLA-B39 and TAK is not likely. Although the
previous study suggested the association of TAK
with HLA-B*67:01, the association was not conclusive
[7]. The current study has clearly revealed that
HLA-B*67:01 is associated with TAK independently of
HLA-B*52:01. The association and independence of
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Novel association between TAK and HLA-B allele and residues

HLA-B*67:01 were observed in the two independent

sets. The two relatives in our study did not have HLA-

B*67:01, thus having no effect on the conclusion. When
we analysed the previous data in which only serological
HLA-B type was available [6], HLA-B67 showed a sug-
gestive association with TAK after excluding HLA-B52
(95 cases and 232 controls) [6]. As HLA-B*67:01 is pre-
sent specifically in East Asians, this association should
be specific to East Asians. The RPE analysis did not
reveal an association of HLA-B*40:06. This indicates
that the protective association of HLA-B*40:06 in the rep-
lication set was conferred by positive associations of
HLA-B*52:01 and HLA-B*67:01. While we detected the
association of HLA-B*67:01 with TAK, HLA-B*67:01 did
not show significant associations with age at onset,
female ratio, TAK classifications and AR. Based on the
fact that the P-values are far from significant, it is not
very likely that HLA-B*67:01 has a strong effect on clin-
ical phenotype. Further detailed clinical information,
including affected branches of the aorta, and disease
activity were available for only a limited number of
patients in our study, so we could not analyse the asso-
ciation between the susceptibility allele and detailed clin-
ical phenotypes.

The 171st histidine was found to be a susceptibility
amino acid and the 67th phenylalanine was found to be
a protective amino acid. While the permutation P-value
supported the existence of the third susceptibility amino
acid, alanine at position 158 did not show a significant
AAIC in comparison with other amino acids. Thus we
cannot specify the third susceptibility amino acid to
TAK. The significant associations of the top two amino
acids were mainly attributed to HLA-B*52:01. No other
alleles share the two amino acids with HLA-B*52:01.
Although HLA-B*51:01 has similar amino acid sequences
to HLA-B*52:01 with two different amino acid residues, it
is not associated with TAK [4, 7]. This lack of association
can be explained by our findings because HLA-B*51:01
includes the 67th phenylalanine, the protective allele
against TAK. HLA-B*67:01 did not have histidine in pos-
ition 171. The effects of amino acids in HLA-B*67:01 were
not very apparent due to its low frequency. These two
amino acids did not explain TAK susceptibility more
efficiently than HLA-B*52:01 (AAIC over the null mod-
el=53.94 and 66.01, respectively), indicating that these
amino acids cannot explain all the susceptibility effects
of HLA-B*52:01. This suggests the existence of a haplo-
typic effect of amino acids in HLA-B*52:01 or further
susceptibility amino acids.

The 171st tyrosine forming an A pocket in the o2
domain is one of the highly conserved amino acid resi-
dues among HLA-B alleles. The conversion into histidine
has been shown to modulate the binding groove,
coordinating the N-terminus of the binding peptides in
HLA-B14 and HLA-B*51:01 [17, 18]. The 67th serine in
the B pocket of the peptide binding groove in HLA-B27
has been shown to influence peptide presentation [16].
These reports suggest important roles for the two amino
acids in TAK susceptibility by modulating peptide binding.
A previous Mexican study, which included 19 patients

with TAK, suggested that serine at 67 and glutamic acid
at 63 was associated with TAK [19]. The previous report
seemed to support our results, as the current study
showed non-phenylalanine amino acid residues at pos-
ition 67, including serine, were positively associated with
TAK. As the current study did not specify the third sus-
ceptibility amino acid, the specific association of alanine
at position 158 with TAK is inconclusive. Thus these com-
binations of amino acids should be regarded as incom-
plete and further investigation is required.

As previous studies surveying susceptibility HLA alleles
beyond HLA-B did not find significant alleles beyond the
HLA-B alleles [6, 7], it is not very likely that amino acids
in other HLA alleles linked with HLA-B*52:01 and HLA-
B*67:01 can explain the TAK susceptibility of the HLA
locus. Nevertheless, it is undeniable that other genes in
the HLA locus, without belonging to HLA alleles, play a
critical role in TAK susceptibility. Amino acid residues in
the HLA locus should be analysed to grasp the whole
picture of the relationship between the HLA locus and
TAK susceptibility. It would be interesting to determine
what kinds of protein bind to the alleles containing the
susceptibility amino acid residues.

' Bheumatology key messages

o HLA-B*67:01 is an independent susceptibility allele
to TAK from HLA-B*52:01.

e Amino acids at positions 171 and 67 of the HLA-B
protein show TAK susceptibility effects .
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Abstract

Rheumatmd arthrms isan autonmmune dlsease wnth a complex etzology, leadmg to mﬂammatlon of synov;al tissue and Jomt
e destructlon Through a genome-wide association study (GWAS) and two replication studies in the Japanese population

(7,907 cases and 35,362 controls), we identified two gene loci associated with rheumatoid arthritis susceptibility (NFKBIE at
6p21.1, rs2233434, odds ratio (OR)=1.20, P=1.3x10" '%; RTKN2 at 10¢21.2, rs3125734, OR=1.20, P=4.6x10"°). In addition
to two functional non-synonymous SNPs i in NFKBIE, we identified candidate causal SNPs with regulatory potential in NFKBIE
and RTKN2 gene regions by integrating in silico analysis using public genome databases and subsequent in vitro analys:s
Both of these genes are known to regulate the NF-xB pathway, and the risk alleles of the genes were implicated in the -
enhancement of NF-kB activity in our analyses. These results suggest that the NF-KB pathway plays a role in pathogeneS|s :
“and would be a rational target for treatment of rheumatoid arthritis.
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Introduction not qualitative, changes in gene function likely predisposes
) ) ] ) individuals to the disease. This renders it difficult to pinpoint the
Rheumatoid arthritis (RA [MIM 180300]) is an autoimmune causal variants in the GWAS loci, especially in eQTLs, because all
disease [1] with a complex etiology involving several genetic the variations in strong linkage disequilibrium (LD) with the

factors as well as environmental factors. Previous genome-wide marker SNP in a GWAS, the majority of which are not covered by
association studies (GWAS) for RA have discovered many genetic the SNP array, are possible candidates for causal variants.

loci [2-6], although the causal mechanisms linking the variants in In recent years, with the emergence of next-generation
these loci and disease etiology are largely unknown, except for in a sequencing technologies, the way we approach disease-causing
few cases [6-8]. In contrast to mutations in Mendelian, monogenic variants has dramatically changed. First, a comprehensive map of
diseases, most disease-associated variants in complex diseases, human genetic variations is now available owing to the 1000
including autoimmune diseases, have moderate effects on disease Genome Project [12], which allows us to grasp most of the
susceptibility. This is because the disease causal variants in potential common variants. This also enables us to perform
complex diseases are thought to have moderate effects on gene genotype imputation of SNPs that are not directly genotyped in
function, while amino acid changes introduced by the mutations of the GWAS, and consequently, to test them for association.
monogenic diseases have critical impacts on protein function [9]. Second, genomic studies using new technologies, such as
Moreover, it has been demonstrated that the majority of chromatin immunoprecipitation-sequencing (ChIP-seq) and DN-
autoimmune disease loci are expression quantitative trait loci ase I hypersensitive sites sequencing (DNase-seq), have advanced
(eQTLs) [10,11], indicating that accumulation of quantitative, but our understanding of how each genomic cluster regulates gene
PLOS Genetics | www.plosgenetics.org 1 September 2012 | Volume 8 | Issue 9 | e1002949
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__identified mu!tlple candidate causal vanants in NFKBIE 2
 nsSNPs and 1 regulatory SNP) and RTKN2 (2 regulatory‘ ,
NPs), indicating that our |ntegrated in silico and in vitro
proach is useful for the ldentlf catlon of causal varlants
1 he post~GWAS era o : ,

transcription. If disease-associated variants are present in a critical
site for gene regulation suggested by the ChIP-seq and DNase-seq
studies, the disease-associated variants might possibly influence
gene transcription levels such as through altered transcription
factor-DNA binding avidity.

In the present study, we first performed replication studies of
candidate loci in our previous GWAS and identified two
association signals with genome-wide significance (P<<5x107%) in
nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor, epsilon (NMFABIE [MIM 604548]) and rhotekin 2
(RTEN2) loci. By utilizing publicly available datasets yielded by
the above-mentioned genomic studies, we then performed
integrated i silico and in vitro analysis to identify plausible causal
variants in NFEBIE and RTEN2 loci.

Results

Identification of rheumatoid arthritis susceptibility genes

We previously performed a GWAS of RA using a Japanese
case-control cohort (2,303 cases and 3,380 controls) and identified
significant associations in major histocompatibility complex, class
II, DR beta 1 (HLA-DRBI [MIM 142857]), and chemokine (G-C
motif) receptor 6 (CCR6 [MIM 601835]) loci (Powas<5x107%)
[6]. To reveal additional risk loci from those showing moderate
associations in the GWAS (31 loci, 5x10“8<PGWAS<5><104°),
we selected a landmark SNP from each locus and genotyped it for
an additional cohort (replication-1: 2,187 cases and 28,219
controls) (Table S1, S2). Among the 31 SNPs genotyped, seven
SNPs were nominally associated with RA (P<<0.05), which
included SNPs in the tumor necrosis factor, alpha-induced protein
3 (INFAIPS [MIM 191163]), and signal transducer and the
activator of transcription 4 (S7A74 [MIM 600558]) gene loci that
were previously reported to be associated with RA [13,14] (Table
S2). In a combined analysis of the GWAS and the 1st replication
study, we identified two associations with genome-wide signifi-
cance (P<5x107% in NFEBIE (6p2l.1, rs2233434, P=
4.1x107", odds ratio (OR)=121, 95% confidence interval
(C)=1.14-1.28) and in RTEN2 (10q21.2, 1s3125734,
P=3.7x10"% OR=1.23, 95% CI=1.14-1.32) (Table 1 and

PLOS Genetics | www.plosgenetics.org
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Figure 1). NFEBIE was previously reported as a novel RA
susceptibility gene locus in a meta-analysis of three GWASs for RA
in the Japanese population, which included the GWAS set that the
present study used [15]. RTENZ is located in the same region
(10g21) as ARIDSB, in which a significant association signal was
also reported in the meta-analysis [15]. In our GWAS set,
however, two significant signals were observed at rs3125734
(RTEN2: P=4.8x107°) and rs10821944 (ARID5B: P=7.4x107%),
the former of which was tested as a landmark in the replication
study. These two SNPs were in weak LD (*=0.11) and the
independent effect of each SNP was observed after conditioning
on each SNP (RTENZ2: P=15x10"° ARID5B: P=0.024,
respectively). This indicated that two independent associations
existed in this region, and the association of RTEN2 is novel. We
also confirmed the association in the S7TAT% locus [14] with
genome-wide significance (2q32.2, rs10168266, P=3.2x107%,
OR=1.16, 95% CI=1.10-1.22) (Table S2). The associations in
NFEBIE and RTENZ were further replicated in the 2nd replication
cohort (3,417 cases and 3,763 controls; 152233434, P=1.1x1077,
OR=1.19, 95% CI=1.10-1.30 and rs3125734, P=0.016,
OR=1.14, 95% CI=1.02-1.26, respectively), confirming the
associations in these loci (a combined analysis of three sets;
152233434, P=1.3x10""°>, OR=1.20, 95% CI=1.15-1.26 and
153125734, P=4.6x10"°, OR=1.20, 95% CI=1.13-1.27, re-
spectively) (Table 1 and Figure 1). We also genotyped these SNPs
for individuals with systemic lupus erythematosus (SLE [MIM
152700]) (n=657) and Graves’ disease (GD [MIM 275000])
(n=1,783). We identified a significant association of RTEN2
(rs3125734) with GD (P=3.4x10"°, OR =1.24, 95% CI=1.12—
1.37), whereas no significant associations were detected in NFEKBIE
(rs2233434) with either disease or in RTENZ (rs3125734) with SLE
(Table S3).

Functional analysis of non-synonymous SNPs

NFEBIE and RTKNZ2 genes are both involved in the NF-xB
pathway: NFEBIE encodes IxB epsilon (IxBe), a member of the
IxB family [16], and its binding to NF-kB inhibits the nuclear
translocation of NF-xB [17]; RTEN2 encodes a member of Rho-
GTPase effector proteins highly expressed in CD4" T cells [18]
and is implicated in the activation of the NF-xB pathway [19].
Considering that the NF-kB pathway is critical for the pathogen-
esis of RA [20], these two genes could be strong candidates in
these regions. To identify disease-causing variants, we first
sequenced the coding regions of the genes using DNA from
patients (n=48) to find variants that alter amino acid sequences.
We identified four non-synonymous (ns)SNPs, which were all
registered in the dbSNP database: two nsSNPs in NFKBIE
(rs2233434 (Vall94Ala) and rs2233433 (Prol75Leu)) and two in
RTENZ (rs3125734 (Arg462His) and rs61850830 (Ala288Thr)),
where rs2233434 and rs3125734 were the same as the landmark
SNPs in the GWAS (Figure 1 and Figure 2A). The two nsSNPs of
each locus were in strong LD (Figure 2B) and were both associated
with disease (Table S4). In the haplotype analysis, a single
common risk haplotype with a frequency >0.05 was observed in
each locus, and significant associations with disease risk were
detected (NFEBIE, P= 53x107%  Table S5, RTENZ,
P=5.7x10"", Table S6).

To mvestlgate the effect of these nsSNPs on protein function, we
evaluated them by i sifico analysis using PolyPhen and SIFT
software, which predicts possible impacts of amino acid substitu-
tions on the structure and function of proteins, but all four nsSNPs
were predicted to have little effect (Table S7), contrasting with the
effect of Mendelian disease mutations [9]. We next examined their
influence on the NF-xB activity in cells by performing NF-xB
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Table 1. Association analysis of NFKBIE and RTKN2 with rheumatoid arthritis.

Frequency of allele
Allele Number of subjects 1

22x107

0.239 0.209 1.19 (1.10-1.30) 1.1x107°

Replication study-2

RTKN2 rs3125734 T/C GWAS 2,303 3,380 0.125 0.101 1.27 (1.13-1.43) 48x107°

Replication study-2 3,402 3,751 0.115 0.103 1.14 (1.02-1.26) 0.016

2 Cochran-Armitage trend test was used for the GWAS and replication studies. Mantel-Haenszel method was used for the combined analysis.
doi:10.1371/journal.pgen.1002949.1001

reporter assays with haplotype-specific expression vectors. In those from non-risk alleles (P=0.012 and 5.3x10™%, respectively;
NEKBIE, the non-risk haplotype (A-C: 152233434 (non-risk allele Figure 3E and Figure S2). In contrast, 1.5-fold higher amounts of
(NR))-rs2233433 (NR)) displayed an inhibitory effect on NF-xB transcripts were observed in the risk allele of RTANZ (P=0.016;
activity compared with the mock construct, which reflected Figure 3F). These allelic imbalances suggested that both gene loci
compulsorily binding of exogenous IxkBe to the endogenous NF- were eQTL and that there existed variants with cis-regulatory
kB, as shown in a previous study [16]. Of note, the risk haplotype effects. Moreover, considering the inhibitory effects of NFKBIE
(G-T: risk allele (R)-R) showed higher NF-xB activity than A-C and the activating potential of RTAN2 on NF-xB activity, which
(NR-NR) (Figure 3A), suggesting impaired inhibitory potential of ~ might both be dose dependent (Figure 3G, 3H), these regulatory
G-T (R-R) products. No haplotypic difference was detected in the variants in the risk alleles should enhance NF-xB activity 2 vivo.
protein expression levels of these constructs (Figure 3C). We also

examined two additional constructs of G-G (R-NR) and A-T NR- Integrated in silico and in vitro analysis to search for
R) haplotypes to evaluate the effect of each nsSNP (Figure S1A, regulatory variants
S1B). Because NF-kB activity increased in the order of A-C<G- To comprehensively search the two genomic regions for causal

C<AT<G-T (rs2233434-rs2233433: NR-NR<R-NR<NR- regulatory variants, we performed an integrated in silico and in vitro
R<R-R) when cells were stimulated with TNF-a, the C>T analysis with multiple steps (Figure 4 and Figures S3, S4). We first
subst1tut19n (ProUSLeu) in rs2233433 may have more impact on determined the target genomic region by selecting LD blocks
the protein fu.nctlon of IxBe compared with the A>G subsptuhqn containing disease-associated SNPs (Powas<1.0x107% (Step 1).
(Vall94Ala) in rs2233434. In contrast to the observations in e then extracted SNPs with frequencies of >0.05 from HapMap
NFEBIE, no clear difference was dete.cted. betwee.n the two and 1000 Genome Project databases in the region (Step 2). We
common haplotype products of RTKNZ in either their effect on oy juded uncommon variants (MAF<0.05) from the analysis
NF-«kB activity or protein expression levels, although both phecause of their Jow imputation accuracy in the GWAS (93% of
products enhanced NF-xB activity as reported previously ;common variants in NFKBIE and 76% in RTEKN? exhibited Rsg

(Figure 3B, 3D) [19]. These functional analy.ses of nsSNPs suggest <C0.6). There is neither structural variation (>1 kbps) nor indels
that two nsSNPs (rs2233434 and rs2233433) in the NFKBIE region (100 bps to 1 kbs) that are common in the population (frequency

are candidates for causal SNPs. >0.01) in these loci. To evaluate the cis-regulatory potential of

sequences around the SNPs i silico, we used the regulatory
ASTQ analysis suggested the existence of regulatory potential (RP) score [21,22]. This score was calculated based on
variants the extent of sequence conservation among species or similarity

As the majority of autoimmune disease loci have been with known regulatory motifs. We selected SNPs from the
implicated as eQTL [11], we speculated that variants in the genomic elements with an RP score >0.1 (Step 3a). Subsequently,
NFEBIE and RTENZ loci would influence gene function by we selected SNPs from sites of transcriptional regulation as
regulating gene expression, in addition to changing the amino acid demonstrated by previous ChIP-seq studies (transcription factor
sequences. To address this possibility, we performed allele~specific binding sites [23,24] and histone modification sites [25,26]) or a
transcript quantification (ASTQ) analysis by using allele-specific DNase-seq study (DNase I hypersensitivity sites) [27] (Step 3b).
probes targeting the nsSNPs in exons (152233434 for NFEBIE and Finally, these SNPs with regulatory potential were further screened
1rs3125734 for RTKNZ, both of which were the GWAS landmarks). out by the disease-association status (P<(0.05) using an imputed
The genomic DNAs and ¢cDNAs were extracted from peripheral GWAS dataset (Step 4). As a consequence, we selected 14 SNPs in
blood mononuclear cells (PBMCis) in individuals with heterozy- NFEBIE and 10 SNPs in RTENZ that had regulatory potential
gous genotype (n = 14 for NFKBIE and n=6 for RTENZ) and from predicted @ silico.
lymphoblastoid B-cell lines (n = 9) for NFKBIE. As the expression To further investigate the regulatory potential of the SNPs, we
levels of RTEN2 were low in lymphoblastoid B cells, only PBMCs evaluated 31-bp sequences around the SNPs by in uitro assays.
were used. When quantified by allele-specific probes, transcripts First, we examined their ability to bind nuclear proteins by
from the risk allele of NFEBIE showed 1.1-fold and 1.2-fold lower EMSAs (Step 5a) using nuclear extracts from lymphoblastoid B
amounts (in PBMCs and lymphoblastoid B cells, respectively) than cells (PSC cells) and Jurkat cells. Of the 24 SNPs examined, nine
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Figure 1. Association plots of NFKB/E and RTKNZ regions. The
diamonds represent the -log,q of the Cochran-Armitage trend P-values.
Large diamonds show landmark SNPs in NFKBIE (rs2233434: A) and
RTKN2 (rs3125734: B). Red: GWAS, Blue: combined analysis. Red colors of
each SNP indicate its * with landmark SNP. Gray lines indicate the
genome-wide significance threshold (P<<5x1078). For each plot, the -
logyy P-values (y-axis) of the SNPs are presented according to their
chromosomal positions (x-axis). Physical positions are based on NCBI
build 36.3 of the human genome. Genetic recombination rates,
estimated using the 1000 Genome Project (JPT and CHB), are
represented by the blue line.

doi:10.1371/journal.pgen.1002949.g001

SNPs displayed allelic differences, implying differential potential of
transcriptional activity between these alleles (Figure 5A and Figure
S5). We then evaluated the enhancing or repressing activity of the
sequences by luciferase reporter assays (Step 5b). We cloned them
into the pGL4.24 vector, which has minimal promoter activity,
and transfected these constructs into HEK293A cells (for NFEBIE
and RTEN2), lymphoblastoid B cells (for NFKBIE), and Jurkat cells
(for RTENZ). Among the three SNPs examined in NFEBIE, the risk
allele of rs2233424 (located —396 bps from the 5’ end) displayed
stronger repression activity (Figure 2A and Figure 5B) than that of
the non-risk allele. Among the six SNPs in RTENZ, the risk alleles
of rs12248974 (approximately 10 kb from the 3’ end) and
1rs61852964 (—215 bps from the 5’ end) showed higher enhancing
activity compared with the non-risk alleles (Figure 2A and
Figure 5B). These results corresponded to the results of ASTQ
analyses (Figure 3E, 3F). Other SNPs showed no allelic differences
or had the opposite trend of transcriptional activity in the risk
allele compared to the results of ASTQ analysis (Figure S6).

To confirm the regulatory potential of these SNPs, we investigated
the correlation between genotypes and gene expression levels in
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Iymphocytes utilizing the data from the previous eQTL studies. We
evaluated the expression of RTENZ in primary T cells from Western
European individuals by using Genevar software [28,29]. Though
NFEBIE is also expressed in primary T cells, the genotypes of
152233424 are not available. We thus evaluated gene expression data
of lymphoblastoid B-cell lines obtained from HapMap individuals
(Japanese (JPT) + Han Chinese in Beijing (CHB), European (CEU),
and African (YRI) [30,31] instead. The NFEBIE expression level
decreased with the number of risk alleles of rs2233424 (R= —0.18,
P=10.020), and the RTENZ expression levels increased with that of
151432411 (a proxy for rs12248974, *=0.97) (R=0.27, P=0.018)
(Figure 5C), corresponding to the results of the in vitro assays. The
data for rs61852964 in RTENZ was not available. Among the SNPs
that displayed opposite transcriptional activities in the reporter assays
compared to the results of ASTQ, the data for rs2233434,
1577986492, and rs3852694 (a proxy for rs1864836, ¥ = 1.0) were
available (Figure S7 and S$8). These SNPs displayed the opposite
direction of the correlation trend as compared to the results of
reporter assays, but parallel to ASTQ), implying that the regulatory
effects observed in the 1 vitro assays were cancelled out by the effects
of other regulatory variants on the same haplotype n vivo.

Finally, we validated the associations of these regulatory (r)SNPs
observed in the imputed GWAS dataset. We directly genotyped
them by TagMan assay and confirmed significant associations
(Table S8). As the candidate causal variants (nsSNPs and rSNPs)
and the landmark SNPs of GWAS were in strong LD at each locus
(Figure 2A, 2B), we evaluated the independent effect of each SNP
by haplotype analysis in both loci (Table S9 and S10) and the
conditional logistic regression analysis in RTEN2 (Table S11). The
conditional analysis was not performed in NFKBIE because three
candidate causal variants were in strong LD (*>0.9). However,
the analyses for these two loci did not demonstrate any evidence of
primary or independent effects across the candidate causal
variants, and it remains a possibility that all of the functional
variants were involved in the pathogenesis. In addition, although
the landmark nsSNP (rs3125734) in RTEN? did not display any
influence on NF-xB activity in our & vitro assays, rs3125734 might
influence functions of RTKN2 other than those in the NF-xB
pathway; alternatively, it is still possible that rs3125734 tags the
effects of other unknown variants, such as rare variants, in addition
to the other two rSNPs (rs12248974 and rs61852964).

Discussion

In the present study, we performed a replication study of our
previously reported GWAS and identified variants in NFKBIE and
RTEN2 loci that were associated with RA susceptibility. The
associations of NFEBIE and RTENZ loci have not been reported in
other populations with genome-wide significance. However,
152233434 in NFKBIE showed a suggestive association (589 cases
vs. 1,472 controls, P=0.0099, OR = 1.57,95% CI=1.11-2.21) in
a previous meta-analysis in European populations [32]. The weak
association signal in Europeans may be partially due to the lower
frequency of the risk allele (0.04 in Europeans compared to 0.22 in
Japanese). On the other hand, the association of rs3125734 in
RTEN2 was not observed in a GWAS meta-analysis of European
populations (cases 5,539 vs. controls 20,169, P=0.11, OR = 1.04,
95% CI=0.99-1.09). As the association of RTANZ locus was also
implicated in Graves’ disease in a Han Chinese population [33],
the association in RTKN2 locus may be unique to Asian
populations.

To find the disease causal variants in disease-associated loci,
target re-sequencing and variant genotyping with a large sample
set followed by conditional association analysis examining the
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