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Abstract

Background: Chronic kidney disease (CKD) is a rapidly growing worldwide public health problem. Recent

advances in genome-wide-association studies (GWAS) revealed several genetic loci associated with renal

function traits worldwide. Methods: We investigated the association of genetic factors with the levels of

serum creatinine (SCr) and estimated glomerular filtration rate (¢GFR) in Japanese population-based cohorts

analyzing the GWAS imputed data with 11,221 subjects and 12,617,569 variants, and replicated the findings

with the 148,829 hospital-based Japanese subjects. Results: In the discovery phase, 28 variants within four

loci (chromosome [chr] 2 with eight variants including rs3770636 in the LRP2 gene locus, on chr 5 with two

variants including rs270184, chr 17 with 15 variants including rs3785837 in the BCAS3 gene locus, and chr 18

with three variants including rs74183647 in the NFATCI gene locus) reached the suggestive level of p < 1x10-

% in association with eGFR and SCr, and 2 variants on chr 4 (including rs78351985 in the MTTP gene locus)

fulfilled the suggestive level in association with the risk of CKD. In the replication phase, 25 variants within

three loci (chr 2 with seven variants, chr17 with 15 variants and chr 18 with three variants) in association with

eGFR and SCr, and two variants on chr 4 associated with the risk of CKD became nominally statistically

significant after Bonferroni correction, among which 15 variants on chr 17 and three variants on chr 18

reached genome-wide significance of p < 5x10°® in the combined study meta-analysis. The associations of the

loci on chr 2 and 18 with eGFR and SCr as well as that on chr 4 with CKD risk have not been previously

reported in the Japanese and East Asian populations. Conclusion: Although the present GWAS of renal

function traits included the largest sample of Japanese participants to date, we did not identify novel

3



loci for renal traits. However, we identified the novel associations of the genetic loci on chr 2, 4, and

18 with renal function traits in the Japanese population, suggesting these are transethnic loci. Further

investigations of these associations are expected to further validate our findings, for the potential

establishment of personalized prevention of renal disease in the Japanese and East Asian populations.
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Chronic kidney disease, genome-wide association study, population-based cohort
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Introduction

Chronic kidney disease (CKD) is a worldwide public health problem that is growing rapidly. Recent

advances in genome-wide-association studies (GWASs) revealed several genetic loci associated with renal

function traits in European populations [1, 2], Asian populations [3] and worldwide [4]. For example, recent

GWASSs investigating the genetic loci associated with kidney function identified the glucokinase regulator

(GCKR) locus on chromosome (chr) 2 as highly significant loci [5, 6]. Additionally, genotype distributions and

factors related to lifestyles are known to differ according to races, ethnicity and nations, which may lead to the

existence of diverse population-specific gene-environmental interactions, making the nation-based reports of

genetic associations still meaningful for the effective prevention of disease in each population [7]. Recently, a

meta-analysis in an East Asian population revealed 17 loci that were newly associated with renal function traits.

However, the participants of which were multi-ethnic and were mostly diseased with regard to the Japanese

individuals [3, 8]. We conducted a nation-wide genome cohort study to find genetic factors for the possible

establishment of personalized prevention of human chronic diseases in Japanese, named the Japan Multi-

institutional Collaborative Cohort (J-MICC) Study. Regarding this study, 100,000 participants from 12 areas in

Japan have been recruited, and the GWAS genotyping with 14,000 subjects for 1,000,000 single nucleotide

polymorphisms (SNPs) have been completed [9, 10]. Herein, we systematically and comprehensively

investigated the association of genetic factors with the levels of serum creatinine (SCr) and estimated glomerular

filtration rate (¢eGFR) in Japanese population-based cohorts, using GWAS data from the J-MICC Study.
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Subjects and Methods

Study subjects

We analyzed the data repository of J-MICC Study, launched in 2005 in 10 areas of Japan, in which about
100,000 volunteers aged 35-69 years old provided their blood and lifestyle data based on a questionnaire, after
providing informed consent [9, 10].
The present study included 14,539 randomly selected J-MICC Study participants from 12 areas (Chiba,
Sakuragaoka, Shizuoka-Daiko, Okazaki, Aichi, Takashima, Kyoto, Tokushima, Fukuoka, Kagoshima and
Kyushu-KOPS [Kyushu Okinawa Population Study]) where the J-MICC Study took place. As a sample quality
check (sample QC), participants with a proportion of identity by descent (IBD) over 0.1875, and outliers in the
principal component analysis (PCA) were excluded, resulting in 14,086 participants for analysis. Among them,
data for SCr were available for 11,681 subjects, and 398 subjects who had their creatinine measured with jaffe
method were excluded, leaving 11,283 subjects (who had their creatitine measured with enzyme method) for
the final analyses. Characteristics of the study subjects are shown in Table 1. Written informed consent was
obtained from all participants. The protocol of this study was approved by the Ethics Review Committee of the
Nagoya University Graduate School of Medicine (Approval No. 939-14), Aichi Cancer Center and all the

participated institutions. All the research procedures were conducted according to the Ethical Guidelines for
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Human Genome and Genetic Sequencing Research in Japan and the Declaration of Helsinki.

Questionnaire

Lifestyle-related information was collected using a self-administered questionnaire evaluated by trained staff.

The questionnaire included items on smoking status, alcohol consumption, food consumption and medical

history [11-14]. Information on medication and the presence/history of disease were also based on the self-

reported questionnaire and the health checkup data at baseline. The presence of hypertension (HT) and/or

diabetes mellitus (DM) was defined as having HT/DM as the present illness or taking medication for their

treatment based on the questionnaire, or fulfilled the diagnostic criteria of HT/DM in the health checkup

laboratory data (systolic blood pressure [BP] > 140 mmHg or diastolic BP > 90 mmHg for HT, and fasting blood

glucose > 126 mg/dL or hemoglobin Alc (HbAlc) > 6.1% based on the Japan Diabetes Society criteria

(equivalent to > 6.5% in National Glycohemoglobin Standardization Program criteria) for DM [15].

Genotyping and quality control filtering

DNA was extracted from buffy coat with a BioRobot M48 Workstation (QIAGEN Group, Tokyo). The

genotyping was conducted by the RIKEN institute (Yokohama, Japan) using an Illumina OmniExpressExome

Array (Illumina, San Diego, CA, USA) for the 964,193 SNPs. 26 samples with inconsistent sex information

between questionnaire and an estimate from genotype were excluded. The identity-by-descent method

implemented in the PLINK 1.9 software (https://www.cog-genomics.org/plink2) found 388 close relationship
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pairs (pi-hat > 0.1875) and one sample of each pair was excluded. PCA [16] with a 1000 Genomes reference

panel (phase 3) (http://www.internationalgenome.org/category/phase-3/) detected 34 subjects whose estimated

ancestries were outside of the Japanese population. The 34 samples were excluded. All the remaining 14,091

samples met a sample-wise genotype call rate criterion (= 0.99). SNPs with a genotype call rate <0.98 and/or a

Hardy-Weinberg equilibrium exact test p value < 1x10, a low minor allele frequency (MAF) < 0.01, or a

departure from the allele frequency computed from the 1000 Genomes Phase 3 EAS (East Asian) samples were

excluded. Quality control filtering resulted in 14,091 individuals and 570,162 SNPs.

Genotype imputation

Genotype imputation was conducted using SHAPEIT ver.2

(https://mathgen.stats.ox.ac.uk/genetics_software/shapeit/shapeit.html#home) and Minimac3

(http://genome.sph.umich.edu/wiki/Minimac3) software based on the 1000 Genomes Project cosmopolitan

reference panel (phase 3). After the genotype imputation, variants with MAF < 0.05 and 7* < 0.3 were excluded,

to examine the substantial effects of common variants on renal functions in Japanese, resulting in 6,288,024

variants provided for the final analyses.

Estimated glomerular filtration rate and definitions of chronic kidney disease

SCr was measured in all participants analyzed using an enzymatic method. The eGFR of each participant was

calculated based on SCr, age, and sex using the Japanese eGFR equation proposed by the Japanese Society of
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Nephrology: eGFR (ml/min/1.73 m?) = 194 x SCr (mg/dl)"%* x age™**7 (x 0.739 if female), which is the

calibrated version from the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) [17]. Values of

eGFR equal to or more than 120 (ml/min/1.73 m?) were winsorized at 120. In those who had eGFR values of

equal to or more than 120, SCr corresponding to eGFR of 120 were calculated based on the Japanese eGFR

equation. The prevalence of CKD was determined for CKD stages 3—5 (¢GFR <60 ml/min/1.73 m?).

Replication study

We conducted the replication study with an independent data set from the BioBank Japan Project (BBJ),

which is consisted of 148,829 subjects (81,629 males and 67,200 females) with 46 diseases (nephrosis excluded),

to examine the validity of the SNPs found in the GWAS of the J-MICC Study [18]. The exclusion criteria used

consisted of: 1) age < 18, 2) PCA outlier from the EastAsian cluster, 3) Closely related samples determined by

identity by state (IBS) (visual inspection), and 4) Nephrotic syndrome. Genotyping was conducted by using

[Nlumina OmniExpressExome Array and OmniExpress+HumanExome Array (Illumina, San Diego, CA, USA).

Pre-phasing was conducted with Eagle (https://data.broadinstitute.org/alkesgroup/Eagle/). Genotype imputation

was conducted using Minimac3 (http://genome.sph.umich.edu/wiki/Minimac3) software based on the 1000

Genomes Project cosmopolitan reference panel (phase 3). Association analyses were conducted using R (ver

3.3.2, https://cran.r-project.org/).

Statistical analysis and graphics
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We applied genomic control correction where the genomic control parameter lambda was >1.0 [19].

Thereafter, we examined the associations of the SNPs with the risk of CKD and the quantitative traits of serum

creatinine and eGFR using the EPACTS software (http://genome.sph.umich.edu/wiki/EPACTS). The

association of SNPs with presence/absence of CKD as a binary trait was examined by logistic Wald test, and

the associations of SNPs with serum creatinine and eGFR as continuous variables were tested by linear Wald

test. With regard to the covariates to be adjusted, gender, age, the presence of hypertension and diabetes mellitus,

and the first five principal components (PCs) were included. Variants with the MAF of more than (or equal to)

0.05 were considered. The Manhattan and Q-Q Plots were drawn with the ‘qqman’ function in R (https://cran.r-

project.org/web/packages/qgman/index.html). The GWAS meta-analysis was conducted using the METAL

(http://genome.sph.umich.edu/wiki/METAL Documentation), and the regional plots were constructed using the

LocusZoom software (http://genome.sph.umich.edu/wiki/LocusZoom_Standalone). The genome-wide

significance levels were set at p < 5x108, and the genome-wide suggestive levels were set at p < 1x10° in all

the analyses. In the replication phase, the significance threshold was defined as p values less than 0.05 devided

by the number of comparisons based on the Bonferroni correction. Lead SNPs (or variants) were defined as the

SNPs (or the variants) that reached the smallest p values in each genetic locus defined as the position on a

chromosome identified by the cytogenetic banding of the chromosome [20].

Results

10



10

11

12

13

14

15

16

17

18

19

Variants identified in the discovery phase GWAS

In the present Japanese population-based (J-MICC) GWAS, we conducted the quantitative trait loci (QTL)

analysis with the eGFR and SCr as the continuous dependent variable, and then examined the risk of CKD

defined as eGFR <60 ml/min/1.73 m? as binary outcomes. From the analysis of eGFR QTL GWAS, we identified

four loci with 28 variants suggestively associated with eGFR (on chr 2, 5, 17 and 18; p < 1x107°) (Table 2),

whereas in the analysis of SCr QTL GWAS, we also identified four loci with 28 variants demonstrated

suggestively associated with eGFR (on chr 2, 5, 17 and 18; p < 1x10) (Table 3). From the analysis of GWAS

of the presence/absence of CKD, one locus on chr 4 (with 2 SNPs) reached the suggestive level in a single-

variant-based analysis (Table 4). The Manhattan Plots for the analyses above are shown in Fig. 1. The Q-Q plots

for the p values in each of these analysis are shown in Fig. 2 (the Q-Q plots before genomic control correction

are shown in online suppl. Fig. 1), all the genomic inflation factors (lambda values) of which were close to 1

(range from 0.99 - 1.01), suggesting that the population structure was fairly adjusted, given the larger sample

size of the present study.

Replication of the detected variants in the independent data set

Next we conducted the replication study of the variants discovered in the J-MICC GWAS in an independent

data set from BBJ GWASs using the variants that reached the suggestive level. In the replication phase, 25

variants within three loci (on chr 2 with seven variants including rs3770636 in the LRP2 [LDL receptor related

protein 2] gene locus, chr 17 with 15 variants including rs3785837 in the BCAS3 gene locus, and chr 18 with

11
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three variants including rs74183647 in the NFATCI [nuclear factor of activated T-cells 1] gene locus) became

nominally statistically significant (p < 0.05/28 = 0.0018, with Bonferroni correction), of which 15 variants on

chr 17 and 3 variants on chr 18 reached genome-wide significance of p < 5x10® in association with eGFR and

SCr (Tables 2 and 3); all of which were previously reported loci for renal traits in the transethnic GWAS [21].

Meanwhile, the locus identified for the presence/absence of CKD on chr 4 did not reach genome-wide

significance in the combined study, although it fulfilled the nominal statistical significance (p < 0.05/2 = 0.025,

with Bonferroni correction) in the replication phase (Table 4). We also evaluated the LD (linkage disequilibrium)

status of these variants in the detected loci by constructing the regional plots of each locus, which revealed the

close LD between the variants in the corresponding loci (Fig. 3). Additionally, conditional analyses of the lead

SNPs in each locus revealed that the associations were not significant for the other SNPs/variants in the

corresponding loci (online suppl. Fig. 2).

Replicability of the previously reported variants in the J-MICC Study data

We also examined the associations of 41 SNPs reported to be associated [3] with the risk of CKD and eGFR

as a continuous trait using the 1000 Genomes imputed data. Of these, there were 16 SNPs significantly

associated with both of eGFR and SCr as quantitative traits, and 8 SNPs were significantly associated with risk

of CKD as a binary trait (online suppl. Table 1).

12
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Discussion

To our knowledge, this is the largest GWAS of CKD and renal function traits with the cross-sectional study

in a population-based Japanese cohort published to date. Although the present study couldn’t identify the

novel loci for renal traits, it revealed the novel associations of three loci on chr 2 and 18 with renal function

traits, which were previously unreported in the East Asian and Japanese populations. Additionally, we identified

the locus on chr 17 as the significantly associated locus with renal functions, which was consistent with the

previous finding in Japanese subjects [3]. Regarding the newly identified loci for the East Asian and Japanese

populations, the LRP2 gene on chr 2, also called megalin, was originally identified as the target antigen of the

rat model of membranous glomerulonephritis, and is structurally similar to the low density lipoprotein receptor

[22]. Megalin is abundantly found in kidney proximal tubules, and has been shown to mediate endocytic uptake

of vitamin D3 filtered in the glomeruli [23]. Endocytosis mediated by this molecule is demonstrated to play key

roles in the reabsorption of albumin in renal proximal tubule cells, and it is shown to work as an important

sensor in cooperation with PKB (protein kinase B), determining the survival of renal proximal tubule cells under

the existence of albumin, thus considered to play roles in the progression of CKD to end-stage renal disease

(ESRD) [24]. A functional mutation in LRP2 (LRP2 Arg365Ter, rs80338744) has been demonstrated to cause

Donnai-Barrow Syndrome, which is a congenital disease presented with facio-oculo-acoustico-renal syndrome

with proteinuria [25]. NFATCI is the cytoplasmic component of the nuclear factor of activated T-cells

transcription complex, which is activated upon T-cell receptor (TCR) engagement, and is involved in the

functions of T lymphocytes [26-29]. It has been demonstrated that NFAT-dependent injury-response gene,

13
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DSCRI, is involved in the phenotype switching/remodeling of the vascular smooth muscle cells [30].

Furthermore, the rs74183647 SNP of NFATC! found in this study is shown to modulate its gene expression in

human whole blood, according to the GTEx database (https://www.gtexportal.org/). Given its biological roles

in vasculature in the context of renal injury, variations in the NFATCI gene may be considered potential

susceptibility factors for human CKD. A recent experimental study also revealed the roles of NFAT1 within the

context of salt sensitivity, an important process in the development of CKD [31], thereby supporting the

involvement of this protein in the genesis of CKD. With respect to the previous reports, the same locus on chr

17 as that identified in the present study was found to be associated with renal functions in the East Asian cohort

consortium data. This locus includes the BCAS3 gene, which is reportedly a biologically important gene in

controlling the directional cell migration and angiogenesis by facilitating the crosstalk between cytoskeletons

[32], and is amplified in 9% of primary breast tumors, expressed tumor-derived cell lines [33]. BCAS3 is also

found to be expressed in human embryonic stem (ES) cells during their differentiation into blood vascular

precursors, and highly expressed in the tumor cells and blood vessels of glioblastoma, hemangiopericytoma and

brain abscess, suggesting that BCAS3 can serve as a marker for both human ES cells and tumors [33]. Moreover,

genetic variations in BCAS3 gene, including the rs3785837 identified in the present study, have been shown to

change significantly in expression levels significantly in human tibial arteries according to the GTEx. However,

the roles of BCAS3 in human kidney functions impairments are poorly understood. Based on the factors

discussed above, it is hypothesized to play a role in the formation or modulation of human renal vasculature.

Therefore, further biological and epidemiological studies are warranted. Regarding the locus found to be

14
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associated with the risk of CKD on chr 4 (4q23), microsomal triglyceride transfer protein (MTTP) gene encoded

by this locus is reportedly associated with the risk of celiac disease in Caucasians, although the roles of genomic

locus in the genesis of human CKD remain largely unknown [34]. MTTP reportedly catalyzes the transport of

lipids between phospholipid surfaces and its genetic variation is associated with abetalipoproteinemia and

glucose tolerance [35]. Given its roles in lipid and glucose metabolisms, analyzing the roles of this molecule in

the development of CKD may be beneficial, although its genetic variation did not reach genome-wide

significance in the combined study. Moreover, our GWAS analysis of the same data set without adjustment for

PCA based on GWAS genotypes revealed another locus significantly associated with renal function trait located

in chr 6, including major histocompatibility complex (MHC) loci, the statistical significance of which

disappeared after adjusting for PCA. This suggested that the significant association of this locus with renal

function traits may be attributable to population stratification, at least when Japanese population is concerned

(data not shown).

It appears that distinct genetic loci for renal function traits exist for each race/ethnicity. In the GWAS-meta-

analysis of the European population, genetic loci such as the one on chr 16 (including the UMOD gene), or those

on chr 10 (including CDH23 gene) and on chr 7 (including solute carrier family 22, member 2 [SLC2242] and

GALNTLS gene) were shown to be significantly associated with renal functions [1, 20, 35-37]. In the present

GWAS in Japanese population, these loci were not found to be genome-wide significant, suggesting the

possibility that specific genetic mechanisms exist between the races. Of the four loci found to be genome-wide

significant in the present study (discovery phase), the locus on chr 17 have already been reported in East Asians,

15
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whereas other two loci on chr 2 and 18 are firstly reported in the East Asian and Japanese populations. However,

they were reported in the GWAS of renal traits in European populations and/or those with African ancestries, as

represented by the LRP2 locus on chr 2 in African Americans [21, 39]. To the best of our knowledge, the

association of the 4g23 locus with CKD risk is the novel finding, which warrants further investigations with

independent data sets. Whereas two out of four top SNPs for each loci found to be genome-wide significant

(rs3785837 on chr 17 and rs74183647 on chr 18) had functionality by itself as described above, the

functionalities of the SNPs on chr 2 (rs3770636) and chr 4 (rs78351985 and rs555786707) remain unknown.

The minor allele frequencies of the newly detected SNPs for Japanese (those with the top p values in each locus)

were 0.2326 in Japanese, 0.0221 in Caucasians and 0.0974 in Africans for the LRP2 rs3770636 G allele, 0.4355

in East Asians, 0.0924 in Europeans and 0.2095 in Africans for the NFATCI rs74183647 C allele, 0.0288 in East

Asians, 0.0010 in Europeans and 0.0000 in Africans for the rs555786707 A allele on chr 4, 0.0317 in East Asians,

0.0000 in Europeans and 0.0000 in Africans for the rs78351985 G allele on chr 4 according to dbSNP

(https://www.ncbi.nlm.nih/gov/SNP), all of which are more than 1%, suggesting the substantial involvement of

these variants in the regulation of renal functions in Japanese and East Asians. Although world-wide GWAS

consortiums of human chronic diseases are flourishing these days, such GWAS of each race/ethnicity may also

be considered meaningful, given racially/ethnically specific gene-environment interaction could provide more

effective ways for disease prevention in each race/ethnicity [7, 40]. The strength of the present study is the large

sample size and the densely imputed genetic data, which lead to the discovery of as yet unidentified genetic loci

associated with renal functions specifically in Japanese population.
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In conclusion, the present GWAS of renal function traits included the largest sample of Japanese population
published to date, and revealed genetic loci on chr 2, 4, and 18 as involved in the renal function in the Japanese
population. Further investigations of these associations, including prospective validation within the present
cohort, are expected to confirm our findings, for the potential establishment of personalized prevention of renal

disease in the Japanese and East Asian populations.
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Table 1. Characteristics of the study subjects.

Discovery (J-MICC) Replication (BBJ)

Number of analyzed samples 11,283 148,829

Sex: Male/Female 5,158/6,125 81,629/67,200
Age: mean(sd) (years) 54.9 (9.3) 63.6 (13.5)
SCr: mean (sd) (mg/dI) 0.72 (0.28) 0.91 (1.00)
eGFR: mean (sd) (ml/min/1.73m?) 78.7 (15.1) 72.6 (25.0)
DM: N (%) 903 (8.0) 47,565 (32.0)
HT: N (%) 4,186 (37.1) 81,335 (54.6)
CKD: N (%) 939 (8.3) 38,143 (25.6)

SCr = serum creatinine; eGFR = estimated glomerular filtration rate; DM = diabetes mellitus; HT =

hypertension; CKD = chronic kidney disease.
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Table 2. Genetic variants suggestively associated with eGFR in the discovery phase (p < 1x10°) and the results of association analyses in the replication and

combined studies.

Discovery (J-MICC) Replication (BBJ) Combined
rs ID Geno/Imp Cytoband  Position Gene Function Effect allele Ref. allele EAF r? B SE p value EAF r? B SE p value p value
1572878458 Imputed 2q31.1 170141086 LRP2 intronic T C 0.182 0.838 -0.0165 -0.0007 6.29x107 0.18 0.848 -0.0003 0.0021 0.886 0.144
1516856823 Imputed 2031.1 170200452 LRP2 intronic T A 0.187 0.92 0.0183 0.0006 2.80x10°® 0.181 0.917 0.0073 0.002 0.00029 6.71x10°7
153770636 Imputed 2031.1 170202833 LRP2 intronic G T 0.187 0.91 0.0184 0.0006 2.54x10® 0.181 0.91 0.0074 0.002 0.00026 5.79x10°7
13770637 Imputed 2g31.1 170203104 LRP2 intronic C T 0.186 0.907 0.0183 0.0006 2.85x10°® 0.181 0.907 0.0073 0.002 0.00028 6.34x10°7
1s200309784 Imputed 2q31.1 170204098 LRP2 intronic GA G 0.208 0.829 0.0167 0.0006 1.37x107 0.206 0.808 0.0077 0.002 0.00016 4.87x10%7
152673171 Imputed 2031.1 170204641 LRP2 intronic G A 0.185 0.887 0.0183 0.0006 3.50x10°® 0.182 0.892 0.0072 0.002 0.00038 9.92x10%7
rs3821129 Imputed 2031.1 170204773 LRP2 intronic C T 0.182 0.884 0.0183 0.0006 3.59x10® 0.18 0.89 0.0074 0.002 0.00028 6.92x10%7
152390793 Imputed 2031.1 170205123 LRP2 intronic T C 0.186 0.867 0.0173 0.0006 1.71x107 0.188 0.851 0.0076 0.0021 0.00022 7.44x10°7
15270188 Genotyped 5p15.32 5124149 LINC01020,CTD-2297D10.2 intergenic A G 0.432 1 -0.0126 -0.0005 9.91x107 0.426 0.988 0.0018 0.0015 0.234 0.879
15270184 Imputed 5p15.32 5124579 LINC01020,CTD-2297D10.2  intergenic T C 0.417 0.991 -0.013 -0.0005 4.94x107 0.41 0.968 0.0015 0.0015 0.325 0.699
153785842 Imputed 179232 59446530 BCAS3 intronic G C 0.428 0.943 0.015 0.0005 7.69x10° 0.438 0.931 0.0101 0.0015  g.21x10™ 6.35x10%°
rs3785841 Imputed 179232 59446541 BCAS3 intronic G C 0.449 0.941 0.0155 0.0004 2.06x10° 0.455 0.933 0.0097 0.0015  3.44x10™° 2.12x10
1511653176 Imputed 17923.2 59447369 BCAS3 intronic C T 0.491 0.939 0.0148 0.0004 7.82x10° 0.515 0.868 0.0099 0.0016  591x10™° 6.24x10™%
rs398031258 Imputed 179232 59447632 BCAS3 intronic CT C 0.469 0.846 0.0151 0.0004 5.35x10? 0.456 0.804 0.0107 0.0017  1.21x10™° 8.79x10%°
rs7217891 Imputed 179232 59447984 BCAS3 intronic A G 0.512 0.934 0.0157 0.0004 1.03x10° 0.514 0.923 0.0103 0.0015  1.85x10™ 5.64x107°
151010269 Imputed 17923.2 59448945 BCAS3 intronic G A 0.485 0.929 0.0147 0.0005 1.12x10° 0.522 0.853 0.0118 0.0016  2.21x10™® 8.79x1018
14968556 Imputed 17923.2 59449082 BCAS3 intronic C T 0.484 0.949 -0.0149 -0.0004 7.16x10° 0.472 0.867 -0.0118 0.0016  1.07x10™ 3.28x1078
rs11650989 Genotyped 17923.2 59449636 BCAS3 intronic A G 0.284 0.995 0.0152 0.0005 1.02x107 0.286 0.996 0.0087 0.0016 1.31x107 7.99x10™
1511657044 Imputed 17923.2 59450105 BCAS3 intronic C T 0.513 0.979 0.0154 0.0004 2.65x10? 0.518 0.889 0.0117 0.0016  1.11x10™ 2.33x10®
159905274 Imputed 179232 59450441 BCAS3 intronic C T 0.494 0.997 0.0158 0.0004 8.28x10° 0.496 0.897 0.0106 0.0016  9.74x10™*? 2.49%x10
1534754126 Imputed 17q23.2 59450453 BCAS3 intronic Cc cT 0.518 0.92 0.0141 0.0005 4.44x10° 0.525 0.839 0.0125 0.0016  1.51x10™ 7.72x10°
rs9895661 Genotyped 17923.2 59456589 BCAS3 intronic T C 0.456 0.999 0.0166 0.0004 1.55x10%° 0.462 0.998 0.0117 0.0015  3.30x10™%° 1.47x107%°
152079742 Imputed 179232 59465697 BCAS3 intronic C T 0.464 0.855 -0.0167 -0.0004 1.16x10%° 0.524 0.845 -0.0126 0.0016  5.93x10™° 2.56x102°
1511079428 Imputed 179232 59466701 BCAS3 intronic A T 0.439 0.845 0.0167 0.0004 1.30x10%° 0.451 0.83 0.0118 0.0016  510x10™ 4.33x108
rs3785837 Imputed 17¢23.2 59468942 BCAS3 intronic A G 0.448 0.839 0.0171 0.0004 4.23x10™ 0.455 0.829 0.0114 0.0016  2.75x10™? 2.07x107Y
1574183647 Imputed 18g23 77156171 NFATC1 UTR5 C G 0.482 0.714 0.0127 0.0005 6.56x107 0.455 0.703 0.0098 0.0018 2.72x10°® 2.40x10™
15117314773 Imputed 18023 77160066 NFATC1 intronic A G 0.497 0.767 0.0125 0.0005 9.47x107 0.474 0.748 0.0092 0.0017 7.69x10°® 9.00x10*
15138901831 Imputed 18023 77160067 NFATC1 intronic C G 0.497 0.767 0.0125 0.0005 9.47x107 0.474 0.748 0.0092 0.0017 7.72x10°® 9.04x10*

eGFR = estimated glomerular filtration rate; Geno/Imp = genotyped or imputed; EAF = effect allele frequency. Chromosomal locations were described based

on hg19/GRCh37 coordinates. All the SNPs in the loci that reached the genome-wide suggestive level (p < 1x107) in the discovery phase are shown. p values

that reached the genome-wide significance (p < 5x107®) in the combined studies are indicated in boldface. “Combined” results indicate those for the GWAS
meta-analysis of J-MICC and BBJ.
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Table 3. Genetic variants suggestively associated with SCr in the discovery phase (p < 1x107) and the results of association analyses in the replication and

combined studies.

Discovery (J-MICC) Replication (BBJ) Combined
rs 1D Geno/lmp Cytoband Position Gene Function Effect allele Ref. allele EAF r? B SE p value EAF r? B SE p value p value
1572878458 Imputed  2g31.1 170141086 LRP2 intronic T C 0.182 0.838 0.0151 0.003 5.56x107 0.18 0.848 0.0003 0.0019 0.883 0.141
1516856823 Imputed  2g31.1 170200452 LRP2 intronic T A 0.187 0.92 -0.0168 0.003 2.24x10°® 0.181 0.917 -0.0067 0.0018 0.000299 6.67x107
rs3770636 Imputed  2g31.1 170202833 LRP2 intronic G T 0.187 0.91 -0.0169 0.003 2.04x10° 0.181 0.91 -0.0067 0.0018 0.00027 5.66x107
rs3770637 Imputed  2q31.1 170203104 LRP2 intronic @ T 0.186 0.907 -0.0169 0.003 2.26x10°® 0.181 0.907 -0.0067 0.0018 0.00028 6.18x107
1s200309784 Imputed  2g31.1 170204098 LRP2 intronic GA G 0.208 0.829 -0.0153 0.0029 1.14x107 0.206 0.808 -0.007 0.0019 0.00017 4.82x107
152673171 Imputed  2g31.1 170204641 LRP2 intronic G A 0.185 0.887 -0.0168 0.003 2.88x10° 0.182 0.892 -0.0066 0.0019 0.0004 9.76x107
rs3821129 Imputed  2g31.1 170204773 LRP2 intronic c T 0.182 0.884 -0.0169 0.003 2.95x10°® 0.18 0.89 -0.0068 0.0019 0.00029 6.73x107
152390793 Imputed  2g31.1 170205123 LRP2 intronic T C 0.186 0.867 -0.0159 0.003 1.44x107 0.188 0.851 -0.0069 0.0019 0.00027 7.37x107
15270188 Genotyped 5p15.32 5124149 LINC01020,CTD-2297D10.2  intergenic A G 0.432 1 0.0115 0.0024 9.90x107 0.426 0.988 -0.0016 0.0014 0.256 0.838
15270184 Imputed  5p15.32 5124579 LINC01020,CTD-2297D10.2  intergenic T C 0.417 0.991 0.0119 0.0024 4.77x107 0.41 0.968 -0.0013 0.0014 0.3497 0.664
1s3785842 Imputed  17g23.2 59446530 BCAS3 intronic G C 0.428 0.943 -0.0138 0.0024 7.07x10° 0.438 0.931 -0.0093 0.0014  541x10™ 3.82x10™°
rs3785841 Imputed  17q23.2 59446541 BCAS3 intronic G C 0.449 0.941 -0.0142 0.0024 1.86x10° 0.455 0.933 -0.0089 0.0014  2.36x10™° 1.32x104
1511653176 Imputed  17g23.2 59447369 BCAS3 intronic C T 0.509 0.939 -0.0135 0.0023 7.88x10° 0.515 0.868 -0.0091 0.0015  4.26x10™° 4.28x10%
1398031258 Imputed  17g23.2 59447632 BCAS3 intronic CT [} 0.469 0.846 -0.0138 0.0024 5.16x10° 0.456 0.804 -0.0099 0.0015  g.22x10™! 5.53x10™°
157217891 Imputed  17g23.2 59447984 BCAS3 intronic A G 0.512 0.934 -0.0144 0.0023 9.51x10° 0.514 0.923 -0.0095 0.0014  1.29x10™* 3.61x107%
11010269 Imputed  17g23.2 59448945 BCAS3 intronic G A 0.485 0.929 -0.0135 0.0024 1.15x10°® 0.522 0.853 -0.0109 0.0015  1.41x10™ 5.40x107®
14968556 Imputed  17g23.2 59449082 BCAS3 intronic C T 0.484 0.949 0.0136 0.0024 7.22x10° 0.472 0.867 0.0109 0.0015  7.02x10% 2.05x10"®
111650989 Genotyped 17¢23.2 59449636 BCAS3 intronic A G 0.284 0.995 -0.014 0.0026 8.51x10°® 0.286 0.996 -0.008 0.0015 1.11x107 6.18x101t
1511657044 Imputed  17g23.2 59450105 BCAS3 intronic C T 0.513 0.979 -0.014 0.0024 2.70x10° 0.518 0.889 -0.0108 0.0014  7.04x10™ 1.40x108
19905274 Imputed  17g23.2 59450441 BCAS3 intronic C T 0.494 0.997 -0.0144 0.0023 8.61x10™° 0.496 0.897 -0.0098 0.0014  6.51x10™2 1.59x107¢
1s34754126 Imputed  17¢23.2 59450453 BCAS3 intronic C CT 0.482 0.92 -0.0129 0.0024 4.31x10° 0.525 0.839 -0.0115 0.0015  8.12x10™° 3.85x107%°
19895661 Genotyped 170232 59456589 BCAS3 intronic T C 0.456 0.999 -0.0152 0.0024 1.42x10%° 0.462 0.998 -0.0108 0.0014  1.97x10™° 7.91x10%
152079742 Imputed  17g23.2 59465697 BCAS3 intronic C T 0.464 0.855 0.0153 0.0024 1.12x10%° 0.524 0.845 0.0116 0.0015  3.36x10™%° 1.32x10%°
1511079428 Imputed  17g23.2 59466701 BCAS3 intronic A T 0.439 0.845 -0.0152 0.0024 1.37x10%° 0.451 0.83 -0.0109 0.0015 356x10% 2.92x1018
1s3785837 Imputed  17g23.2 59468942 BCAS3 intronic A G 0.448 0.839 -0.0156 0.0024 4.56x10™ 0.455 0.829 -0.0105 0.0015  2.06x10™? 1.51x10"
1574183647 Imputed 18923 77156171 NFATC1 UTR5 C G 0.482 0.714 -0.0116 0.0023 6.27x107 0.455 0.703 -0.009 0.0016 2.97x10°® 2.61x10™
117314773 Imputed 18923 77160066 NFATC1 intronic A G 0.497 0.767 -0.0114 0.0023 9.81x107 0.474 0.748 -0.0084 0.0016 7.37x10°® 8.67x101
1138901831 Imputed 18923 77160067 NFATC1 intronic C G 0.497 0.767 -0.0114 0.0023 9.81x107 0.474 0.748 -0.0084 0.0016 7.39x10°® 8.71x10™

SCr = serum creatinine; Geno/Imp = genotyped or imputed; EAF = effect allele frequency. Chromosomal locations were described based on hg19/GRCh37
coordinates. All the SNPs in the loci that reached the genome-wide suggestive level (p < 1x107) in the discovery phase are shown. p values that reached the
genome-wide significance (p < 5x107%) in the combined studies are indicated in boldface. “Combined” results indicate those for the GWAS meta-analysis of J-
MICC and BBJ.
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Table 4. Genetic variants suggestively associated with the risk of CKD in the discovery phase (p < 1x10°) and the results of association analyses in the

replication and combined studies.

Discovery (J-MICC) Replication (BBJ) Combined
rs ID Geno/lmp Cytoband  Position Gene Function Effect allele Ref. allele EAF r? B SE p value EAF r? B SE p value p value
rs78351985 Imputed 4923 100576689 MTTP,DAPP1 intergenic G A 0.071 0.916 0.416 0.085 9.55x107 0.071 0.929 0.036 0.015 0.0181 0.00034
rs555786707 Imputed 4923 100969329 LOC256880,DDIT4L intergenic A G 0.056 0.825 0.493 0.094 1.78x107 0.056 0.835 0.077 0.031 0.0213 0.00031

CKD = chronic kidney disease, Geno/Imp = genotyped or imputed; EAF = effect allele frequency. Chromosomal locations were described based on
hg19/GRCh37 coordinates. All the SNPs in the loci that reached the genome-wide suggestive level (P < 1x10) in the discovery phase are shown.
“Combined” results indicate those for the GWAS meta-analysis of J-MICC and BBJ.
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(Figure Legends)

Fig. 1. Manhattan plots for the GWAS of renal functions.

(Footnotes for Fig. 1)

Manbhattan plots for the eGFR QTL (a), SCr QTL (b) and CKD binary (¢) GWAS’s. Gene names that reached
the genome-wide significance (P < 5x107®) in the combined study are shown. GWAS, genome-wide-association
study; eGFR, estimated glomerular filtration rate; SCr, serum creatinine, QTL, quantitative trait loci; CKD,

chronic kidney disease.

Fig. 2. Q-Q plots for the GWAS of renal functions.

(Footnotes for Fig. 2)
Quantile-quantile (Q-Q) plots for the eGFR QTL (a), SCr QTL (b) and CKD binary (¢) GWAS’s (after genomic

control correction).

Fig. 3. Regional plots of the detected loci.

(Footnotes for Fig. 3)

Detailed regional plots for the loci detected on LRP2 on 2q31.1 (a), the BCAS3 locus on 17q23.2 (c), and the
NFATCI locus on 18923 (e) in association with eGFR. Regional plots for the same set of loci as above in
association with SCr (b, d and f), and the MTTP-DDIT4L locus on 4q23 (g) drawn based on the 1000 Genomes
Phase 3 JPT (Japanese in Tokyo) data. The plots conditioned on the lead SNPs (variants) in each loci are shown.
The p values are based on the discovery (J-MICC) data. eGFR = estimated glomerular filtration rate; SCr =
serum creatinine. The x axis represents chromosome position, and the y axis represents the —log10 (p value) of
association. The purple diamond represents the lead variant. Colors represent the degree of LD (%) between

each variant and the lead variant. The LD (°) was calculated based on the 1000 genomes phase 3 JPT individuals.
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Abstract

Background: Chronic kidney disease (CKD) is a rapidly growing worldwide public health problem. Recent

advances in genome-wide-association studies (GWAS) revealed several genetic loci associated with renal

function traits worldwide. Methods: We investigated the association of genetic factors with the levels of

serum creatinine (SCr) and estimated glomerular filtration rate (¢GFR) in Japanese population-based cohorts

analyzing the GWAS imputed data with 11,221 subjects and 12,617,569 variants, and replicated the findings

with the 148,829 hospital-based Japanese subjects. Results: Results: In the discovery phase, 28 variants

within four loci (chromosome [chr] 2 with eight variants including rs3770636 in the LRP2 gene locus, on chr

5 with two variants including rs270184, chr 17 with 15 variants including rs3785837 in the BCAS3 gene locus,

and chr 18 with three variants including rs74183647 in the NFATC1 gene locus) reached the suggestive level

of p < 1x10 in association with eGFR and SCr, and 2 variants on chr 4 (including rs78351985 in the MTTP

gene locus) fulfilled the suggestive level in association with the risk of CKD. In the replication phase, 25

variants within three loci (chr 2 with seven variants, chrl7 with 15 variants and chr 18 with three variants) in

association with eGFR and SCr, and two variants on chr 4 associated with the risk of CKD became nominally

statistically significant after Bonferroni correction, among which 15 variants on chr 17 and three variants on

chr 18 reached genome-wide significance of p < 5x107 in the combined study meta-analysis. The associations

of the loci on chr 2 and 18 with eGFR and SCr as well as that on chr 4 with CKD risk have not been

previously reported in the Japanese and East Asian populations. Conclusion: Although the present GWAS

of renal function traits included the largest sample of Japanese participants to date, we did not

3



identify novel loci for renal traits. However, we identified the novel associations of the genetic loci

on chr 2, 4, and 18 with renal function traits in the Japanese population, suggesting these are

transethnic loci. Further investigations of these associations are expected to further validate our

findings, for the potential establishment of personalized prevention of renal disease in the Japanese

and East Asian populations.

Key Words

Chronic kidney disease, genome-wide association study, population-based cohort
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Introduction

Chronic kidney disease (CKD) is a worldwide public health problem that is growing rapidly. Recent

advances in genome-wide-association studies (GWASs) revealed several genetic loci associated with renal

function traits in European populations [1, 2], Asian populations [3] and worldwide [4]. For example, recent

GWASSs investigating the genetic loci associated with kidney function identified the glucokinase regulator

(GCKR) locus on chromosome (chr) 2 as highly significant loci [5, 6]. Additionally, genotype distributions and

factors related to lifestyles are known to differ according to races, ethnicity and nations, which may lead to the

existence of diverse population-specific gene-environmental interactions, making the nation-based reports of

genetic associations still meaningful for the effective prevention of disease in each population [7]. Recently, a

meta-analysis in an East Asian population revealed 17 loci that were newly associated with renal function traits.

However, the participants of which were multi-ethnic and were mostly diseased with regard to the Japanese

individuals [3, 8]. We conducted a nation-wide genome cohort study to find genetic factors for the possible

establishment of personalized prevention of human chronic diseases in Japanese, named the Japan Multi-

institutional Collaborative Cohort (J-MICC) Study. Regarding this study, 100,000 participants from 12 areas in

Japan have been recruited, and the GWAS genotyping with 14,000 subjects for 1,000,000 single nucleotide

polymorphisms (SNPs) have been completed [9, 10]. Herein, we systematically and comprehensively

investigated the association of genetic factors with the levels of serum creatinine (SCr) and estimated glomerular

filtration rate (¢eGFR) in Japanese population-based cohorts, using GWAS data from the J-MICC Study.
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Subjects and Methods

Study subjects

We analyzed the data repository of J-MICC Study, launched in 2005 in 10 areas of Japan, in which about
100,000 volunteers aged 35-69 years old provided their blood and lifestyle data based on a questionnaire, after
providing informed consent [9, 10].
The present study included 14,539 randomly selected J-MICC Study participants from each-efthe 12 areas
(Chiba, Sakuragaoka, Shizuoka-Daiko, Okazaki, Aichi, Takashima, Kyoto, Tokushima, Fukuoka, Kagoshima
and Kyushu-KOPS [Kyushu Okinawa Population Study]) where the J-MICC Study took place. As a sample
quality check (sample QC), participants with a proportion of identity by descent (IBD) over 0.1875, and outliers
in the principal component analysis (PCA) were excluded, resulting in 14,086 participants for analysis. Among
them, data for SCr were available for 11,681 subjects, and 398 subjects who had their creatinine measured with
jaffe method were excluded, leaving 11,283 subjects (who had their creatitine measured with enzyme method)
for the final analyses. Characteristics of the study subjects are shown in Table 1. Written informed consent was
obtained from all participants. The protocol of this study was approved by the Ethics Review Committee of the
Nagoya University Graduate School of Medicine (Approval No. 939-14), Aichi Cancer Center and all the

participated institutions. All the research procedures were conducted according to the Ethical Guidelines for
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Human Genome and Genetic Sequencing Research in Japan and the Declaration of Helsinki.

Questionnaire

Lifestyle-related information was collected using a self-administered questionnaire evaluated by trained staff.

The questionnaire included items on smoking status, alcohol consumption, food consumption and medical

history [11-14]. Information on medication and the presence/history of disease were also based on the self-

reported questionnaire and the health checkup data at baseline. The presence of hypertension (HT) and/or

diabetes mellitus (DM) was defined as having HT/DM as the present illness or taking medication for their

treatment based on the questionnaire, or fulfilled the diagnostic criteria of HT/DM in the health checkup

laboratory data (systolic blood pressure [BP] > 140 mmHg or diastolic BP > 90 mmHg for HT, and fasting blood

glucose > 126 mg/dL or hemoglobin Alc (HbAlc) > 6.1% based on the Japan Diabetes Society criteria

(equivalent to > 6.5% in National Glycohemoglobin Standardization Program criteria) for DM [15].

Genotyping and quality control filtering

DNA was extracted from buffy coat with a BioRobot M48 Workstation (QIAGEN Group, Tokyo). The

genotyping was conducted by the RIKEN institute (Yokohama, Japan) using an Illumina OmniExpressExome

Array (Illumina, San Diego, CA, USA) for the 964,193 SNPs. 26 samples with inconsistent sex information

between questionnaire and an estimate from genotype were excluded. The identity-by-descent method

implemented in the PLINK 1.9 software (https://www.cog-genomics.org/plink2) found 388 close relationship
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pairs (pi-hat > 0.1875) and one sample of each pair was excluded. PCA [16] with a 1000 Genomes reference

panel (phase 3) (http://www.internationalgenome.org/category/phase-3/) detected 34 subjects whose estimated

ancestries were outside of the Japanese population. The 34 samples were excluded. All the remaining 14,091

samples met a sample-wise genotype call rate criterion (= 0.99). SNPs with a genotype call rate <0.98 and/or a

Hardy-Weinberg equilibrium exact test p value < 1x10, a low minor allele frequency (MAF) < 0.01, or a

departure from the allele frequency computed from the 1000 Genomes Phase 3 EAS (East Asian) samples were

excluded. Quality control filtering resulted in 14,091 individuals and 570,162 SNPs.

Genotype imputation

Genotype imputation was conducted using SHAPEIT ver.2

(https://mathgen.stats.ox.ac.uk/genetics_software/shapeit/shapeit.html#home) and Minimac3

(http://genome.sph.umich.edu/wiki/Minimac3) software based on the 1000 Genomes Project cosmopolitan

reference panel (phase 3). After the genotype imputation, variants with MAF < 0.05 and 7* < 0.3 were excluded,

to examine the substantial effects of common variants on renal functions in Japanese, resulting in 6,288,024

variants provided for the final analyses.

Estimated glomerular filtration rate and definitions of chronic kidney disease

SCr was measured in all participants analyzed using an enzymatic method. The eGFR of each participant was

calculated based on SCr, age, and sex using the Japanese eGFR equation proposed by the Japanese Society of
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Nephrology: eGFR (ml/min/1.73 m?) = 194 x SCr (mg/dl)%* x age™**7 (x 0.739 if female), which is the

calibrated version from the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) [17]. Values of

eGFR equal to or more than 120 (ml/min/1.73 m?) were winsorized at 120. In those who had eGFR values of

equal to or more than 120, SCr corresponding to eGFR of 120 were calculated based on the Japanese eGFR

equation. The prevalence of CKD was determined for CKD stages 3—5 (¢GFR <60 ml/min/1.73 m?).

Replication study

We conducted the replication study with an independent data set from the BioBank Japan Project (BBJ),

which is consisted of 148,829 subjects (81,629 males and 67,200 females) with 46 diseases (nephrosis excluded),

to examine the validity of the SNPs found in the GWAS of the J-MICC Study [18]. The exclusion criteria used

consisted of: 1) age < 18, 2) PCA outlier from the EastAsian cluster, 3) Closely related samples determined by

identity by state (IBS) (visual inspection), and 4) Nephrotic syndrome. Genotyping was conducted by using

[Nlumina OmniExpressExome Array and OmniExpress+HumanExome Array (Illumina, San Diego, CA, USA).

Pre-phasing was conducted with Eagle (https://data.broadinstitute.org/alkesgroup/Eagle/). Genotype imputation

was conducted using Minimac3 (http://genome.sph.umich.edu/wiki/Minimac3) software based on the 1000

Genomes Project cosmopolitan reference panel (phase 3). Association analyses were conducted using R (ver

3.3.2, https://cran.r-project.org/).

Statistical analysis and graphics
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We applied genomic control correction where the genomic control parameter lambda was >1.0 [19].

Thereafter, we examined the associations of the SNPs with the risk of CKD and the quantitative traits of serum

creatinine and eGFR using the EPACTS software (http://genome.sph.umich.edu/wiki/EPACTS). The

association of SNPs with presence/absence of CKD as a binary trait was examined by logistic Wald test, and

the associations of SNPs with serum creatinine and eGFR as continuous variables were tested by linear Wald

test. With regard to the covariates to be adjusted, gender, age, the presence of hypertension and diabetes mellitus,

and the first five principal components (PCs) were included. Variants with the MAF of more than (or equal to)

0.05 were considered. The Manhattan and Q-Q Plots were drawn with the ‘qgman’ function in R (https://cran.r-

project.org/web/packages/qgman/index.html). The GWAS meta-analysis was conducted using the METAL

(http://genome.sph.umich.edu/wiki/METAL Documentation), and the regional plots were constructed using the

LocusZoom software (http://genome.sph.umich.edu/wiki/LocusZoom_Standalone). The genome-wide

significance levels were set at p < 5x108, and the genome-wide suggestive levels were set at p < 1x10° in all

the analyses. In the replication phase, the significance threshold was defined as p values less than 0.05 devided

by the number of comparisons based on the Bonferroni correction. Lead SNPs (or variants) were defined as the

SNPs (or the variants) that reached the smallest p values in each genetic locus defined as the position on a

chromosome identified by the cytogenetic banding of the chromosome [20].

Results
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Variants identified in the discovery phase GWAS

In the present Japanese population-based (J-MICC) GWAS, we conducted the quantitative trait loci (QTL)

analysis with the eGFR and SCr as the continuous dependent variable, and then examined the risk of CKD

defined as eGFR <60 ml/min/1.73 m? as binary outcomes. From the analysis of eGFR QTL GWAS, we identified

four loci with 28 variants suggestively associated with eGFR (on chr 2, 5, 17 and 18; p < 1x107°) (Table 2),

whereas in the analysis of SCr QTL GWAS, we also identified four loci with 28 variants demonstrated

suggestively associated with eGFR (on chr 2, 5, 17 and 18; p < 1x10) (Table 3). From the analysis of GWAS

of the presence/absence of CKD, one locus on chr 4 (with 2 SNPs) reached the suggestive level in a single-

variant-based analysis (Table 4). The Manhattan Plots for the analyses above are shown in Fig. 1. The Q-Q plots

for the p values in each of these analysis are shown in Fig. 2 (the Q-Q plots before genomic control correction

are shown in online suppl. Fig. 1), all the genomic inflation factors (lambda values) of which were close to 1

(range from 0.99 - 1.01), suggesting that the population structure was fairly adjusted, given the larger sample

size of the present study.

Replication of the detected variants in the independent data set

Next we conducted the replication study of the variants discovered in the J-MICC GWAS in an independent

data set from BBJ GWASs using the variants that reached the suggestive level. In the replication phase, 25

variants within three loci (on chr 2 with seven variants including rs3770636 in the LRP2 [LDL receptor related

protein 2] gene locus, chr 17 with 15 variants including rs3785837 in the BCAS3 gene locus, and chr 18 with

11
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three variants including rs74183647 in the NFATCI [nuclear factor of activated T-cells 1] gene locus) became

nominally statistically significant (p < 0.05/28 = 0.0018, with Bonferroni correction), of which 15 variants on

chr 17 and 3 variants on chr 18 reached genome-wide significance of p < 5x10® in association with eGFR and

SCr (Tables 2 and 3); all of which were previously reported loci for renal traits in the transethnic GWAS [21].

Meanwhile, the locus identified for the presence/absence of CKD on chr 4 did not reach genome-wide

significance in the combined study, although it fulfilled the nominal statistical significance (p < 0.05/2 = 0.025,

with Bonferroni correction) in the replication phase (Table 4). We also evaluated the LD (linkage disequilibrium)

status of these variants in the detected loci by constructing the regional plots of each locus, which revealed the

close LD between the variants in the corresponding loci (Fig. 3). Additionally, conditional analyses of the lead

SNPs in each locus revealed that the associations were not significant for the other SNPs/variants in the

corresponding loci (online suppl. Fig. 2).

Replicability of the previously reported variants in the J-MICC Study data

We also examined the associations of 41 SNPs reported to be associated [3] with the risk of CKD and eGFR

as a continuous trait using the 1000 Genomes imputed data. Of these, there were 16 SNPs significantly

associated with both of eGFR and SCr as quantitative traits, and 8 SNPs were significantly associated with risk

of CKD as a binary trait (online suppl. Table 1).
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Discussion

To our knowledge, this is the largest GWAS of CKD and renal function traits with the cross-sectional study

in a population-based Japanese cohort published to date. Although the present study couldn’t identify the

novel loci for renal traits, it revealed the novel associations of three loci on chr 2 and 18 with renal function

traits, which were previously unreported in the East Asian and Japanese populations. Additionally, we identified

the locus on chr 17 as the significantly associated locus with renal functions, which was consistent with the

previous finding in Japanese subjects [3]. Regarding the newly identified loci for the East Asian and Japanese

populations, the LRP2 gene on chr 2, also called megalin, was originally identified as the target antigen of the

rat model of membranous glomerulonephritis, and is structurally similar to the low density lipoprotein receptor

[22]. Megalin is abundantly found in kidney proximal tubules, and has been shown to mediate endocytic uptake

of vitamin D3 filtered in the glomeruli [23]. Endocytosis mediated by this molecule is demonstrated to play key

roles in the reabsorption of albumin in renal proximal tubule cells, and it is shown to work as an important

sensor in cooperation with PKB (protein kinase B), determining the survival of renal proximal tubule cells under

the existence of albumin, thus considered to play roles in the progression of CKD to end-stage renal disease

(ESRD) [24]. A functional mutation in LRP2 (LRP2 Arg365Ter, rs80338744) has been demonstrated to cause

Donnai-Barrow Syndrome, which is a congenital disease presented with facio-oculo-acoustico-renal syndrome

with proteinuria [25]. NFATCI is the cytoplasmic component of the nuclear factor of activated T-cells

transcription complex, which is activated upon T-cell receptor (TCR) engagement, and is involved in the

functions of T lymphocytes [26-29]. It has been demonstrated that NFAT-dependent injury-response gene,
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DSCRI, is involved in the phenotype switching/remodeling of the vascular smooth muscle cells [30].

Furthermore, the rs74183647 SNP of NFATC! found in this study is shown to modulate its gene expression in

human whole blood, according to the GTEx database (https://www.gtexportal.org/). Given its biological roles

in vasculature in the context of renal injury, variations in the NFATCI gene may be considered potential

susceptibility factors for human CKD. A recent experimental study also revealed the roles of NFAT1 within the

context of salt sensitivity, an important process in the development of CKD [31], thereby supporting the

involvement of this protein in the genesis of CKD. With respect to the previous reports, the same locus on chr

17 as that identified in the present study was found to be associated with renal functions in the East Asian cohort

consortium data. This locus includes the BCAS3 gene, which is reportedly a biologically important gene in

controlling the directional cell migration and angiogenesis by facilitating the crosstalk between cytoskeletons

[32], and is amplified in 9% of primary breast tumors, expressed tumor-derived cell lines [33]. BCAS3 is also

found to be expressed in human embryonic stem (ES) cells during their differentiation into blood vascular

precursors, and highly expressed in the tumor cells and blood vessels of glioblastoma, hemangiopericytoma and

brain abscess, suggesting that BCAS3 can serve as a marker for both human ES cells and tumors [33]. Moreover,

genetic variations in BCAS3 gene, including the rs3785837 identified in the present study, have been shown to

change significantly in expression levels significantly in human tibial arteries according to the GTEx. However,

the roles of BCAS3 in human kidney functions impairments are poorly understood. Based on the factors

discussed above, it is hypothesized to play a role in the formation or modulation of human renal vasculature.

Therefore, further biological and epidemiological studies are warranted. Regarding the locus found to be
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associated with the risk of CKD on chr 4 (4q23), microsomal triglyceride transfer protein (MTTP) gene encoded

by this locus is reportedly associated with the risk of celiac disease in Caucasians, although the roles of genomic

locus in the genesis of human CKD remain largely unknown [34]. MTTP reportedly catalyzes the transport of

lipids between phospholipid surfaces and its genetic variation is associated with abetalipoproteinemia and

glucose tolerance [35]. Given its roles in lipid and glucose metabolisms, analyzing the roles of this molecule in

the development of CKD may be beneficial, although its genetic variation did not reach genome-wide

significance in the combined study. Moreover, our GWAS analysis of the same data set without adjustment for

PCA based on GWAS genotypes revealed another locus significantly associated with renal function trait located

in chr 6, including major histocompatibility complex (MHC) loci, the statistical significance of which

disappeared after adjusting for PCA. This suggested that the significant association of this locus with renal

function traits may be attributable to population stratification, at least when Japanese population is concerned

(data not shown).

It appears that distinct genetic loci for renal function traits exist for each race/ethnicity. In the GWAS-meta-

analysis of the European population, genetic loci such as the one on chr 16 (including the UMOD gene), or those

on chr 10 (including CDH23 gene) and on chr 7 (including solute carrier family 22, member 2 [SLC2242] and

GALNTLS gene) were shown to be significantly associated with renal functions [1, 20, 35-37]. In the present

GWAS in Japanese population, these loci were not found to be genome-wide significant, suggesting the

possibility that specific genetic mechanisms exist between the races. Of the four loci found to be genome-wide

significant in the present study (discovery phase), the locus on chr 17 have already been reported in East Asians,
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whereas other two loci on chr 2 and 18 are firstly reported in the East Asian and Japanese populations. However,

they were reported in the GWAS of renal traits in European populations and/or those with African ancestries, as

represented by the LRP2 locus on chr 2 in African Americans [21, 39]. To the best of our knowledge, the

association of the 4g23 locus with CKD risk is the novel finding, which warrants further investigations with

independent data sets. Whereas two out of four top SNPs for each loci found to be genome-wide significant

(rs3785837 on chr 17 and rs74183647 on chr 18) had functionality by itself as described above, the

functionalities of the SNPs on chr 2 (rs3770636) and chr 4 (rs78351985 and rs555786707) remain unknown.

The minor allele frequencies of the newly detected SNPs for Japanese (those with the top p values in each locus)

were 0.2326 in Japanese, 0.0221 in Caucasians and 0.0974 in Africans for the LRP2 rs3770636 G allele, 0.4355

in East Asians, 0.0924 in Europeans and 0.2095 in Africans for the NFATCI rs74183647 C allele, 0.0288 in East

Asians, 0.0010 in Europeans and 0.0000 in Africans for the rs555786707 A allele on chr 4, 0.0317 in East Asians,

0.0000 in Europeans and 0.0000 in Africans for the rs78351985 G allele on chr 4 according to dbSNP

(https://www.ncbi.nlm.nih/gov/SNP), all of which are more than 1%, suggesting the substantial involvement of

these variants in the regulation of renal functions in Japanese and East Asians. Although world-wide GWAS

consortiums of human chronic diseases are flourishing these days, such GWAS of each race/ethnicity may also

be considered meaningful, given racially/ethnically specific gene-environment interaction could provide more

effective ways for disease prevention in each race/ethnicity [7, 40]. The strength of the present study is the large

sample size and the densely imputed genetic data, which lead to the discovery of as yet unidentified genetic loci

associated with renal functions specifically in Japanese population.
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In conclusion, the present GWAS of renal function traits included the largest sample of Japanese population
published to date, and revealed genetic loci on chr 2, 4, and 18 as involved in the renal function in the Japanese
population. Further investigations of these associations, including prospective validation within the present
cohort, are expected to confirm our findings, for the potential establishment of personalized prevention of renal

disease in the Japanese and East Asian populations.
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Table 1. Characteristics of the study subjects.

Discovery (J-MICC) Replication (BBJ)

Number of analyzed samples 11,283 148,829

Sex: Male/Female 5,158/6,125 81,629/67,200
Age: mean(sd) (years) 54.9 (9.3) 63.6 (13.5)
SCr: mean (sd) (mg/dI) 0.72 (0.28) 0.91 (1.00)
eGFR: mean (sd) (ml/min/1.73m?) 78.7 (15.1) 72.6 (25.0)
DM: N (%) 903 (8.0) 47,565 (32.0)
HT: N (%) 4,186 (37.1) 81,335 (54.6)
CKD: N (%) 939 (8.3) 38,143 (25.6)

SCr = serum creatinine; eGFR = estimated glomerular filtration rate; DM = diabetes mellitus; HT =

hypertension; CKD = chronic kidney disease.
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Table 2. Genetic variants suggestively associated with eGFR in the discovery phase (p < 1x10°) and the results of association analyses in the replication and

combined studies.

Discovery (J-MICC) Replication (BBJ) Combined
rs ID Geno/Imp Cytoband  Position Gene Function Effect allele Ref. allele EAF r? B SE p value EAF r? B SE p value p value
1572878458 Imputed 2q31.1 170141086 LRP2 intronic T C 0.182 0.838 -0.0165 -0.0007 6.29x107 0.18 0.848 -0.0003 0.0021 0.886 0.144
1516856823 Imputed 2031.1 170200452 LRP2 intronic T A 0.187 0.92 0.0183 0.0006 2.80x10°® 0.181 0.917 0.0073 0.002 0.00029 6.71x10°7
153770636 Imputed 2031.1 170202833 LRP2 intronic G T 0.187 0.91 0.0184 0.0006 2.54x10® 0.181 0.91 0.0074 0.002 0.00026 5.79x10°7
13770637 Imputed 2g31.1 170203104 LRP2 intronic C T 0.186 0.907 0.0183 0.0006 2.85x10°® 0.181 0.907 0.0073 0.002 0.00028 6.34x10°7
1s200309784 Imputed 2q31.1 170204098 LRP2 intronic GA G 0.208 0.829 0.0167 0.0006 1.37x107 0.206 0.808 0.0077 0.002 0.00016 4.87x10%7
152673171 Imputed 2031.1 170204641 LRP2 intronic G A 0.185 0.887 0.0183 0.0006 3.50x10°® 0.182 0.892 0.0072 0.002 0.00038 9.92x10%7
rs3821129 Imputed 2031.1 170204773 LRP2 intronic C T 0.182 0.884 0.0183 0.0006 3.59x10® 0.18 0.89 0.0074 0.002 0.00028 6.92x10%7
152390793 Imputed 2031.1 170205123 LRP2 intronic T C 0.186 0.867 0.0173 0.0006 1.71x107 0.188 0.851 0.0076 0.0021 0.00022 7.44x10°7
15270188 Genotyped 5p15.32 5124149 LINC01020,CTD-2297D10.2 intergenic A G 0.432 1 -0.0126 -0.0005 9.91x107 0.426 0.988 0.0018 0.0015 0.234 0.879
15270184 Imputed 5p15.32 5124579 LINC01020,CTD-2297D10.2  intergenic T C 0.417 0.991 -0.013 -0.0005 4.94x107 0.41 0.968 0.0015 0.0015 0.325 0.699
153785842 Imputed 179232 59446530 BCAS3 intronic G C 0.428 0.943 0.015 0.0005 7.69x10° 0.438 0.931 0.0101 0.0015  g.21x10™ 6.35x10%°
rs3785841 Imputed 179232 59446541 BCAS3 intronic G C 0.449 0.941 0.0155 0.0004 2.06x10° 0.455 0.933 0.0097 0.0015  3.44x10™° 2.12x10
1511653176 Imputed 17923.2 59447369 BCAS3 intronic C T 0.491 0.939 0.0148 0.0004 7.82x10° 0.515 0.868 0.0099 0.0016  591x10™° 6.24x10™%
rs398031258 Imputed 179232 59447632 BCAS3 intronic CT C 0.469 0.846 0.0151 0.0004 5.35x10? 0.456 0.804 0.0107 0.0017  1.21x10™° 8.79x10%°
rs7217891 Imputed 179232 59447984 BCAS3 intronic A G 0.512 0.934 0.0157 0.0004 1.03x10° 0.514 0.923 0.0103 0.0015  1.85x10™ 5.64x107°
151010269 Imputed 17923.2 59448945 BCAS3 intronic G A 0.485 0.929 0.0147 0.0005 1.12x10° 0.522 0.853 0.0118 0.0016  2.21x10™® 8.79x1018
14968556 Imputed 17923.2 59449082 BCAS3 intronic C T 0.484 0.949 -0.0149 -0.0004 7.16x10° 0.472 0.867 -0.0118 0.0016  1.07x10™ 3.28x1078
rs11650989 Genotyped 17923.2 59449636 BCAS3 intronic A G 0.284 0.995 0.0152 0.0005 1.02x107 0.286 0.996 0.0087 0.0016 1.31x107 7.99x10™
1511657044 Imputed 17923.2 59450105 BCAS3 intronic C T 0.513 0.979 0.0154 0.0004 2.65x10? 0.518 0.889 0.0117 0.0016  1.11x10™ 2.33x10®
159905274 Imputed 179232 59450441 BCAS3 intronic C T 0.494 0.997 0.0158 0.0004 8.28x10° 0.496 0.897 0.0106 0.0016  9.74x10™*? 2.49%x10
1534754126 Imputed 17q23.2 59450453 BCAS3 intronic Cc cT 0.518 0.92 0.0141 0.0005 4.44x10° 0.525 0.839 0.0125 0.0016  1.51x10™ 7.72x10°
rs9895661 Genotyped 17923.2 59456589 BCAS3 intronic T C 0.456 0.999 0.0166 0.0004 1.55x10%° 0.462 0.998 0.0117 0.0015  3.30x10™%° 1.47x107%°
152079742 Imputed 179232 59465697 BCAS3 intronic C T 0.464 0.855 -0.0167 -0.0004 1.16x10%° 0.524 0.845 -0.0126 0.0016  5.93x10™° 2.56x102°
1511079428 Imputed 179232 59466701 BCAS3 intronic A T 0.439 0.845 0.0167 0.0004 1.30x10%° 0.451 0.83 0.0118 0.0016  510x10™ 4.33x108
rs3785837 Imputed 17¢23.2 59468942 BCAS3 intronic A G 0.448 0.839 0.0171 0.0004 4.23x10™ 0.455 0.829 0.0114 0.0016  2.75x10™? 2.07x107Y
1574183647 Imputed 18g23 77156171 NFATC1 UTR5 C G 0.482 0.714 0.0127 0.0005 6.56x107 0.455 0.703 0.0098 0.0018 2.72x10°® 2.40x10™
15117314773 Imputed 18023 77160066 NFATC1 intronic A G 0.497 0.767 0.0125 0.0005 9.47x107 0.474 0.748 0.0092 0.0017 7.69x10°® 9.00x10*
15138901831 Imputed 18023 77160067 NFATC1 intronic C G 0.497 0.767 0.0125 0.0005 9.47x107 0.474 0.748 0.0092 0.0017 7.72x10°® 9.04x10*

eGFR = estimated glomerular filtration rate; Geno/Imp = genotyped or imputed; EAF = effect allele frequency. Chromosomal locations were described based

on hg19/GRCh37 coordinates. All the SNPs in the loci that reached the genome-wide suggestive level (p < 1x107) in the discovery phase are shown. p values

that reached the genome-wide significance (p < 5x107®) in the combined studies are indicated in boldface. “Combined” results indicate those for the GWAS
meta-analysis of J-MICC and BBJ.
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Table 3. Genetic variants suggestively associated with SCr in the discovery phase (p < 1x107) and the results of association analyses in the replication and

combined studies.

Discovery (J-MICC) Replication (BBJ) Combined
rs 1D Geno/lmp Cytoband Position Gene Function Effect allele Ref. allele EAF r? B SE p value EAF r? B SE p value p value
1572878458 Imputed  2g31.1 170141086 LRP2 intronic T C 0.182 0.838 0.0151 0.003 5.56x107 0.18 0.848 0.0003 0.0019 0.883 0.141
1516856823 Imputed  2g31.1 170200452 LRP2 intronic T A 0.187 0.92 -0.0168 0.003 2.24x10°® 0.181 0.917 -0.0067 0.0018 0.000299 6.67x107
rs3770636 Imputed  2g31.1 170202833 LRP2 intronic G T 0.187 0.91 -0.0169 0.003 2.04x10° 0.181 0.91 -0.0067 0.0018 0.00027 5.66x107
rs3770637 Imputed  2q31.1 170203104 LRP2 intronic @ T 0.186 0.907 -0.0169 0.003 2.26x10°® 0.181 0.907 -0.0067 0.0018 0.00028 6.18x107
1s200309784 Imputed  2g31.1 170204098 LRP2 intronic GA G 0.208 0.829 -0.0153 0.0029 1.14x107 0.206 0.808 -0.007 0.0019 0.00017 4.82x107
152673171 Imputed  2g31.1 170204641 LRP2 intronic G A 0.185 0.887 -0.0168 0.003 2.88x10° 0.182 0.892 -0.0066 0.0019 0.0004 9.76x107
rs3821129 Imputed  2g31.1 170204773 LRP2 intronic c T 0.182 0.884 -0.0169 0.003 2.95x10°® 0.18 0.89 -0.0068 0.0019 0.00029 6.73x107
152390793 Imputed  2g31.1 170205123 LRP2 intronic T C 0.186 0.867 -0.0159 0.003 1.44x107 0.188 0.851 -0.0069 0.0019 0.00027 7.37x107
15270188 Genotyped 5p15.32 5124149 LINC01020,CTD-2297D10.2  intergenic A G 0.432 1 0.0115 0.0024 9.90x107 0.426 0.988 -0.0016 0.0014 0.256 0.838
15270184 Imputed  5p15.32 5124579 LINC01020,CTD-2297D10.2  intergenic T C 0.417 0.991 0.0119 0.0024 4.77x107 0.41 0.968 -0.0013 0.0014 0.3497 0.664
1s3785842 Imputed  17g23.2 59446530 BCAS3 intronic G C 0.428 0.943 -0.0138 0.0024 7.07x10° 0.438 0.931 -0.0093 0.0014  541x10™ 3.82x10™°
rs3785841 Imputed  17q23.2 59446541 BCAS3 intronic G C 0.449 0.941 -0.0142 0.0024 1.86x10° 0.455 0.933 -0.0089 0.0014  2.36x10™° 1.32x104
1511653176 Imputed  17g23.2 59447369 BCAS3 intronic C T 0.509 0.939 -0.0135 0.0023 7.88x10° 0.515 0.868 -0.0091 0.0015  4.26x10™° 4.28x10%
1398031258 Imputed  17g23.2 59447632 BCAS3 intronic CT [} 0.469 0.846 -0.0138 0.0024 5.16x10° 0.456 0.804 -0.0099 0.0015  g.22x10™! 5.53x10™°
157217891 Imputed  17g23.2 59447984 BCAS3 intronic A G 0.512 0.934 -0.0144 0.0023 9.51x10° 0.514 0.923 -0.0095 0.0014  1.29x10™* 3.61x107%
11010269 Imputed  17g23.2 59448945 BCAS3 intronic G A 0.485 0.929 -0.0135 0.0024 1.15x10°® 0.522 0.853 -0.0109 0.0015  1.41x10™ 5.40x107®
14968556 Imputed  17g23.2 59449082 BCAS3 intronic C T 0.484 0.949 0.0136 0.0024 7.22x10° 0.472 0.867 0.0109 0.0015  7.02x10% 2.05x10"®
111650989 Genotyped 17¢23.2 59449636 BCAS3 intronic A G 0.284 0.995 -0.014 0.0026 8.51x10°® 0.286 0.996 -0.008 0.0015 1.11x107 6.18x101t
1511657044 Imputed  17g23.2 59450105 BCAS3 intronic C T 0.513 0.979 -0.014 0.0024 2.70x10° 0.518 0.889 -0.0108 0.0014  7.04x10™ 1.40x108
19905274 Imputed  17g23.2 59450441 BCAS3 intronic C T 0.494 0.997 -0.0144 0.0023 8.61x10™° 0.496 0.897 -0.0098 0.0014  6.51x10™2 1.59x107¢
1s34754126 Imputed  17¢23.2 59450453 BCAS3 intronic C CT 0.482 0.92 -0.0129 0.0024 4.31x10° 0.525 0.839 -0.0115 0.0015  8.12x10™° 3.85x107%°
19895661 Genotyped 170232 59456589 BCAS3 intronic T C 0.456 0.999 -0.0152 0.0024 1.42x10%° 0.462 0.998 -0.0108 0.0014  1.97x10™° 7.91x10%
152079742 Imputed  17g23.2 59465697 BCAS3 intronic C T 0.464 0.855 0.0153 0.0024 1.12x10%° 0.524 0.845 0.0116 0.0015  3.36x10™%° 1.32x10%°
1511079428 Imputed  17g23.2 59466701 BCAS3 intronic A T 0.439 0.845 -0.0152 0.0024 1.37x10%° 0.451 0.83 -0.0109 0.0015 356x10% 2.92x1018
1s3785837 Imputed  17g23.2 59468942 BCAS3 intronic A G 0.448 0.839 -0.0156 0.0024 4.56x10™ 0.455 0.829 -0.0105 0.0015  2.06x10™? 1.51x10"
1574183647 Imputed 18923 77156171 NFATC1 UTR5 C G 0.482 0.714 -0.0116 0.0023 6.27x107 0.455 0.703 -0.009 0.0016 2.97x10°® 2.61x10™
117314773 Imputed 18923 77160066 NFATC1 intronic A G 0.497 0.767 -0.0114 0.0023 9.81x107 0.474 0.748 -0.0084 0.0016 7.37x10°® 8.67x101
1138901831 Imputed 18923 77160067 NFATC1 intronic C G 0.497 0.767 -0.0114 0.0023 9.81x107 0.474 0.748 -0.0084 0.0016 7.39x10°® 8.71x10™

SCr = serum creatinine; Geno/Imp = genotyped or imputed; EAF = effect allele frequency. Chromosomal locations were described based on hg19/GRCh37
coordinates. All the SNPs in the loci that reached the genome-wide suggestive level (p < 1x107) in the discovery phase are shown. p values that reached the
genome-wide significance (p < 5x107%) in the combined studies are indicated in boldface. “Combined” results indicate those for the GWAS meta-analysis of J-
MICC and BBJ.
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Table 4. Genetic variants suggestively associated with the risk of CKD in the discovery phase (p < 1x10°) and the results of association analyses in the

replication and combined studies.

Discovery (J-MICC) Replication (BBJ) Combined
rs ID Geno/lmp Cytoband  Position Gene Function Effect allele Ref. allele EAF r? B SE p value EAF r? B SE p value p value
rs78351985 Imputed 4923 100576689 MTTP,DAPP1 intergenic G A 0.071 0.916 0.416 0.085 9.55x107 0.071 0.929 0.036 0.015 0.0181 0.00034
rs555786707 Imputed 4923 100969329 LOC256880,DDIT4L intergenic A G 0.056 0.825 0.493 0.094 1.78x107 0.056 0.835 0.077 0.031 0.0213 0.00031

CKD = chronic kidney disease, Geno/Imp = genotyped or imputed; EAF = effect allele frequency. Chromosomal locations were described based on
hg19/GRCh37 coordinates. All the SNPs in the loci that reached the genome-wide suggestive level (P < 1x10) in the discovery phase are shown.
“Combined” results indicate those for the GWAS meta-analysis of J-MICC and BBJ.
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(Figure Legends)

Fig. 1. Manhattan plots for the GWAS of renal functions.

(Footnotes for Fig. 1)

Manbhattan plots for the eGFR QTL (a), SCr QTL (b) and CKD binary (¢) GWAS’s. Gene names that reached
the genome-wide significance (P < 5x107®) in the combined study are shown. GWAS, genome-wide-association
study; eGFR, estimated glomerular filtration rate; SCr, serum creatinine, QTL, quantitative trait loci; CKD,

chronic kidney disease.

Fig. 2. Q-Q plots for the GWAS of renal functions.

(Footnotes for Fig. 2)
Quantile-quantile (Q-Q) plots for the eGFR QTL (a), SCr QTL (b) and CKD binary (¢) GWAS’s (after genomic

control correction).

Fig. 3. Regional plots of the detected loci.

(Footnotes for Fig. 3)

Detailed regional plots for the loci detected on LRP2 on 2q31.1 (a), the BCAS3 locus on 17q23.2 (c), and the
NFATCI locus on 18923 (e) in association with eGFR. Regional plots for the same set of loci as above in
association with SCr (b, d and f), and the MTTP-DDIT4L locus on 4q23 (g) drawn based on the 1000 Genomes
Phase 3 JPT (Japanese in Tokyo) data. The plots conditioned on the lead SNPs (variants) in each loci are shown.
The p values are based on the discovery (J-MICC) data. eGFR = estimated glomerular filtration rate; SCr =
serum creatinine. The x axis represents chromosome position, and the y axis represents the —log10 (p value) of
association. The purple diamond represents the lead variant. Colors represent the degree of LD (%) between

each variant and the lead variant. The LD (°) was calculated based on the 1000 genomes phase 3 JPT individuals.
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Discovery (J-MICC)

Replication (BBJ)

Number of analyzed samples
Sex: Male/Female

Age: mean(sd) (years)

SCr: mean (sd) (mg/dl)

eGFR: mean (sd) (ml/min/1.73m
DM: N (%)

HT: N (%)

CKD: N (%)

11.283
5,158/6,125
54.9 (9.3)
0.72 (0.28)
78.7 (15.1)
903 (8.0)
4,186 (37.1)
939 (8.3)

148.829
81,629/67,200
63.6 (13.5)
0.91 (1.00)
72.6 (25.0)
47,565 (32.0)
81,335 (54.6)
38,143 (25.6)




rs 1D Geno/lmp Cytoband Position Gene Function
rs72878458 Imputed 2931.1 170141086 LRP2 intronic
rs16856823 Imputed 2g31.1 170200452 LRP2 intronic
rs3770636 Imputed 2931.1 170202833 LRP2 intronic
rs3770637 Imputed 2g31.1 170203104 LRP2 intronic
rs200309784  Imputed 2931.1 170204098 LRP2 intronic
rs2673171 Imputed 2931.1 170204641 LRP2 intronic
rs3821129 Imputed 2031.1 170204773  LRP2 intronic
rs2390793 Imputed 2g31.1 170205123 LRP2 intronic
rs270188 Genotyped 5p15.32 5124149 LINC01020,CTD-2297D10.2 intergenic
rs270184 Imputed 5p15.32 5124579 LINC01020,CTD-2297D10.2 intergenic
rs3785842 Imputed 17923.2 59446530 BCAS3 intronic
rs3785841 Imputed 17923.2 59446541 BCAS3 intronic
rs11653176 Imputed 17923.2 59447369 BCAS3 intronic
rs398031258  Imputed 17g23.2 59447632 BCAS3 intronic
rs7217891 Imputed 17923.2 59447984 BCAS3 intronic
rs1010269 Imputed 17g23.2 59448945 BCAS3 intronic
rs4968556 Imputed 17¢923.2 59449082 BCAS3 intronic
rs11650989  Genotyped 17g23.2 59449636 BCAS3 intronic
rs11657044  Imputed 17923.2 59450105 BCAS3 intronic
rs9905274 Imputed 17q23.2 59450441 BCAS3 intronic
rs34754126  Imputed 17923.2 59450453 BCAS3 intronic
rs9895661 Genotyped 17g23.2 59456589 BCAS3 intronic
rs2079742 Imputed 17923.2 59465697 BCAS3 intronic
rs11079428 Imputed 17923.2 59466701 BCAS3 intronic
rs3785837 Imputed 17923.2 59468942 BCAS3 intronic
rs74183647  Imputed 18q23 77156171 NFATC1 UTR5
rs117314773  Imputed 18923 77160066 NFATC1 intronic
rs138901831 Imputed 18q23 77160067 NFATC1 intronic




Discovery (J-MICC)

2

Effect allele Ref. allele EAF r B SE p value EAF
T C 0,182 0,838  -0,0165 -0,0007  6.29x107 0,18
T A 0,187 0,92 0,0183  0,0006  2.80x10° 0,181
G T 0,187 0,91 0,0184  0,0006  2.54x10° 0,181
C T 0,186 0,907 00183  0,0006  2.85x10°® 0,181

GA G 0,208 0,829 00167  0,0006  1.37x107 0,206
G A 0,185 0,887  0,0183  0,0006  3.50x10°® 0,182
C T 0,182 0,884 00183  0,0006  3.59x10* 0,18
T C 0,186 0,867 00173  0,0006  1.71x107 0,188
A G 0,432 1 -0,0126  -0,0005  9.91x107 0,426
T C 0,417 0,991 0013 -0,0005  4.94x107 0,41
G C 0,428 0,943 0,015 0,0005  7.69x107 0,438
G C 0,449 0,941 00155  0,0004  2.06x10° 0,455
C T 0,491 0,939 0,0148  0,0004  7.82x10° 0,515
cT C 0,469 0,846 00151  0,0004  535x10° 0,456
A G 0,512 0,934 00157  0,0004  1.03x10° 0,514
G A 0,485 0,929 00147 00005  1.12x10°® 0,522
C T 0,484 0,949  -0,0149 -0,0004  7.16x10° 0,472
A G 0,284 0,995 00152  0,0005  1.02x107 0,286
C T 0,513 0,979 0,0154  0,0004  2.65x10° 0,518
C T 0,494 0,997 00158  0,0004  828x10™° 0,496
C CT 0,518 0,92 0,0141  0,0005  4.44x10° 0,525
T C 0,456 0,999 00166 00004  1.55x10™ 0,462
C T 0,464 0,855  -0,0167 -0,0004  1.16x10™° 0,524
A T 0,439 0,845 00167 00004  1.30x10™ 0,451
A G 0,448 0,839 0,0171  0,0004  423x10™ 0,455
C G 0,482 0,714 00127  0,0005  6.56x107 0,455
A G 0,497 0,767 0,0125  0,0005  9.47x107 0,474
C G 0,497 0,767 00125  0,0005  9.47x107 0,474




Replication (BBJ) Combined
r? B SE p value p value

0,848  -0,0003 0,0021 0,886 0,144
0,917 00073 0,002  0,00029 6.71x10""
0,91 0,0074 0,002  0,00026 5.79x10""
0,907 00073 0,002  0,00028 6.34x10""
0,808  0,0077 0,002  0,00016 4.87x10
0,892  0,0072 0,002  0,00038 9.92x107""
0,89 0,0074 0,002  0,00028 6.92x10"
0,851  0,0076  0,0021  0,00022 7.44x10°"
0,988  0,0018 00015 0,234 0,879
0,968  0,0015 00015 0,325 0,699
0,931 0,0101  0,0015 8.21x10™ 6.35x10™
0,933 0,0097  0,0015 3.44x10™° 2.12x10™
0,868 0,0099  0,0016 5.91x10™° 6.24x10™
0,804  0,0107  0,0017 1.21x10™ 8.79x10™°
0,923 0,0103  0,0015 1.85x10™* 5.64x10™
0,853 0,0118  0,0016 2.21x10% 8.79x10™®
0,867  -0,0118  0,0016 1.07x10™ 3.28x10™
0,996 0,0087  0,0016 1.31x10” 7.99x10™
0,889 0,0117  0,0016 1.11x10™" 2.33x10™®
0,897 0,0106  0,0016 9.74x10% 2.49x107®
0,839 0,0125  0,0016 1.51x10% 7.72x10™
0,998 0,0117  0,0015 3.30x10%° 1.47x10°%°
0,845  -0,0126  0,0016 5.93x10™ 2.56x10%
0,83 0,0118  0,0016 5.10x10™ 4.33x10°"®
0,829 0,0114  0,0016 2.75x10™* 2.07x10™
0,703 0,0098  0,0018 2.72x10° 2.40x10™
0,748 0,0092  0,0017 7.69x10°® 9.00x10™
0,748 0,0092  0,0017 7.72x10° 9.04x10™




rs 1D Geno/lmp Cytoband Position Gene Function
rs72878458 Imputed 2g31.1 170141086 LRP2 intronic
rs16856823 Imputed 2g31.1 170200452 LRP2 intronic
rs3770636 Imputed 2931.1 170202833 LRP2 intronic
rs3770637 Imputed 2g31.1 170203104 LRP2 intronic
rs200309784  Imputed 2qg31.1 170204098 LRP2 intronic
rs2673171 Imputed 2g31.1 170204641 LRP2 intronic
rs3821129 Imputed 2g31.1 170204773 LRP2 intronic
rs2390793 Imputed 2g31.1 170205123 LRP2 intronic
rs270188 Genotyped 5p15.32 5124149 LINC01020,CTD-2297D10.2 intergenic
rs270184 Imputed 5p15.32 5124579 LINC01020,CTD-2297D10.2 intergenic
rs3785842 Imputed 17g23.2 59446530 BCAS3 intronic
rs3785841 Imputed 17g23.2 59446541 BCAS3 intronic
rs11653176 Imputed 17g23.2 59447369 BCAS3 intronic
rs398031258  Imputed 17¢g23.2 59447632 BCAS3 intronic
rs7217891 Imputed 17qg23.2 59447984 BCAS3 intronic
rs1010269 Imputed 17923.2 59448945 BCAS3 intronic
rs4968556 Imputed 17g23.2 59449082 BCAS3 intronic
rs11650989 Genotyped 17g23.2 59449636 BCAS3 intronic
rs11657044 Imputed 17¢923.2 59450105 BCAS3 intronic
rs9905274 Imputed 17g23.2 59450441 BCAS3 intronic
rs34754126 Imputed 17¢923.2 59450453 BCAS3 intronic
rs9895661 Genotyped 17g23.2 59456589 BCAS3 intronic
rs2079742 Imputed 17923.2 59465697 BCAS3 intronic
rs11079428 Imputed 17923.2 59466701 BCAS3 intronic
rs3785837 Imputed 17923.2 59468942 BCAS3 intronic
rs74183647 Imputed 18923 77156171 NFATC1 UTR5
rs117314773  Imputed 18¢23 77160066 NFATC1 intronic
rs138901831 Imputed  18¢23 77160067 NFATC1 intronic




Discovery (J-MICC)

2

Effect allele Ref. allele EAF r B SE p value EAF
T C 0,182 0,838 0,0151 0,003 5.56x10" 0,18
T A 0,187 0,92 -0,0168 0,003  2.24x10°® 0,181
G T 0,187 0,91 -0,0169 0,003 2.04x10°® 0,181
C T 0,186 0907  -0,0169 0,003  2.26x10° 0,181

GA G 0,208 0829  -0,0153  0,0029  1.14x10” 0,206
G A 0,185 0887  -00168 0,003  2.88x10° 0,182
C T 0,182 0884  -0,0169 0,003 2.95x10°® 0,18
T C 0,186 0867  -0,0159 0,003 1.44x107 0,188
A G 0,432 1 0,0115  0,0024  9.90x107 0,426
T C 0,417 0,991 0,0119 00024  4.77x107 0,41
G C 0,428 0943  -0,0138  0,0024  7.07x107 0,438
G C 0,449 0,941 -0,0142  0,0024 1.86x10” 0,455
C T 0,509 0939  -0,0135 0,0023  7.88x10° 0,515

cT C 0,469 0846  -0,0138  0,0024  5.16x10° 0,456
A G 0,512 0934  -0,0144 00023  951x10™%° 0,514
G A 0,485 0929  -0,0135 0,024  1.15x10° 0,522
C T 0,484 0,949 0,0136  0,0024  7.22x10° 0,472
A G 0,284 0,995 0,014 00026  8.51x10° 0,286
C T 0,513 0,979 0014 00024  2.70x10° 0,518
C T 0,494 0,997 -0,0144  0,0023  8.61x107%° 0,496
C CT 0,482 0,92 -0,0129  0,0024  4.31x10°® 0,525
T C 0,456 0,999 -0,0152  0,0024  1.42x10°° 0,462
C T 0,464 0,855 0,0153  0,0024  1.12x10™%° 0,524
A T 0,439 0845  -0,0152  0,0024  1.37x10™° 0,451
A G 0,448 0839  -0,0156  0,0024  456x10° 0,455
C G 0,482 0714  -0,0116 00023  6.27x107 0,455
A G 0,497 0,767  -0,0114  0,0023  9.81x10” 0,474
C G 0,497 0767  -0,0114 00023  9.81x107 0,474




Replication (BBJ) Combined
r? B SE p value p value

0,848 0,003 00019 0,883 0,141
0,917  -0,0067  0,0018  0,000299 6.67x10”
0,91 -0,0067  0,0018  0,00027 5.66x10”
0,907  -0,0067  0,0018  0,00028 6.18x107
0,808 0,007 0,0019  0,00017 4.82x10”
0,892  -0,0066  0,0019  0,0004 9.76x107
0,89 -0,0068  0,0019  0,00029 6.73x10”
0,851  -0,0069  0,0019  0,00027 7.37x10”
0,988  -0,0016  0,0014 0,256 0,838
0,968  -0,0013  0,0014  0,3497 0,664
0,931  -0,0093 00014 541x10™ 3.82x10™"
0,933  -0,0089  0,0014 2.36x10%° 1.32x10™
0,868  -0,0091  0,0015 4.26x10™ 4.28x10™
0,804  -0,0099  0,0015 8.22x10* 5.53x10™"°
0,923  -0,0095  0,0014 1.20x10™ 3.61x10°
0,853  -0,0109  0,0015 1.41x10™ 5.40x10™"°
0,867 0,0109  0,0015 7.02x10™* 2.05x10™
0,996 0,008  0,0015 1.11x107 6.18x10™"
0,889  -0,0108  0,0014 7.04x10™ 1.40x107®
0,897  -0,0098  0,0014 6.51x10% 1.59x10°*°
0,839  -0,0115  0,0015 8.12x10™ 3.85x10™"
0,998  -0,0108  0,0014 1.97x10™° 7.91x10%
0,845 00116  0,0015 3.36x10™° 1.32x10%°
0,83 -0,0109  0,0015 3.56x10™ 2.92x107®
0,829  -0,0105  0,0015 2.06x10™ 1.51x10™"
0,703 0,009 0,006 2.97x10® 2.61x10™
0,748  -0,0084 0,006 7.37x10° 8.67x10™"
0,748  -0,0084  0,0016 7.39x10°® 8.71x10




rs ID Geno/Imp Cytoband Position Gene Function Effect allele

rs78351985 Imputed 4923 100576689 MTTP,DAPP1 intergenic G
rs555786707 Imputed 4923 100969329 LOC256880,DDIT4L intergenic A




Discovery (J-MICC) Replication (B!
Ref. allele EAF r2 B SE p value EAF r2 B

A 0,071 0,916 0,416 0,085 9.55x10”" 0,071 0,929 0,036
G 0,056 0,825 0,493 0,094 1.78x10” 0,056 0,835 0,077




BJ) Combined

SE p value p value

0,015 0,0181 0,00034
0,031 0,0213 0,00031
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rs ID Chr. position (bp) Cytoband Gene MAF 1’}
rs2049805 1 155194980 1922 MTX1-GBA 0,182 0,0098
rs11123170 2 113978940 2013 PAX8 0,349 -0,0058
rs1021916 2 213132822 2934 ERBB4 0,138 -0,0002
rs13069000 3 66798950 3pld LRIG1-KBTBDS8 0,173 -0,0041
rs16853722 3 169150632 3026 MECOM 0,281 -0,0044
rs10513699 3 171992912 3026 FNDC3B 0,082 -0,0036
rs10937329 3 187713718 3927 BCL6-LPP 0,315 -0,0021
rs7649443 3 196931821 3029 DLG1 0,331 -0,0043
rs3775948 4 9995182 4pl6 SLC2A9 0,418 -0,0034
rs13146355 4 77412140 4921 SHROOM3 0,215 -0,0097
rs2725220 4 88959922 4922 ABCG2 0,325 -0,0015
rs17663555 5 72432036 5913 TMEM171-TMEM174 0,341 -0,0044
rs12654812 5 176794191 5035 RGS14 0,358 -0,0076
rs2206271 6 31440669 6pl12 TFAP2B 0,087 0,0087
rsl7757177 6 50786008 6p12 RBM16 0,351 -0,0016
rs3828890 6 55295015 6p21 MHC region 0,198 0,0002
rs2797369 6 101674290 6q16 GRIK2 0,341 -0,0003
rs1936800 6 127436064 6022 RSPO3 0,497 0,001
rs9397738 6 154986664 6025 CNKSR3-RBM16 0,212 0,005
rs4870304 6 154991843 6025 CNKSR3-RBM16 0,279 0,006
rs17169194 7 1273845 7p21 RPA3 0,331 -0,013
rs10275044 7 1285195 7p22 UNCX 0,316 -0,0123
rs10277115 7 7680697 7p22 UNCX 0,101 0,0011
rs10984991 9 123473242 933 MEGF9 0,113 -0,0026
rs10767873 11 30749090 11p14 MPPED2-DCDC5 0,341 0,0076
rs963837 11 30768678 11p14 MPPED2-DCDC5 0,318 0,0094
rs504915 11 64464085 11913 SLC22A12 0,171 0,0001
rs2074356 12 112241766  12qg24.13 C12orf51 0,257 -0,0098
rs671 12 112645401 12qg24.2 ALDH2 0,233 -0,0108
rs17778975 13 109823110 13q33 MYO16 0,195 -0,0039
rs2470171 15 51666322 15921 GLDN 0,37 0,0018
rs17730281 15 53907948 15021 WDR72 0,387 0,0057
rs17730436 15 53942928 15021 WDR72 0,383 0,0059
rs11864909 16 20400839 16p12 UMOD 0,179 0,0077
rs889472 16 79645989 16q23 MAF 0,443 -0,0034
rs438835 17 8804124 17p13 PIK3R5 0,251 0,0049
rs181533 17 8809832 17p13 PIK3R5 0,244 0,0036
rs11868441 17 59239221 17923 BCAS3 0,259 -0,0101
rs9895661 17 59456589 17923 BCAS3 0,455 0,0166
rs7227483 18 43187130 18q12 SLC14A2 0,195 0,005
rs6026584 20 57469073 20913 GNAS 0,316 0,0046




eGFR SCr CKD

SE p value S SE p value p SE p value
0,0032 0,0024 -0,0088  0,0029 0,0027 -0,1703 0,062 0,006
0,0026 0,0257 0,0053  0,0024 0,0274 0,1591  0,0512  0,0019
0,0036 0,9461 0,0001  0,0033 0,9663 -0,0213 0,071 0,764
0,0033 0,2108 0,0037 0,003 0,2163 -0,0408 0,0659  0,5357
0,0028 0,1076 0,0042  0,0025 0,0964 0,0194  0,0548  0,7237
0,0045 0,4227 0,0034  0,0041 0,4091 -0,0093  0,0902  0,9179
0,0027 0,4388 0,0019  0,0024 0,4259 0,0063 0,053  0,9047
0,0026 0,1084 0,0038  0,0024 0,1145 0,0899  0,0536  0,0931
0,0025 0,1797 0,003  0,0023 0,1972 0,1709 0,051  0,0008
0,003 0,0013 0,0088  0,0028 0,0013 0,0249  0,0596  0,6757
0,0027 0,5768 0,0013  0,0024 0,5953 -0,0165 0,0528  0,7542
0,0026 0,0935 0,004  0,0024 0,0924 0,0045  0,0519  0,9312
0,0026 0,0035 0,0069  0,0024 0,0035 0,0863  0,0513  0,0924
0,0071 0,2224 -0,0082  0,0065 0,2085 -0,2673  0,1492  0,0732
0,0026 0,5271 0,0015  0,0024 0,5353 0,0062  0,0518  0,9048
0,0031 0,954 -0,0001  0,0029 0,9647 -0,0048 0,062 0,938
0,0026 0,9094 0,0003  0,0024 0,9053 -0,0638 0,0519  0,2195
0,0025 0,6979 -0,0009  0,0023 0,6858 -0,0817  0,0492  0,0967
0,003 0,0971 -0,0046  0,0028 0,0994 -0,0512  0,0592  0,3865
0,0028 0,0298 -0,0055  0,0025 0,0302 -0,0659  0,0543  0,2245
0,0026  7.35x107 0,0118  0,0024  9.14x10” 0,1883  0,0515  0,0003
0,0027  4.24x10° 0,0111  0,0024  5.28x10° 0,1822  0,0521  0,0005
0,0041 0,7943 0,001  0,0038 0,7963 -0,0526 0,084  0,5315
0,0039 0,5114 0,0023  0,0036 0,515 -0,1415 0,0816  0,0829
0,0026 0,0036 0,007  0,0024 0,0036 -0,1091 0,053  0,0395
0,0027 0,0004 -0,0086  0,0024 0,0004 -0,1347 0,0541  0,0128
0,0033 0,9797 -0,0001 0,003 0,9634 -0,0185 0,0658 0,779
0,0029 0,0006 0,009  0,0026 0,0007 0,0758  0,0564  0,1792
0,003 0,0003 0,0098  0,0027 0,0003 0,0625  0,0583  0,2837
0,0031 0,2149 0,0034  0,0029 0,2348 0,0186  0,0622  0,7655
0,0026 0,4843 -0,0016  0,0024 0,4996 0,0082  0,0513 0,873
0,0026 0,026 -0,0051  0,0023 0,029 -0,0609 0,051  0,1707
0,0026 0,0215 -0,0053  0,0023 0,0235 -0,0692 0,0512 0,1766
0,0032 0,0171 -0,0072 0,003 0,016 -0,1012  0,0663  0,1268
0,0025 0,1738 0,0032  0,0023 0,1644 -0,0153  0,0499 0,76
0,0029 0,0872 -0,0044  0,0026 0,0915 0,109  0,0589  0,0639
0,0029 0,2088 -0,0033  0,0027 0,2173 -0,0716  0,0589  0,2243
0,0028 0,0004 0,0091  0,0026 0,0004 0,1084 0,057 0,057
0,0025 4.16x10™ -0,0152  0,0023  3.89x10™ -0,1023  0,0504  0,0426
0,0031 0,1086 -0,0046  0,0028 0,1076 0,07 0,0624  0,2623
0,0027 0,0864 -0,0042  0,0025 0,0896 -0,0283 0,0535  0,5962




Supplementary Fig. 1. Q-Q plots for the GWAS of renal functions before genomic control correction.
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Quantile-quantile (Q-Q) plots for the eGFR QTL (a), SCr QTL (b) and CKD binary (c) GWAS’s.
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Supplementary Fig. 2. Conditional regional plots of the detected loci.
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Conditional regional plots for loci detected on LRP2 on 2q31.1 (a), the BCAS3 locus on 17¢23.2 (¢) and the
NFATCI locus on 1823 (e) in association with eGFR. Conditional regional plots for the same set of loci as
above in association with SCr (b, d and f), and the MTTP-DDIT4L locus on 4q23 (g) drawn based on the 1000
Genomes Phase 3 JPT (Japanese in Tokyo) data. The plots conditioned on the lead SNPs (variants) in each loci
are shown. The p values are based on the discovery (J-MICC) data. eGFR = estimated glomerular filtration rate;

SCr = serum creatinine.



