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Kidney disease is a well-known health disparity in the United States where African Americans are
affected at higher rates compared with other groups such as European Americans and Mexican
Americans. Common genetic variants in the myosin, heavy chain 9, non-muscle (MYH9)
gene were initially identified as associated with non-diabetic end-stage renal disease in
African Americans, and it is now understood that these variants are in strong linkage
disequilibrium with likely causal variants in neighboring APOL1. Subsequent genome-
wide and candidate gene studies have suggested that MYH9 common variants among
others are also associated with chronic kidney disease and quantitative measures of kidney
function in various populations. In a precision medicine setting, it is important to consider
genetic effects or genetic associations that differ across racial/ethnic groups in delivering
data relevant to disease risk or individual-level patient assessment. Kidney disease and
quantitative trait-associated genetic variants have yet to be systematically characterized in
multiple racial/ethnic groups. Therefore, to further characterize the prevalence of these
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genetic variants and their association with kidney related traits, we have genotyped 10
kidney disease or quantitative trait-associated single nucleotide polymorphisms (SNPs)
(rs2900976, rs10505955, rs10502868, rs1243400, rs9305354, rs12917707, rs17319721,
rs2467853, rs2032487, and rs4821480) in 14,998 participants from the population-based
cross-sectional National Health and Nutrition Examination Surveys (NHANES) I1l and
1999-2002 as part of the Epidemiologic Architecture for Genes Linked to Environment
(EAGLE) study. In this general adult population ascertained regardless of health status
(6,293 non-Hispanic whites, 3,013 non-Hispanic blacks, and 3,542 Mexican Americans),
we observed higher rates of chronic kidney disease among non-Hispanic blacks compared
with the other groups as expected. We performed single SNP tests of association using
linear regressions assuming an additive genetic model adjusted for age, sex, diastolic blood
pressure, systolic blood pressure, and type 2 diabetes status for several outcomes including
creatinine (urinary), creatinine (serum), albumin (urinary), eGFR, and albumin-to-urinary
creatinine ratio (ACR). We also tested for associations between each SNP and chronic
kidney disease and albuminuria using logistic regression. Surprisingly, none of the MYH9
variants tested was associated with kidney diseases or traits in non-Hispanic blacks
(p>0.05), perhaps attributable to the clinical heterogeneity of kidney disease in this
population. Several associations were observed in each racial/ethnic group at p<0.05, but
none were consistently associated in the same direction in all three groups. The lack of
significant and consistent associations is most likely due to power highlighting the
importance of the availability of large, diverse populations for genetic association studies
of complex diseases and traits to inform precision medicine efforts in diverse patient
populations.

1. Introduction

The kidney is an essential organ that excretes metabolic wastes from blood to maintain fluid
homeostasis, osmoregulation, blood pressure, and electrolyte balance — key processes for survival
[1]. The health risks and financial burden of poor kidney health are well-documented (e.g. [2]).
Also well-documented are the higher prevalence and incidence of kidney disease among African
Americans compared with other racial/ethnic groups in the United States [3,4]. This is a
tremendous health disparity that exists even after accounting for socioeconomic status, as
evidenced by reports that have evaluated varying degrees of kidney disease and have detected
significant risk in African Americans compared to whites even when distinct methods are
implemented and when income is taken into account [5,6]. Recent admixture studies in African-
descent populations with focal segmental glomerulosclerosis [7], nondiabetic end-stage disease
(ESRD)[8], and other kidney diseases have established a genetic basis that partially explains the
observed racial/ethnic differences in the development and progression of these diseases [9].
Kidney disease is often symptom-free until it has significantly diminished the ability of the
organ to function, and it is therefore crucial to identify genetic variants associated with biological
indicators of kidney health. Kidney disease can be detected with biomarkers obtained through
standardized blood tests that estimate renal function and by monitoring excretion of protein in the

286



Pacific Symposium on Biocomputing 2016

urine. Chronic kidney disease (CKD), estimated glomerular filtration rate (eGFR), albumin, and
creatinine are clinical measures used to identify potential kidney failure. Numerous genetic
variants have been implicated in studies of kidney disease and function [8,10-13]; however, not all
of these variants have been evaluated in large, diverse population-based studies. To determine the
utility of these variants for precision medicine settings, we asked the following: Do kidney trait-
associated single nucleotide polymorphism (SNP) allele frequencies differ across racial/ethnic
groups? Can kidney trait and disease associations be generalized across populations?

To answer these questions, we as the Epidemiologic Architecture for Genes Linked to
Environment (EAGLE), a study site of the Population Architecture using Genomics and
Epidemiology | (PAGE) study [14], accessed the National Health and Nutrition Examination
Surveys to evaluate the associations between kidney-related traits and ESRD-associated genetic
variants across multiple racial/ethnic groups.

2. Methods

2.1. Study population

The study population presented here is from the National Health and Nutrition Examination
Survey (NHANES) conducted by the National Center for Health Statistics at the Centers for
Disease Control and Prevention. NHANES are cross-sectional surveys of non-institutionalized
Americans regardless of health status. Demographics and health data are collected via survey
(self-identified), labs, and physical exams in the Mobile Examination Center by public health
professionals. CDC collected biospecimens for DNA extraction from consenting participants
between 1991 and 1994 (NHANES I11), 1999-2000, and 2001-2002 (Continuous NHANES). All
procedures were approved by the CDC Ethics Review Board and written informed consent was
obtained from all participants. Because no identifying information was accessed by the
investigators, Vanderbilt University’s Institutional Review Board determined that this study met
the criteria for a “non-human subjects” determination

Estimated glomerular filtration rate was calculated using the following equation: 175 x
(standardized S¢ %) x (age®?%) x (0.742 if female) x (1.212 if black), where S, is standardized
serum creatinine. Albuminuria as a binary trait was defined as either 1) urinary albumin-to-
urinary creatinine ratio (ACR) > 30 mg/g or 2) sex-specific thresholds (urinary ACR > 17 mg/g in
men and > 25 mg/g in women). Chronic kidney disease was defined as eGFR <60 ml/min or the
presence of albuminuria. Participants were considered to have type 2 diabetes if they answered
“yes” to “Ever been told you have sugar/diabetes?” and “Are you now taking insulin?” or if they
had fasting blood glucose levels >126 mg/dL.

2.2. SNP selection and genotyping

As part of the PAGE | study [14], we as the EAGLE study site selected candidate gene and
genome-wide association study (GWAS)-associated variants in late 2009 (Table 1). A total of 11

287



Pacific Symposium on Biocomputing 2016

SNPs (rs2900976, rs10505955, rs10502868, rs1243400, rs9305354, rs12917707, rs17319721,
rs2467853, rs2032487, rs4821480, and rs4821481) were targeted for genotyping as part of a
custom 96-OPA on the Illumina BeadXpress. In addition to genotyping experimental NHANES
samples, we genotyped blind duplicates provided by CDC and HapMap controls (n=360). MYH9
rs4821481 was out of Hardy Weinberg Equilibrium in more than one NHANES III racial/ethnic
group (at p<0.001) and was therefore dropped from subsequent analyses; all other SNPs passed
quality control.

2.3. Statistical methods

All statistical tests were performed stratified by race/ethnicity. Race/ethnicity is self-reported in
NHANES, which has been shown to be correlated with global genetic ancestry [15]. Single SNP
tests of association were performed for each of the ten SNPs and the following quantitative trait
outcomes among adults (17 years of age or older) using linear regression: creatinine (urinary),
creatinine (serum), albumin (urinary), eGFR, and albumin-to-urinary creatinine ratio (ACR).
Single SNP tests of association were also performed using logistic regression for albuminuria and
chronic kidney disease. Non-normal quantitative trait distributions were natural log-transformed
prior to analysis. All tests of association assumed an additive genetic model and were adjusted by
age, sex, diastolic blood pressure, systolic blood pressure, and type 2 diabetes status. All analyses
were performed unweighted using SAS v9.2 (SAS Institute, Cary, NC) and the Analytic Data
Research by Email (ANDRE) portal of the CDC Research Data Center in Hyattsville, MD [16].
Results from quantitative trait tests of association were plotted using Synthesis-View [17,18].

3. Results

Study population characteristics are given in Table 2. Overall half of the adult participants were
non-Hispanic white and female. Both non-Hispanic black and Mexican American participants
were younger on average compared with non-Hispanic white participants. As expected based on
the known epidemiology [2], the labs associated with kidney function were worse in non-Hispanic
blacks compared with the other two groups. More cases of chronic kidney disease were identified
among non-Hispanic black participants compared with the other two groups. Conversely, more
cases of albuminuria were identified among Mexican American participants compared with the
other two groups (Table 2).

The allele frequencies for the coded allele of each SNP are displayed in Figure 1 by
race/ethnicity. Coded alleles for rs10502868, rs12917707, rs2032487, rs2467853, rs2900976, and
rs4821480 were all more common in non-Hispanic blacks than non-Hispanic whites and Mexican
Americans. Coded alleles for rs10505955, rs17319721, and rs9305354 were all more common in
non-Hispanic whites than non-Hispanic blacks and Mexican Americans. Coded alleles for
rs1243400 were more common in Mexican Americans than non-Hispanic blacks and non-Hispanic
whites. Four of the SNPs characterized here (rs12917707, rs2032487, rs2467853, and rs4821480)
are not included in the International HapMap Project Phase 3 [19] and therefore do not have
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Table 1. SNPs selected for targeted genotyping in NHANES 1999-2002 and their previously reported
associations. Abbreviations: beta (B); family-based association tests (FBAT); generalized estimating
equations (GEE); not reported (NR); odds ratio (OR).

rs number Nearest gene Associated phenotype Reported PubMed ID
(Coded allele) (Location) (Population) genetic effect
(p-value)
rs2900976 DYSF- Albumin NR 18464913
(NR) RPS20P10 (Tuscans living in the Chianti region of (1.4x10-6)
(intergenic) Italy)
rs10505955 BCAT1 Albumin f=0.10 19260141
(G) (intronic) (Korculans from Korcula, Croatia) (9.5x10)
rs10502868 SLC14A2 Albumin B=-0.40 19260141
(G) (intronic) (Korculans from Korcula, Croatia) (6.5x10°)
rs1243400 - Albumin, urinary NR 17903292
(NR) (chromosome (European Americans from (4.8x10° based
10) Framingham, MA) on FBAT)
rs9305354 LOC284825 Albumin, urinary NR 17903292
(NR) (intergenic) (European Americans from (8.4x10° based
Framingham, MA) on GEE)
rs12917707 UMOD Chronic kidney disease OR =1.25 19430482
(G) (5' flanking) | Glomerular filtration rate, estimated by |  (2.3x10™)
serum creatinine B=0.02
(European-descent participants from (5.2x10°*%)
multiple cohorts)
rs17319721 SHROOM3 Glomerular filtration rate, estimated by p=-0.01 19430482
(A) (intronic) serum creatinine (1.2x10™%)
(European-descent participants from
multiple cohorts)
rs2467853 SPATA5L1 Glomerular filtration rate, estimated by p=-0.01 19430482
(G) (intronic) serum creatinine (6.2x10™%)
(European-descent participants from
multiple cohorts)
rs2032487 MYH9 End-stage renal disease, non-diabetic OR=2.19 18794854
(C) (intronic) (African Americans) (1.46x10™,
recessive
genetic model)
rs4821480 MYH9 End-stage renal disease, non-diabetic OR =2.29 18794854
(T (intronic) (African Americans) (7.31x10™,
recessive
genetic model)
rs4821481 MYH9 End-stage renal disease, non-diabetic OR =2.25 18794854
(M (intronic) (African Americans) (1.46x10™,
recessive

genetic model)
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reference allele frequency data available for comparison across populations. Of the remaining six
SNPs, the majority of allele frequencies observed in NHANES were similar to those observed in
HapMap populations with similar genetic ancestry [African Americans from Southwestern United
States (ASW), European Americans from Utah (CEU), and Mexican Americans from Los
Angeles, California (MEX)]. Of note is SLC14A2 rs10502868 where the MEX allele frequency
(2%) was significantly higher compared with the frequency estimated in Mexican Americans from
NHANES (0.001%). Also, MEX allele frequencies are not available for SHROOM3 rs17319721,
common variant in Mexican Americans from NHANES (37%; Figure 1).

Table 2. Study population characteristics. Means (+/- standard
deviation) given unless otherwise noted.

Non- Non- .
. . . . Mexican
Hispanic Hispanic Americans
whites blacks
n 6,293 3,013 3,542
3,385 1,652 1,761
0 i) ) 1
Female (%) (53.8%) (54.8%) (49.7%)
Ade. in vears 53.24 44.08 44.00
ge.ny (19.70) (17.27) (17.69)

In(serum creatinine, mg/dL)  -0.10 (0.31) 0.003 (0.32) -0.20 (0.34)

In(urinary creatinine, mg/dL) 4.53 (0.75)  4.97 (0.65)  4.65 (0.73)

14/5944 15/2779 34/3377

Albuminuria (%) (0.2%) (0.5%) (1.0%)

Urinary albumin-to-urinary

creatinine ratio (ACR) 0002 (005) 0006 (007) 0010 (0.10)

Urinary albumin, mg/mL 33.20 76.27 77.06
y Mg (221.08) (454.86) (583.25)
50.78 73.91 48.24
SO (26.38) (52.74) (30.83)
CKD (%) 1734/5940 1555/2796 922/3378

(29.2%) (55.6%) (27.3%)
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Test of association p-values and directions of genetic effect are displayed in Figure 2 for each
SNP and trait across each population sample. Eight of the genotyped SNPs were associated (at
p<0.05) with at least one trait in at least one population. Of these, three SNPs were limited to
association with one trait in one population: 1) DYSF-RPS20P10 rs2900976 was associated with
natural log transformed creatinine in non-Hispanic blacks ( = -0.022), 2) SHROOM3 rs17319721
was associated with natural log transformed creatinine in non-Hispanic whites (p = 0.011), and 3)
LOC284825 rs9305354 was associated with natural log transformed urinary creatinine in non-
Hispanic blacks (B = -0.047). Three SNPs were associated with multiple traits in non-Hispanic
whites: 1) UMOD rs12917707 was associated with natural log transformed creatinine and eGFR
(B = 0.016 and 1.209, respectively), 2) MYH9 rs4821480 was associated with natural log
transformed creatinine, aloumin-creatinine ratio, and CKD (p = 0.023, 0.180, and odds ratio =
1.305 and 95% confidence interval 1.053 — 1.617, respectively), and 3) MYH9 rs2032487 was
associated with natural log transformed creatinine, eGFR, albumin-creatinine ratio, and CKD (f =
0.030, 1.963, 0.196, and odds ratio = 1.340 and 95% confidence interval 1.076 — 1.6609,
respectively).

ENHW EBNHB =MA

Figure 1. Coded allele frequency of kidney disease or trait-associated SNPs by race/ethnicity. Allele
frequencies (y-axis) are given for each of the ten SNPs genotyped in NHANES (x-axis) for each race/ethnicity.
Race/ethnicity is color-coded (blue for non-Hispanic whites, red for non-Hispanic blacks, and green for Mexican
Americans). Allele frequencies displayed here were calculated based on NHANES I1l and NHANES 1999-2002
frequencies combined.

SNP rs1243400 on chromosome 10 was associated with CKD in non-Hispanic whites and non-
Hispanic blacks, though in opposite directions of effect for the same coded allele (odds ratio =
1.182; 95% confidence interval = 1.064 — 1.313 and odds ratio = 0.851; 95% confidence interval
0.74 - 0.98, respectively). SPATA5L1 rs2467853 was associated with several traits in all three
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populations, with natural log transformed creatinine in non-Hispanic whites and Mexican
Americans (f = 0.016 and - 0.017, respectively), with eGFR in non-Hispanic whites and non-
Hispanic blacks (B = 1.137 and 4.115, respectively), with natural log transformed urinary
creatinine in non-Hispanic blacks (B = 0.050), with eGFR in Mexican Americans ( = 1.407), and
with CKD in non-Hispanic whites (odds ratio = 1.135; 95% confidence interval 1.026 — 1.257).
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Figure 2. Results of tests of association are displayed using Synthesis-View by SNP, quantitative trait, and
race/ethnicity. Plotted are the p-values (y-axis is —log of the p-value). The triangles denote the direction of the
genetic effect. The red line is a p-value threshold of 0.05. Abbreviations: Albumin-creatinine ratio (ACR); albumin
(AL), estimated Glomerular Filtration Rate (eGFR), serum creatinine (CR), urinary creatinine (UCR); non-Hispanic
white (NHW), non-Hispanic black (NHB), Mexican American (MA).
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4. Discussion

We tested ten kidney disease and trait-associated SNPs for an association with CKD and kidney
traits in non-Hispanic whites, non-Hispanic blacks, and Mexican Americans ascertained regardless
of health status for a national survey. As might be expected based on the SNP selection criteria,
we observed eight associations with at least one trait in at least one population at p<0.05 in this
diverse epidemiologic survey. No one SNPs was associated for the same trait or outcome across
all three populations tested. However, we did observe that SNPs such as those in MYH9 were
associated with several traits and outcomes in a single population.

That the MYH9 SNPs were associated with several traits/outcomes in non-Hispanic whites is
not surprising, given the previous reports in the literature [20]. Surprising, however, is the lack of
association of these SNPs in non-Hispanic blacks and Mexican Americans given the strong
linkage disequilibrium between the MYH9 SNPs and APOL1 variants that are strongly associated
with kidney disease in African Americans. In the present study, the three MYH9 SNPs targeted
for genotyping are in strong linkage disequilibrium with one another in all three racial/ethnic
groups (r* ranging from 0.86 — 1.0). Reports have implicated APOL1 as the driving cause of
racial/ethnic disparity in kidney disease [21], though other function studies suggest MYH9 remains
relevant to kidney disease risk [22]. The lack of association may be attributable to the combination
of heterogeneous kidney diseases among individuals in the Mexican American and non-Hispanic
black samples.

Affordability and representation are among the ten things that must be addressed in order to
achieve precision medicine [23]. Ideally, genetic variants selected for clinical genotyping are
relevant to all populations tested, and therefore efficient in providing potentially healthcare-related
data even at the individual patient level. To achieve this goal, it is crucial that variants selected for
genotyping have relevancy to traits in multiple populations, not just European-descent individuals.

Arguably, precision medicine will also be more efficiently achieved with the addition and
expansion of discovery studies that assess the impact of genetic variation in all populations and
racial/ethnic backgrounds. The MYH9-APOL1 variants, which have a much greater impact in
individuals of African ancestry, are an example of precision medicine targets that will streamline
the process of identifying patients at greater risk for developing kidney disease, and also
identifying donor kidneys that are more likely to survive [24].

The present study had numerous weaknesses and strengths. Despite the overall large sample
size of Genetic NHANES (n = 14,998), the present study was limited to adult participants with
kidney traits available for analysis. As a result, the sample size of participants with CKD was
modest resulting in lower statistical power to replicate known genetic associations. Additionally,
not all participants with CKD will progress to end-stage renal disease requiring dialysis. An
assessment of end-stage renal disease as opposed to the more general CKD may have allowed the
detection and replication of genetic associations observed for MYH9 in African Americans.
Additionally, evaluating a specific subset of kidney disease (diabetic nephropathy, focal segmental
glomerulosclerosis, HIV-associated nephropathy, etc.) would likely also yield more harmonized
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results. Likewise, protein in the urine (proteinuria or albuminuria, depending upon method of
measurement) is the diagnostic hallmark and indicator of kidney dysfunction [1]; however, this
was an uncommon condition in the present study resulting in low statistical power.

Despite these limitations, the present study had several strengths including the availability of
multiple kidney disease and quantitative traits as well as three racial/ethnic groups from the United
States. Large prospective studies and clinical-based repositories will be required to realize the
vision of precision medicine particularly for health disparities across diverse populations. The
current governmental support for focus on precision medicine heralds the necessity of studies such
as the one presented herein. In a precision medicine setting, it is crucial to realize the different
genetic effects and associations that can be observed in racial/ethnic populations. Kidney disease
is a well-known example of health disparities with a strong, known genetic component influencing
disease risk (MYH9-APOL1) and, while a genetic basis for the disparate rates of kidney diseases
across racial/ethnic groups is widely recognized, research such as this is necessary to
systematically characterize genome-wide and candidate gene identified genetic variants across
diverse populations.
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