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Abstract

Impaired kidney function is a significant health problem and a major concern in
clinical routine and is routinely determined by decreased glomerular filtration rate
(GFR). In contrast to single assessment of a patients’ kidney function providing only
limited information on patients’ health, serial measurements of GFR clearly
improves the validity of diagnosis. The decline of kidney function has recently been
reported to be predictive for mortality and vascular events in coronary patients.
However, it has not been investigated for genetic association in GWA studies. This
study investigates for the first time the association of cardiometabolic
polymorphisms with the decline of estimated GFR during a 4 year follow up in 583
coronary patients, using the Cardio-Metabo Chip. We revealed a suggestive
association with 3 polymorphisms, surpassing genome-wide significance (p=4.0 e-
7). The top hit rs17069906 (p=5.6 e-10) is located within the genomic region of
RANK, recently demonstrated to be an important player in the adaptive recovery
response in podocytes and suggested as a promising therapeutic target in
glomerular diseases.
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Introduction

Glomerular disease is defined by dysfunction, injury, or loss of podocytes [1].
Genome wide association (GWA) studies have identified several loci associated with
estimated glomerular filtration rate [2, 3], accounting only for 1.4% of estimated
glomerular filtration rate (eGFR) variation [2]. Critical values are usually tracked
over a longer period in high risk patients affected with coronary diseases or diabetes.
We recently proposed that a dynamic decrease in eGFR may act as a noninvasive
marker for the increase of microangiopathy and the progression of atherosclerotic
disease in the renal vasculature [4]. In this context, serial measurements of eGFR
appears preferable to only one single assessment of kidney function, providing only
limited information on patients” health. Moreover, the decline of kidney function is
also predictive for mortality and vascular events [4, 5].

The serial decline of kidney function has not been investigated for genetic association
in GWA studies so far. This study is the first to aim at investigating genotypes associated
with renal decline in a high-risk population of coronary patients.

Results
Patient characteristics

A population of high-risk patients for atherosclerotic disease was built in which
coronary atherosclerosis was directly proven and quantified by visualization in
coronary arteriography. The baseline characteristics of our study population
(n=583) were thus typical for a cohort undergoing angiography for the evaluation
of coronary artery disease (CAD), with a mean age of 64 years, a preponderance of
male gender (65%) and a high prevalence of type 2 diabetes mellitus (T2DM;
22%). A total of 55% had significant CAD at angiography, and the mean baseline
eGFR was 98.6 ml/min/1.73 m?>. After a mean (+ SD) follow-up time of 3.34+0.5
years, eGFR was reassessed in these 583 subjects. We noticed a mean decrease of
4.9 ml/min/1.73 m2. Thereupon, the study cohort was separated in two groups
according to the median of decrease of eGFR during the follow up time. For
comparison, the cohort was also separated by the median eGFR from a single
measurement at baseline.

During the follow up time, we recorded 105 non-fatal vascular events in 80
patients, encompassing 15 non-fatal myocardial infarctions, 13 non-fatal ischemic
strokes, 15 coronary artery bypass graft (CABG) surgeries, 37 percutaneous
coronary interventions (PCls), and 25 non-coronary revascularizations at the
carotid and peripheral arteries. First vascular events occurred in 13.7% of the
study population, amounting to an annual event rate of 4.1%.

Glomerular filtration rate and cardiovascular events

Table 1 summarizes the study characteristics of our patients with respect to
differences between baseline eGRF measurement and the decline of eGFR over
time. Of note, we assessed that a high decrease of eGFR was significantly
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associated with cardiovascular events (p=0.032), whereas a high baseline eGFR
was not (p=0.480). Similarly, the decline of eGFR, used as a continuous variable,
was a significant predictor of vascular events with a hazard ratio of 1.24 ([95%CI
1.03-1.48], p=0.021), whereas eGFR from single measurement did not predict
these events (HR=1.09 [95%CI 0.87-1.37], p=0.450). We also recognized that
patients with CAD at baseline had a significantly more pronounced decline than
those without CAD (5.8 vs. 3.8 ml/min/1.73 m2, p=0.001), but there was no
significant difference with respect to baseline eGFR (99.3 vs. 97.8 ml/min/1.73 m?,
p=0.151).

Genome wide analysis

Analyzing our 583 individual patient samples we did not observe genomic inflation
(A=1.02, figure S1). Results of the GWA regarding the decline of eGFR are presented in
figure 1. We revealed significant genome-wide associations between single nucleotide
polymorphisms (SNPs) rs17069906 (nominal p-value=5.6 e-10), rs9812824 (nominal
p-value=6.5 e-8), and rs9688431 (nominal p-value=3.6 e-7) and the decline of eGFR
even if applying stringent criteria (Bonferroni corrected p-value=7.0 e-5, 8.1 e-3, and
4.4 e-2 respectively). Polymorphism rs17069906 is located in the intronic region of the
NFkB activator (RANK), also known as tumor necrosis factor receptor superfamily,
member 11a, NFkB activator (TNFRSF11A), at chromosome 18 and was the top hit in
the GWA. The second SNP rs9812824 lies in a non-coding region at locus 3p14.2,
158 kb downstream the gene for fragile histidine triad (FHIT) and separated by 55 kb
from small nuclear ribonucleoprotein polypeptide B pseudogene (LOC 100421672).
The third SNP rs9688431 is located on chromosomal locus 6q13, 14 kb downstream
the gene for potassium voltage-gated channel KQT-like subfamily member 5 (KCNQ5).

SNPs are associated with decline of eGFR independently from
baseline eGFR

Underlining the discrimination between decline of eGFR and baseline eGFR, we
assessed no significant association of baseline eGFR with rs17069906 (f=-—0.62,
p=0.137), rs9688431, (f=0.27, p=0.522), and rs9812824 (f=0.79, p=0.055). In
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Figure 1. Manhattan plot of genome-wide association study of decline of eGFR. SNPs were
characterized using the lllumina Cardio-Metabo Chip. After frequency and genotyping pruning, there were
124215 SNPs left. Highest association was seen in rs17069906 (p=5.63 e-10), rs9812824 (p=6.53 e-8), and
rs9588431 (p=3.57 e-7).The red line indicates genome-wide significant associations (4.02 e-7).SNPs are
associated with decline of eGFR independently from baseline eGFR.

doi:10.1371/journal.pone.0114240.9001
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covariance analysis, after adjustment for age, gender, body mass index, presence of
type 2 diabetes as well as baseline eGFR, the top hit rs17069906 (F=38.9, p=8.6 e-
10) as well as polymorphisms rs9812824 (F=30.8, p=4.4 e-8) and rs9688431
(F=24.3, p=1.1e-6) were significantly associated with the decline of eGFR and, in
case of rs17069906 and rs9812824, even passed Bonferroni correction. Moreover,
the interaction term baseline eGFR by decline of eGFR was not significant with
regard to rs1706906 (p=0.485), implicating no impact of baseline eGFR on the
association between decline of eGFR and rs17069906. Similarly, the same
interaction term was not significant if testing association between decline of eGFR
and rs9688431 (p=0.396), but proved to be significant in case of rs9812824
(p=1.le-4).

Comparing the highest decline of eGFR to the lowest decline after
categorization (p=0.003) as well as the trend in groups (Pyena=0.009) confirmed
the relationship between rs17069906 and the change in eGFR after 3.3 years for
five groups and similar results are seen for four groups (p=0.016, preng=0.013).

Polymorphisms as predictors of cardiovascular events

Variation rs9812824 proved significantly predictive of cardiovascular events with a
hazard ratio of 3.32 (95%CI 1.21-9.08, p=0.019). After adjustment for age,
gender, BMI, and type 2 diabetes, rs9812824 still significantly predicted
cardiovascular events (adjusted HR=3.25 [95%CI 1.17-9.02], p=0.024]. Of note,
it still impacted the risk for future events after additional adjustment for baseline
eGFR (adjusted=HR 3.19 [95%CI 1.15-8.89], p=0.026) but not if adjusting for
decline of eGFR instead of baseline eGFR (adjusted HR=2.13 [95%CI 0.66—6.88],
p=0.204). In contrast, there was no association between rs17069906 or rs9688431
and the risk for cardiovascular events (unadjusted HR=0.83 [95%CI 0.26-2.62],
p=0.747 and unadjusted HR=0.78 [95%CI 0.38-1.61], p=0.505).

Interrogation of known renal function loci for their association with
eGFR and decline of eGFR

In previous studies addressing the genome-wide association with renal function,
SNPs have been identified in genes including UMOD, SHROOM3, STC1, ALMS],
DAB2, SLC34A1, PRKAG2, VEGFA, DACH1, and SLC7A9 [2,3,6,7]. Given the
metabolic and atherosclerotic-cardiovascular focus, the Cardio-Metabo Chip does
not cover all previously identified SNPs. Nevertheless, 8 SNPs, previously
demonstrated to be in association with eGFR [2, 3,6, 7], were present on the
Cardio-Metabo Chip and 4 additional ones were perfectly or highly linked with
those previously described (table 2). Testing the association between these SNPs
and eGEFR values, using a previously described cohort of 1629 patients [8], SNPs
rs7422339 representing CPS1, rs10224210 representing PRKAG2, and rs4744712
representing PIP5K1B proved to be significant (p=0.029, p=0.008, and p=0.005
respectively) in linear regression analysis, and rs17319721 representing
SHROOM3, 159472138 representing VEGFA, and rs8101881 representing SLC7A9
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Table 2. Interrogation of known loci for association with eGFR.

_-mmmm_m

rs17319721

rs267734 1
rs1260326 2
rs653178 12
rs12917707* 16
rs881858* 6
rs2279463

rs10224210

rs4744712

rs12460876* 19
rs7422339

rs6465825*

77587871 SHROOM3 —0.049 0.052
149218101 - - - ANXA9 0.013 0.616
27584444 - - - GCKR 0.009 0.720
110492139 - - - ATXN2 —0.006 0.797
20275191 rs12922822 20275146 1 UMOD —0.013 0.594
43914587 rs9472138 43919740 0.73 VEGFA 0.047 0.061
160588379 - - - SLC22A2 —0.021 0.406
151044127 - - - PRKAG2 —0.067 0.008
70624527 - - - PIP5K1B —0.071 0.005
38048731 rs8101881 38056468 1 SLC7A 0.044 0.079
211248752 - - - CPS1 —0.055 0.029
77254375 rs1544459 77255520 0.79 TMEM60 0.021 0.400

Positions are given according to NCBI 36.3 genome build. SNPs were assigned to genes within 60 kb. Alternate SNPs were used for SNPs lacking on the
Cardio-Metabo Chip (asterisks) if in high LD (r*<0.7). Association is given as  coefficient and p-value according to linear regression analysis.

doi:10.1371/journal.pone.0114240.t002

only slightly missed the level of significance (p=0.052, p=0.061, and p=0.079
respectively; table 2). In contrast, if using the decline of eGFR instead of eGFR,
none of these SNPs reached statistical significance in our patients.

Discussion

In this GWA study, we for the first time show significant associations of a
polymorphism in RANK with the decline of eGFR in a high risk cohort of
coronary patients. Moreover, also a significant association for two polymorphisms
in non-coding regions located near FHIT and close to KCNQ5 exists.

Podocytes are highly specialized cells with an important role in maintaining the
glomerular filtration barrier [9], lining the outer surface of the glomerular
basement membrane [10]. Podocyte injury or apoptosis result in a damaged
glomerular filtration barrier and renal dysfunction. However, there are several
repair mechanisms determining the fate of podocytes in response to injury [9].
One of these is RANK and its ligand RANKL, known as important regulators of
cell interaction [11] and to be involved in cell survival and apoptosis [12]. Of
note, RANK has been recently proposed as a part of an adaptive recovery response
to podocyte injury by Liu et al [12]. In animal models RANK gene expression as
well as protein levels in the glomerular walls were significantly increased after
podocyte injury [13]. Concordantly, in patients with proven kidney disease
encompassing focal segmental glomerulosclerosis, IgA nephropathy, membranous
nephropathy, RANK expression is significantly increased [13]. Thus, due to its
ability to inhibit apoptosis, RANK has been suggested to play a pivotal role in the
pathogenesis of podocyte injury [13]. Our association data, linking the decline of
glomerular filtration to a RANK polymorphism, are corroborating the new role of
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RANK and RANKL in podocyte repair and clearly support its link to renal
dysfunction.

Proceeding from our data supporting the link between RANK and glomerular
disease, further attempts seem necessary to elucidate the biological background of
SNPs near KCNQ5 and FHIT for renal impairment. The former, a potassium
channel gene setting the membrane potential in epithelia [14], is a candidate gene
for autism [15] and has been associated with disc calcification in dachshund [16]
and refractive error of the eye in human [17]. However, we did not find a
convincing biological link between renal decline and associated regions nearby
KCNQ5. One may speculate whether this region contains regulatory elements
controlling the expression of a causal gene located outside the identified region.
Further functional and epidemiological studies targeting that locus may clarify its
association with renal decline.

Variant rs9812824 is located in the common fragile site 3p14.2, the most active
common fragile site in the human genome [18] downstream the FHIT gene. FHIT
is a tumor suppressor, appearing necessary for DNA damage response [19].
Genetic alteration of FHIT and nearby genomic region and its involvement in
renal disease (carcinoma) is very well documented [20-26]. Of note, formal
interaction analysis also revealed a significant interaction between baseline eGFR
and the decline of eGFR in covariance analysis. This indicates a significant impact
of baseline filtration rate on the association between the decline of renal function
and rs9812824, which, however, does not apply for rs7069906 and rs9688431,
suggesting a different functional background. Thus the polymorphism’s associa-
tion with renal decline together with the predictive power for cardiovascular
events might indicate a modulator role of that genomic region for kidney disease.

Previously, we have proposed that a rapid decline of eGFR is a predictor for
death and vascular events [4,27]. Of note, it has also been demonstrated that the
decline of eGFR is an independent marker for these events and that eGFR at
baseline did not significantly impact the association of decline of eGFR with the
mortality risk [4]. In accordance, we demonstrated in a formal interaction analysis
that the interaction term baseline eGFR by decline of eGFR is not significant
(p=0.205) and, therefore, does not modulate the association between the RANK
polymorphism rs17069906 and the decline of eGFR in analysis of covariance. This
supports the usefulness of serial decline of eGFR as an independent prognostic
marker.

In addition, the percentage of vascular events as well as the extent of CAD was
significantly higher in patients with a high decline of eGFR compared to those
with a low decline. Comparing patients with high and low baseline eGFR, we did
not see such a significant difference. On the other hand, HDL cholesterol, systolic
blood pressure, and fibrinogen only significantly differed with respect to high vs.
low eGFR baseline but not if comparing high and low decline of eGFR.

Furthermore, from our replication data regarding previously described loci
associated with eGFR, we were able to reproduce at least in part the association
between these loci and baseline eGFR. However, these markers were not associated
with the decline in renal function over the follow up time.

PLOS ONE | DOI:10.1371/journal.pone.0114240 December 5, 2014 7113



@'PLOS | ONE

GWA Reveals a SNP in RANK Linked to the Decline of Renal Function

This illustrates the independent value of decline of eGFR in our GWA study
extending the scope of recent data obtained solely by simply detecting the
presence of renal dysfunction. Moreover, it underlines the value of assessing the
decline of eGFR for prognosis in high risk coronary patients.

Several loci have been identified by genome-wide association studies to be
associated with eGFR but this study is the first assessing genetic variations
implicated in the decline of eGFR. The identification of variants biologically
linked to glomerular disease and renal decline as described above is a particular
strength of the study. Another important strength was the minimal population
stratification (genomic inflation factor lambda=1.02). Furthermore, the study
also benefits from its very well characterized population as well as the long follow
up time of 3.3 years.

This study has some limitations, so it deserves emphasizing that there are
possible confounding effects with respect to RANK-RANKL signaling, especially
in patients with cardiovascular disease. Vascular calcification is associated with
atherosclerosis, diabetes, as well as kidney disease [28], and RANK, RANKL, as
well as osteoprotegerin [29], may be important players in that process, although
their detailed role is currently under investigation [30,31].

Our study participants are a selected group and thus do not reflect the general
population. They were patients undergoing coronary angiography for the
evaluation of CAD and are also characterized by a higher prevalence of T2DM
with 22% compared to 6.6% or 6.9% in the general Caucasian population of the
surrounding area in Switzerland [32] or Germany [33]. However, eGFR, as far as
it cold be compared, does not markedly differ between our cohort and data for the
general population in literature [33-35]. Nevertheless, these study subjects deserve
particular clinical interest as they represent a patient cohort with a high risk for
cardiovascular events. The sample size of our study cohort appears moderate
compared to previous studies or pooled analyses of existing data for the
glomerular filtration rate and renal disease. However, data for serial renal decline
are sparse and thus our modestly-sized study provides important findings as it is
the first prospective study addressing the decline of glomerular filtration for
genome wide association. Moreover, it should be stressed that the impact of the
proposed associations is of high statistical significance and survives correlation for
multiple testing according to Bonferroni. Nevertheless confirmation of these
results with additional clinical data for the decline of eGFR in larger populations is
necessary and may provide further putative associations, and in vitro studies
should be performed to elucidate the functionality of these variants.

In conclusion, this study for the first time assessed the genome-wide association
of genetic polymorphisms and the decline of eGFR over a 3.3 year follow up and
thereby revealed a variation in the glomerular disease target, podocyte receptor
RANK.

PLOS ONE | DOI:10.1371/journal.pone.0114240 December 5, 2014 8/13
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Methods

Study settings

From September 2005 through April 2008 Caucasian patients who were referred
to elective coronary angiography for the evaluation of established or suspected
stable CAD were consecutively recruited for a 4 year follow up study. Patients
undergoing coronary angiography for other reasons were not enrolled. In
particular, no patients with acute coronary syndromes were enrolled. In 644
patients, the renal status has been successfully assessed at baseline and follow up
visit and from these, 583 individual samples passed the data quality control for
statistical analysis. The present study has been approved by the Ethics Committee
of the University of Innsbruck. Written informed consent was given by all
participants.

Study patients and laboratory analysis

Coronary angiography was performed with the Judkin’s technique and the
severity of stenosis was assessed by visual inspection by a team of two investigators
who were blinded to serologic assays as described previously [36]. In short,
coronary artery stenoses with lumen narrowing =50% were considered significant
and the extent of CAD was defined as the number of significant coronary stenoses
in a given patient. Coronary arteries were defined as normal in the absence of any
visible lumen narrowing at angiography. Information on conventional cardio-
vascular risk factors was obtained by a standardized interview. Systolic/diastolic
blood pressure was measured by the Riva—Rocci method under resting conditions
in a sitting position at the day of hospital entry at least 5 h after hospitalization.
Hypertension was defined according to the Seventh Report of the Joint National
Committee on Prevention, Detection, Evaluation, and Treatment of High Blood
Pressure [37], and type 2 diabetes mellitus (T2DM) was diagnosed according to
World Health Organization criteria [38]. Height and weight were recorded, and
body mass index (BMI) was calculated as body weight (kg)/height (m?). All non-
fatal cardiovascular events have been recorded during the follow up time
comprising myocardial infarction, ischemic stroke, and the need for aorto
coronary bypass, percutaneous transluminal coronary angioplasty, or vascular
surgery revascularization in the carotid or peripheral arterial beds.
Revascularization procedures which have been planned as a consequence of the
baseline examination were not regarded as future events.

Venous blood samples were collected after an overnight fast of 12 h before
angiography was performed and laboratory measurements were performed from
fresh plasma samples, as described previously [39]. Serum triglycerides, total
cholesterol, low density lipoprotein (LDL) cholesterol, and high density
lipoprotein (HDL) cholesterol were determined on a Hitachi 717 or 911 or a
Cobas Integra 8000 (Roche, Basel, Switzerland).

PLOS ONE | DOI:10.1371/journal.pone.0114240 December 5, 2014 9/13



@'PLOS | ONE

GWA Reveals a SNP in RANK Linked to the Decline of Renal Function

Renal status assessment

In this study, we successfully assessed the renal status at baseline and after a mean
follow-up period of 3.3 +0.5 years in 644 patients. The glomerular filtration rate
(GFR) has been estimated according to the quadratic Mayo Clinic equation,
which gives more accurate estimates of GFR in patients with nearly normal renal
function [40]. If serum creatinine was <0.8 mg/dL, 0.8 mg/dL was inserted as a
value for serum creatinine, as described previously [41].

Quality control and preprocessing of Cardio- Metabo Chip data

Single Nucleotide Polymorphisms (SNPs) in cardiovascular and metabolism genes
were characterized using the [llumina Cardio-Metabo Chip technology (Illumina
Inc, San Diego, CA, USA). This chip is a high-density custom array that captures
DNA variations at regions identified to be relevant for metabolic and
atherosclerotic-cardiovascular traits and respective diseases, as described in Voight
et al. [42]. Respective DNA from patient blood samples has been extracted using
the chemagen magnetic separation module I (PerkinElmar Inc., Baesweiler,
Germany) by magnetic beads based method from 2ml whole blood following the
manufacturers manual and quantification of extracted nucleotides has been
checked spectrophotometrically (NanoDrop; Thermo Scientific, Wilmington, DE,
USA). Cardio-Metabo Chip read-out was performed at the Institute of Human
Genetics, University of Bonn at the Life&Brain Center (Bonn, Germany).
Analyzing the obtained data, we excluded patient samples if they had genotyping
failure for more than 5%. In addition, samples identified to be derived from twins
or from first grade related patients were removed. After quality control and
exclusion of failing samples, there were 583 individual patient samples left for
analysis. From a total of 196,725 SNPs those were excluded with a minor allele
frequency less than 1% of the study population. In addition, SNPs were also
excluded, if they failed to be genotyped in more than 1% of the study population
or, if the SNP was not in Hardy-Weinberg equilibrium among samples (critical p-
value=1e-6). After frequency and genotyping pruning, there were 124,215 SNPs
left. With these settings, we did not observe significant genomic inflation
(A=1.02).

Statistical analysis

Differences in baseline characteristics were tested for statistical significance with
the Chi-squared tests for categorical and Mann-Whitney U tests for continuous
variables, respectively. Correlation analyses were performed calculating non-
parametric Spearman rank correlation coefficients. In addition, analysis of
covariance models (ANCOVA) were built using a general linear model approach.
Adjusted hazard ratios for the incidence of vascular events were derived from Cox
proportional hazards models after z-transformation of continuous variables.
Results are given as mean (standard deviation) if not denoted otherwise and p-
values <0.05 were considered significant.
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Bonferroni correction was used to adjust for the critical p-value threshold (p-
value=4.02e-7) accounting for multiple testing in overall genome-wide level
analysis. Conducting secondary data analysis for evaluating associations between
renal function and loci already described in literature and those also represented
by the Cardio-Metabo Chip a threshold of 0.05 was used to determine statistical
significance. All statistical analyses were performed with SPSS 20.0 for Windows
(SPSS Inc., Chicago, IL, USA) and PLINK version 1.07 [43]; http://pngu.mgh.
harvard.edu/purcell/plink/).

Supporting Information

Figure S1. Q-Q plot showing the absence of inflation.
doi:10.1371/journal.pone.0114240.s001 (TIF)
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