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Abstract

In recent years, the very high worldwide prevalence of
chronic kidney disease (CKD) has led some authors to talk of
an “epidemic.” The progression of CKD varies considerably
among individuals despite similar aetiologies, optimal blood
pressure, and glycaemic control. Over the last decade,
through genome-wide association studies (GWAS), more
than 50 genetic loci have been identified in association with
CKD. Understanding the genetic basis of CKD could provide
a better knowledge of the biology of the involved pathways,
thus potentially leading to novel tools for the diagnosis, pre-
vention, and therapy of CKD. In this review, we will analyse
the role of GWAS in the study of CKD.  ©2017s. Karger AG, Basel

This work was presented at the international conference “The Kid-
ney in Genetic and Rare Diseases,” Naples, Italy, October 27-29, 2016.

Introduction

In recent years, the very high worldwide prevalence of
chronic kidney disease (CKD) has led some authors to
talk of an “epidemic” [1]. By 2030, in the United States,
end-stage renal disease (ESRD) is estimated to involve
over 2 million people [2]. The progression of CKD varies
considerably among individuals despite similar aetiolo-
gies, optimal blood pressure, and glycaemic control. Clin-
ical factors account for less than one half of the observed
variability. The genetic basis for progression of renal dis-
ease is, in part, distinct with regard to onset and progres-
sion.

The rationale for the study of the genetic background
in CKD using genome-wide association studies (GWAS)
lies in the high prevalence of CKD and in the variability
in the GFR slope among healthy individuals. Moreover,
several studies have shown high heritability for GFR
(from 36 to 75%), and, albeit to a lesser extent, for albu-
minuria (from 16 to 49%) [3, 4]. One of the main aims of
GWAS in nephrology is to find possible common genetic
variants which account for the variability of the kidney
trait.
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Methodology in Genetic Studies

Several methodologies can be used in genetic studies
on kidney traits. Linkage analysis is hypothesis-free since
we do not need to know which genes may be involved in
specific diseases; however, it is used to study monogenic
traits, inherited according to Mendel’s law, while it is not
useful in the study of polygenic diseases (i.e., CKD) or
qualitative traits (i.e., eGFR). Other possible approaches
include “candidate gene association studies,” to look for
the association between common genetic variants (mi-
nor allele frequencies >5% in the general population) in
plausible candidate genes and phenotypes. However,
since it is not hypothesis-free, it is not useful when we are
searching for new possible variants related to common
diseases. Currently, the most often used approach for this
purpose is GWAS, a common method used in associat-
ing single nucleotide polymorphisms (SNPs) with the
disease or trait being studied. It has several advantages: it
is hypothesis-free, so we do not need to know where to
look for a possible variant, but we can study the whole
genome; it may be used as a complementary approach to
linkage studies or when robust linkage analysis is not fea-
sible; with just one analysis, we can study more than 1
million SNPs, and this number can be increased through
methods such as imputation. Statistical tests, like linear
or logistic regression, are usually used to find an associa-
tion between SNPs and a common disease or a quantita-
tive trait. However, the limitation is that very large sam-
ples are needed since the thresholds of significance in
GWAS analysis are far lower than those used in clinical
studies (i.e., p values <5 x 1078) [5]. This problem is often
solved by resorting to meta-analysis in which several co-
horts are lumped together to be studied. GWAS can be
used both in cross-sectional and in longitudinal studies,
while they are less frequently used in case-control stud-
ies.

In cross-sectional studies, the end point can be con-
tinuous (eGFR/albuminuria), thus having the highest
power; when it is dichotomic (i.e., eGFR < vs. >60 mL/
min) the power is lower, but sometimes the interpretation
is easier for clinicians. In many of these studies, eGFR is
evaluated both by sCr and Cys; the advantage of using 2
different biomarkers to estimate GFR is that genetic fac-
tors affecting their production, metabolism, and secre-
tion can be evaluated. Neither CKD onset nor CKD pro-
gression can be studied with this design.

Longitudinal studies are useful for analysing CKD on-
set, kidney function decline, and progression of CKD,
while studies on ESRD are limited by low power since
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only a small number of individuals progress to ESRD (i.e.,
in the ARIC study, only 101 [0.9%] of 11,677 initially
healthy individuals of European descent progressed to
ESRD over 17 years of follow-up). In the setting of ESRD,
case-control studies can be useful.

GWAS in Nephrology

The finding of common genetic variants thanks to
GWAS may lead to a better understanding of the variabil-
ity of GFR and albuminuria in the general population. It
could increase our knowledge of the biology of the in-
volved pathways, thus potentially leading to novel tools
for the diagnosis, prevention, and therapy of CKD.

According to McCarthy et al. [6], identifying new sus-
ceptibility variants which result in novel biological in-
sights can lead to clinical advances such as the discovery
of new therapeutic targets, biomarkers, and tools for pre-
vention. Moreover, the understanding of aetiological
processes could lead to tailored medicine in diagnosis,
prognosis, and treatment [7].

Defining the phenotype is fundamental when per-
forming genetic analysis. In nephrological studies, sev-
eral phenotypes can be used, and they can be dichotomic
(i.e., presence or absence of CKD or of albuminuria),
qualitative (i.e., pathological data), or continuous (eGFR,
eGFR slope, renal volumes). However, sometimes it is dif-
ficult to collect some kinds of data for a large number of
individuals. For example, in order to calculate eGFR
slope, we need a longitudinally followed-up cohort; path-
ological data are not easy to use since some features are
very specific for some diseases (i.e., membranous ne-
phropathy [MN]), but not for CKD. To date, renal vol-
umes have not been used as phenotypes for genetic stud-
ies.

GWAS Analysis in CKD

The era of GWAS analysis in CKD started in 2009 with
a study by Kottgen et al. [8]. It was a meta-analysis and
involved more than 20,000 individuals, 2,400 of whom
had CKD. The phenotypes that were used as dependent
variables were CKD (defined as eGFR <60 mL/min/1.73
m?), eGFR based on serum creatinine, and eGFR based
on cystatin C. The genes that were eventually identified
as being related to renal phenotypes were UMOD,
SHROOM3, and STCI.

Kidney Dis 2017;3:106-110 107
DOI: 10.1159/000481886
——


http://dx.doi.org/10.1159%2F000481886

Subsequently, Chambers et al. [9] independently dem-
onstrated the association between serum creatinine levels
and the loci reported by Kottgen et al. [8]. Moreover, oth-
er loci were described; the genes that were identified close
to these loci encoded for proteins with different func-
tions. For example, SLC7A9 and SLC34A1 encoded for
solute transporters expressed in renal proximal tubular
cells; NAT8 for N-acetyltransferase; ALMSI, the causal
gene for Alstrom syndrome, a disease characterised by
progressive liver and kidney failure; VEGFA for vascular
endothelial growth factor A, which is produced by podo-
cytes and is needed for the barrier function of the glom-
erulus. Stratifying the cohort for hypertension or diabetes
did not affect the findings, suggesting that these associa-
tions were independent of the most common underlying
aetiologies of CKD.

The genetic markers described in these 2 studies were
not associated with many of the more common causes of
CKD (i.e., diabetes and hypertension) and they were not
involved in the RAS pathway. These genes were highly
expressed in the tubular compartment: the stress caused
by hypertension, diabetes, and possibly xenobiotics may
have an effect on a common pathway centred in the renal
epithelium [10].

In 2010, another GWAS meta-analysis was carried out
by Kottgen et al. [11]. The role of the first 3 initial loci was
confirmed, and 13 more new loci were identified as being
associated with renal function. The important finding
was that 16 loci accounted for only 1.4% of eGFR variance
in the face of an estimated heritability of 36-75%.

“Missing heritability” has been described, and it is the
discrepancy between the high levels of observed heritabil-
ity of common diseases and traits and the small effect size
attributable to the identified variants [12].

In 2012, Pattaro et al. [13] described 6 new loci associ-
ated with CKD and confirmed the role of the 23 known
ones. This GWAS is interesting also because the results
were stratified for age. For example, UMOD showed a
stronger association in older individuals. The same find-
ing was observed in a founder population in Iceland: the
effect of UMOD on serum creatinine increased with age.
According to the authors, the UMOD variant may influ-
ence the adaptation of the kidney to age-related risk fac-
tors of kidney disease.

Pattaro et al. [14] demonstrated that many SNPs are in
regulatory regions (in particular in enhancer regions) and
that many SNPs are expressed in renal epithelial cells but
not in endothelial cells, and furthermore that some genes
play a role in embryonic development.
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The CRIC study group added new SNPs to this sce-
nario, but only 4 reached the threshold for genome-wide
significance and only in black individuals, while none of
these SNPs were significant in Caucasians [15].

Data from GWAS to Epidemiological Studies

Using longitudinal cohorts, Boger et al. [16] analysed
the association between the SNPs described in the litera-
ture and found them to be associated with renal function,
ESRD, and CKD incidence: 11 of 16 SNPs were associated
with kidney traits. UMOD was found to be associated
both with incident CKD (adjusted for basal eGFR) and
with ESRD.

Moreover, an association between 5 loci and CKD
(DAB2, PRKAG2, ANXA9, DACHI1, STC1) was de-
scribed, and onelocus was associated with ESRD (GCKR).
However, the other 4 loci were not associated with either
CKD or ESRD after correction for basal eGFR.

In 2014, we tested the SNPs which were described in
the literature as being associated with renal function on
the SardiNIA cohort (i.e., a founder population in Ogli-
astra, an isolated region in Sardinia, Italy), taking into
consideration the genetic data together with the clinical
parameters [17]. The end points we considered were the
presence of CKD, that we defined according to the KDI-
GO guidelines as either eGFR <60 mL/min or the pres-
ence of albuminuria, the eGFR slope (continuous data),
and fast decline versus slow eGFR decline (dichotomous
data). In order to use the genetic data, we created a ge-
netic risk score. We used 13 SNPs previously described in
the literature as being associated with renal function, and
we analysed the clinical parameters together with the ge-
netic risk score in a multivariate analysis. Since every in-
dividual has 2 alleles for each locus, there were 26 alleles
altogether; in the best case scenario, they could all have
been low-risk alleles, so the genetic risk score would have
been 0, while in the worst case scenario (all high-risk al-
leles) the score would have been 26. Remarkably, in the
final model, the genetic risk score was associated with all
the end points: (1) odds of CKD; (2) additional change in
eGFR; (3) odds of fast eGFR decline. In particular, each
allele was found to carry an odds ratio of 1.07 for CKD.
Therefore, considering that each risk allele adds a 7% risk
of CKD, and that in our population the genetic risk score
ranged from a minimum of 6 to a maximum of 24, the
person with the highest risk score had a three-fold in-
creased risk of CKD compared to the person with the low-
est score.
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How to Use Data from GWAS

About 90% of the SNPs associated with complex traits
are localised in non-coding regions (enhancer more of-
ten than promoter) [18]. Once a new SNP has been lo-
cated, we have to search the nearby regions to find can-
didate genes [10]. The search is based on the strength of
the association with CKD, i.e. higher renal expression as
compared to other organs, and on the strength of the
biological rationale for the hypothesised role in kidney
disease.

Comments on GWAS

Since most of the SNPs that were found to be associ-
ated with CKD are located in non-coding regions, they do
not change the protein sequence, but they may influence
the protein expression, thus possibly complicating the
statistical association. A large “missing heritability” is
possible since 16 loci account for only 1.4% of the vari-
ability, while the heritability of eGFR is estimated to be
about 36-75%. Most studies used several cohorts; there-
fore, uniformity of the definition of phenotype was not
guaranteed, for example with regard to differences in the
methods of serum creatinine calibration and the different
performance of formulas for estimating GFR in different
populations. Moreover, individuals with severe kidney
function impairment were under-represented [19].

Main Genes Identified by GWAS and Their Roles

The UMOD gene encodes for uromodulin or Tamm-
Horsfall protein. It is a kidney-specific protein that is ex-
clusively synthesised by epithelial cells lining the thick as-
cending limb of the loop of Henle. It is the most abundant
urinary protein under physiological conditions, and it de-
fends against urinary tract infections caused by uropatho-
genic bacteria, and furthermore, it is protective against
kidney stones. Defects in UMOD are associated with sev-
eral renal disorders such as medullary cystic kidney dis-
ease-2, glomerulocystic kidney disease with hyperuricae-
mia and isostenuria, and familial juvenile hyperuricaemic
nephropathy. Moreover, common variants in the UMOD
gene are associated with hypertension, eGFR, ESRD,
CKD, and kidney stones [20, 21].

SHROOMS3 is an actin-associated protein that regu-
lates epithelial cell shape and tissue morphogenesis by
binding F actin and regulating its subcellular organiza-

GWAS and CKD

tion. It is needed for the development and maintenance
of podocyte cytoarchitecture. In the absence of
SHROOM3, podocyte morphology is altered during de-
velopment leading to podocyte loss and glomerular de-
generation [22].

GWAS and Rare Renal Diseases: The Example of
Glomerulonephritis

Membranous Nephropathy

GWAS can also be used for the study of rare diseases,
such as primary MN. A European group found that ge-
netic variants in an HLA-DQA1 and phospholipase A2
receptor allele were associated most significantly with
MN [23].

We studied 94 Sardinian cases of MN versus 1,668
controls, and we analysed 8 million SNPs (SNPs with a
major allelic frequency >1%). Six of these variants were
associated with MN. We found a trend toward an as-
sociation for the known PLA2RI locus (p value = 5.7 x
107%), and a strong association with the HLA region
(p value = 1.1 x 10712).

IgA Nephropathy

A complex genetic background underlies the patho-
genesis of IgA nephropathy. An association with the
major histocompatibility complex has been found [24,
25,26], as with genes involved in inflammation [25] and
with the complement factor H-related genes CFHRI1
and CFHR3 [24]. Moreover, an association between risk
alleles and age at onset was described, as was an in-
creased risk of inflammatory bowel disease and an over-
lap with loci associated with the maintenance of the
intestinal epithelial barrier and response to mucosal
pathogens [27].

Conclusion

GWAS is a useful tool for studying common genetic
variants associated with both CKD and eGFR, but also
some specific diseases such as MN and IgA nephropathy.
GWAS can identify common risk variants in <100 indi-
viduals if they have a large effect (i.e., MN). However, for
common, complex diseases such as CKD, more than
20,000 individuals are needed since most of the common
risk variants have a small effect.

GWAS is like a roadmap: it can drive scientists to-
wards the knowledge of new pathophysiological path-
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ways. Finding a new SNP associated with a clinical trait
results in greater knowledge of the loci near that specific
SNP, and may lead to the discovery of a new gene and the

function of its encoded protein.
Sometimes, there is an overlap between loci associated
with CKD traits and monogenic kidney disease genes

(such as for UMOD). An explanation may be that differ-

ants usually have low penetrance, whilst, in Mendelian
diseases, very rare variants have high penetrance.
Translational science is essential for a better under-

standing of the results of GWAS.

ent variants of the same gene can lead to different pheno-

types with differing disease severity. The common vari-
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