












the glomerulus via experimental studies and/or monogenic
diseases (e.g., COL4A4), whereas others are connected to
the tubular reabsorption of filtered albumin (e.g., CUBN).
When no prior biologic evidence or cell type–specific gene
expression can be used to distinguish these two possibil-
ities, follow-up studies using experimental models that can
differentiate between these two aspects are a practical and
elegant solution, as recently reported in a large-scale
GWAS of UACR (12).
These challenges underline the continued need to

assess and identify additional kidney function bio-
markers to refine genetic associations, thereby enabling
a better understanding of the genetic programs underly-
ing reduced kidney function and CKD. Making the full
genome-wide summary statistics of large-scale GWAS
publicly available, as done by the CKDGen Consortium
(6,12,15,23,25,26,42,43), is an important step to enable
investigators who may have only one kidney function
biomarker measured in their own study to incorporate
GWAS of complementary biomarkers.
It also needs to be pointed out that GWAS of kidney-

related traits in population-based studies have mostly been
conducted using a single measure of the trait as the
outcome to maximize sample size. Only rarely have they
used repeated measures to reduce measurement error or to
investigate disease progression. The imprecision in eGFR
and UACR measurements, including biologic variability
and the low sensitivity of the assay for urine albumin
discussed above (39,44), likely reduces the power of
GWAS. The current emergence of biobanks with repeated
measurements will enable the definition of more precise
phenotypes for large-scale studies of disease incidence or
progression, and for subgroup analyses by age or dis-
ease subtypes.
Lastly, many GWAS have defined CKD as the presence

of an eGFR ,60 ml/min per 1.73 m2. This definition of
CKD ignores heterogeneity with respect to its cause and
reduces power to identify subgroup-specific risk genes.
Indeed, validated risk genes for IgA nephropathy (45,46)
and membranous nephropathy (47) are not detected in
GWAS of eGFR-based CKD (6,15,41,42). The genetic basis
of these more specific kidney diseases is covered by other
articles in this series. The eGFR-based definition allows for
identifying loci in the general population, consistent with
the reported absence of subgroup-specific effects for the
great majority of detected loci (15).

Difficulties in Pinpointing Potentially Causal Genes and New
Methods to Address This
Similar to other complex traits, many genome-wide

significant loci of kidney-related traits contain multiple
genes, and the associated variants are often common
variants located outside the coding part of the genome.
The causal variants may affect their target genes over a
distance. It can thus be difficult to determine which gene in
the locus is most likely to causally affect kidney function on
the basis of its genomic location. For example, one of the
eGFR loci with the largest effect size contains two in-
dependent signals (6,48): the first index SNP was located
between the neighboring genes UMOD and PDILT on
chromosome 16, and the other index SNP in an intron of

PDILT (6). Colocalization is a method for identifying the
potentially causal gene by matching the patterns of genetic
associations of the trait at that locus with the genetic
associations of another trait-related measure, e.g., the
expression of each gene in the locus (28). If colocalization
with the expression of only one gene is observed, this
suggests the colocalized gene is likely the causal gene
(Figure 4). This approach greatly benefits from the public
availability of genome-wide gene expression data, such as
those from the Genotype-Tissue Expression Project (49) and
the kidney-specific NephQTL resource (50).
At the UMOD/PDILT locus, colocalization analysis of

eGFR with gene expression in the kidney tubulointerstitial
compartment and with urine uromodulin levels identified
UMOD as the most likely causal gene, although neither of
the two index SNPs mapped into theUMOD gene sequence
(6). The OAF locus of UACR is another example, where the
index SNP is located between the genes TRIM29 and OAF.
Colocalization analysis of UACR and gene expression from
the kidney cortex identified OAF as the likely causal gene.
Further colocalization analysis of UACR with plasma
protein levels found colocalization with plasma concentra-
tions of OAF levels, further substantiatingOAF as the likely
causal gene over the other genes in the locus (12). Similar to
genetic associations with gene expression, the public
availability of genetic associations with the concentrations
of hundreds of plasma proteins represents an important
community resource (51).

Challenge of Detecting Potentially Causal Variants and
Approaches to Prioritize Them
In addition to identifying potentially causal genes, de-

termining the potentially causal variants in GWAS is
challenging. A number of statistical fine-mapping ap-
proaches have been used to identify the variants most
likely to cause the association signal. These approaches aim
to identify the set of variants with .99% posterior prob-
ability of causing the association signals (“99% credible
set”) using association summary statistics or leveraging
different patterns of linkage disequilibrium across ances-
tries. For example, a recent trans-ethnic GWAS of eGFR
found that 40 of 93 loci contained a single variant with
.50% posterior probability of causing the association
signals (20). The largest GWAS of eGFR to date found
that 58 of 228 replicated loci among European ancestry
participants had small 99% credible sets with five or fewer
variants (6). The continued generation of genetic data in
non-European ancestry populations is important and will
likely improve statistical fine-mapping.
Annotating the prioritized genetic variants with their

functional genomic features can further narrow down the
set of potentially casual variants. These features include, for
instance, the variant consequence (e.g., missense), its degree
of evolutionary conservation, and the mapping into gene
regulatory regions. For example, the urate-associated index
variant at HNF4A mentioned above is a missense variant
and was prioritized as the potential causal variant at this
locus with a posterior probability of .99% (16). These
combined pieces of evidence made this missense variant a
highly promising candidate for subsequent experimental
studies, which confirmed its functional effect and
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suggested that this variant affected urate levels through
altering the transactivation of the ABCG2 gene. Another
example to illustrate the workflow from GWAS to
potential therapeutic target is illustrated in the vignette
in Figure 5.

Making Genetic Scores of Kidney Function–Related Traits
Clinically Useful
The clinical utility of genetic scores for complex traits is

an active area of research, both in terms of identifying
individuals with a high genetic predisposition for a disease
and, in combination with clinical measures, to optimize
prevention and treatments (52). Novel methods for com-
puting genetic scores using a large number of variants
across the genome beyond the index variants from GWAS,
termed genome-wide polygenic scores, may increase pre-
diction accuracy (33,53–55). The challenges discussed
above also influence the potential clinical utility of genetic
scores of kidney function–related traits. First, the inclusion
of genetic loci driven by association with kidney function
biomarker metabolism rather than kidney function itself
into a genetic score will lower its prediction accuracy.
Second, difficulties in identifying causal variants result in
the incorporation of correlated rather than causal variants
in the genetic score, thereby increasing imprecision of the
prediction (52). Finally, the trait variances explained by
GWAS loci are still modest, limiting the prediction utility.
For example, the 308 index SNPs from the largest GWAS of
eGFR to date explained 7% of eGFR variance (6). The
challenges related to making PRS clinically relevant are
likely to be addressed with a multimarker approach to
estimate kidney function, improved fine-mapping and
genomic annotation, the discovery of low-frequency var-
iants with larger effect and genetic interactions, and the
identification of genetic variants more relevant to specific
CKD causes.
Other challenges to eventually making kidney function–

related genetic score clinically useful are similar to those
for other complex traits, including the need for absolute
risk prediction for a given time frame, which is more
relevant for clinical decision and requires the integration of
prospective disease outcome with other patient character-
istics (54). In addition, the availability of large datasets
from non-European ancestry populations for the assess-
ment of prediction accuracy has been limited (52). For
example, in European ancestry participants of the UK
Biobank study, individuals in the highest decile of a PRS of
serum urate on the basis of a recent GWAS had over ten
times the odds of having developed gout compared with
those in the most common (fifth) decile (16). It is worth
investigating whether similar risk differences translate to
populations of non-European ancestries, and whether
communication of this genetic risk predisposition has
clinical utility; for example, by encouraging individuals
to adopt urate-lowering lifestyle measures or treatment for
the prevention of gout.

Outlook and Conclusions
There are several aspects not covered in this review

that we believe to be of importance in future GWAS of
CKD and kidney function traits. First, the evaluation of
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Figure 4. | Concept of colocalization of genetic associations to pri-
oritize genes underlying the association with UACR. The genetic
associations with UACR in a chromosome 11 region with several
genes (A) colocalized with gene expression of OAF (but none of the
other genes) in tubulointerstitial kidney portions (B), as well as with
plasmaprotein levels ofOAF (but none of the other gene products) (C).
The region of interest on chromosome 11 contains several genes of
interest, but colocalization was only observed with transcript and
protein levels of one of the genes, OAF. This implicates OAF as the
gene in the region that underlies the association signal and a regu-
latory variant acting through altered gene expression as the most
likely mechanism.
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genetic variants other than biallelic SNP markers, in-
cluding structural variation, may uncover additional
genetic determinants of kidney function. Second, the
role of epigenetic variation in kidney function and CKD
(56), and how it integrates with our knowledge from
GWAS, deserves further study given that epigenetic
mechanisms regulate gene expression and may mediate
genetic effects on phenotypes. Third, interactions of
genetic risk variants with each other and with environ-
mental factors are largely not studied in current GWAS,
owing in part to the high multiple testing burden,
computational limitations, and the need for well-defined
measures of environmental factors for gene-by-environ-
ment interaction testing. Fourth, the continued genera-
tion of tissue-, cell type–, and state-specific annotation
resources, such as gene expression or transcription factor
binding profiles, is a prerequisite to translate findings
from GWAS into a mechanistic understanding. Methods
to perform integrative analyses of summary results from
GWAS datasets with other functional genomics datasets
are an area of active development that is likely to benefit
from advances in machine-learning approaches; for ex-
ample, to identify regulatory variants. Lastly, the devel-
opment of experimental high-throughput screening tools
for identifying regulatory functional variants (57,58) is
necessary to close the loop from association to causation.
With respect to the kidney, it will be equally important

to zoom in to understand the contribution of the many
individual cell types to kidney function and CKD, as well
as to zoom out to understand the function of the kidney in
the systemic context. The latter will be important for the
study of kidney disease and other biomarkers with
elimination by the kidneys (11). As our understanding
of the biologic mechanisms underlying GWAS findings
increases, more causal genes and variants will be iden-
tified. We are cautiously optimistic that some of them will
become therapeutic targets. With respect to risk pre-
diction and personalized prevention, genetic scores on
the basis of genome-wide variants look promising, but
additional research on the generalizability and clinical
relevance is necessary. We are looking forward to these
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Figure 5. | Vignette illustrates how genome-wide association
studies (GWAS) followed by experimental validation and char-
acterization can reveal previously unknown and important bi-
ological mechanisms for potential therapeutic use.Genome-wide
significant signals at ABCG2 in a GWAS of serum urate levels were
followed up with experimental studies that revealed the previously
unknown function of ABCG2 as an urate transporter and the GWAS
index SNP, rs2231142, as the causal variant. Each copy of the T
allele of rs2231142 is associated with 0.2 mg/dl higher serum urate

Cont.levels and two-fold higher odds of gout. ABCG2 therefore

Figure 5. | Continued. represents a potential therapeutic target for
lowering urate levels and preventing gout. (A) Regional association
plot fromWoodward et al. 2008, with genomic location on the x axis
and –log10(P value) on the y axis. (B) Transport assays using radio-
actively labeled urate in Xenopus oocytes: over a wide range of ex-
tracellular urate concentrations (x axis), oocytes expressing wild-type
ABCG2 (red) showedsignificantly lower intracellular accumulationof
urate (y axis) than water-injected control oocytes (blue) or a loss-of-
functionmutationofABCG2 (black). This indicates that the functionof
ABCG2 is the active export of urate out of oocytes. (C) Immunofluo-
rescence of polarized porcine renal epithelial cells (LLC-PK1) shows
expression of ABCG2 at the apical brush border membrane. Together
with urate accumulation in the cells after application of an ABCG2
inhibitor, these experiments establish that ABCG2 is a secretory urate
transporter in the proximal tubule. (D) The ABCG2 Q141K variant
encoded by rs2231142 results in reduced urate transport as indicated
by higher intracellular urate accumulation, establishing rs2231142 as
the causal variant. (E) Conceptualmodel of the role of ABCG2 in urate
handling in the kidney in the context of other urate transport proteins.
WT, wild type.
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future developments and the advances that they will
bring to improve kidney health in populations.
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1. WuttkeM, Köttgen A: Insights into kidney diseases from genome-

wide association studies. Nat Rev Nephrol 12: 549–562, 2016
2. Devuyst O: Genetics of kidney diseases in 2017: Unveiling the

genetic architecture of kidney disease. Nat Rev Nephrol 14:
80–82, 2018

3. RasoulyHM,GroopmanEE,Heyman-Kantor R, FaselDA,Mitrotti
A,Westland R, Bier L,Weng C, Ren Z, Copeland B, Krithivasan P,
Chung WK, Sanna-Cherchi S, Goldstein DB, Gharavi AG: The
burden of candidate pathogenic variants for kidney and genito-
urinary disorders emerging from exome sequencing. Ann Intern
Med 170: 11–21, 2019

4. Boyle EA, Li YI, Pritchard JK: An expandedviewof complex traits:
From polygenic to omnigenic. Cell 169: 1177–1186, 2017

5. TamV,PatelN, TurcotteM,Bossé Y, ParéG,MeyreD:Benefits and
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Gögele M, Gordon SD, Gudbjartsson DF, Gudnason V, Haller T,
Hamet P,Harris TB,HartmanCA,HaywardC,Hellwege JN,Heng
CK, Hicks AA, Hofer E, Huang W, Hutri-Kähönen N, Hwang SJ,
Ikram MA, Indridason OS, Ingelsson E, Ising M, Jaddoe VWV,
Jakobsdottir J, Jonas JB, Joshi PK, Josyula NS, Jung B, Kähönen M,
KamataniY,KammererCM,KanaiM,KastarinenM,Kerr SM,Khor
CC, KiessW, KleberME, KoenigW,Kooner JS, Körner A, Kovacs P,
Kraja AT, Krajcoviechova A, KramerH, Krämer BK, Kronenberg F,
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SA, SimX, Böger CA,Okada Y, Edwards TL, SniederH, Stefansson
K, Hung AM, Heid IM, ScholzM, Teumer A, Köttgen A, Pattaro C;
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CM, Liu J, Loeffler M, Lyytikäinen LP, Mahajan A, Maranville JC,
Mascalzoni D, McMullen B, Meisinger C, Meitinger T, Miliku K,
Mook-Kanamori DO, Müller-Nurasyid M, Mychaleckyj JC,
Nauck M, Nikus K, Ning B, Noordam R, Connell JO, Olafsson I,
Palmer ND, Peters A, Podgornaia AI, Ponte B, Poulain T,
Pramstaller PP, Rabelink TJ, Raffield LM, Reilly DF, Rettig R,
Rheinberger M, Rice KM, Rivadeneira F, Runz H, Ryan KA,
Sabanayagam C, Saum KU, Schöttker B, Shaffer CM, Shi Y, Smith
AV, StrauchK, StumvollM, Sun BB, Szymczak S, Tai ES, TanNYQ,
Taylor KD, Teren A, Tham YC, Thiery J, Thio CHL, Thomsen H,
ThorsteinsdottirU, TönjesA, Tremblay J,UitterlindenAG, vander
Harst P, Verweij N, Vogelezang S, Völker U, Waldenberger M,
Wang C, Wilson OD, Wong C, Wong TY, Yang Q, Yasuda M,
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Kramer H, Krämer BK, Kumar A, Kutalik Z, Lambert JC, Launer LJ,
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Kilpeläinen TO, Kumar A, Laakso M, Li-Gao R, Lohman K, Lu Y,
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B, Stengel B, Krämer BK, Paulweber B, Mitchell BD, Hayward C,
Helmer C, Meisinger C, Gieger C, Shaffer CM, Müller C,
Langenberg C, Ackermann D, Siscovick D, Boerwinkle E,
Kronenberg F, Ehret GB, Homuth G, Waeber G, Navis G,
Gambaro G, Malerba G, Eiriksdottir G, Li G, Wichmann HE,
Grallert H, Wallaschofski H, Völzke H, Brenner H, Kramer H,
Mateo Leach I, Rudan I, Hillege HL, Beckmann JS, Lambert JC,
Luan J, Zhao JH, Chalmers J, Coresh J, Denny JC, Butterbach K,
Launer LJ, Ferrucci L, KedenkoL,HaunM,MetzgerM,Woodward
M, Hoffman MJ, Nauck M, Waldenberger M, Pruijm M, Bochud
M, Rheinberger M, Verweij N, Wareham NJ, Endlich N, Soranzo
N, Polasek O, van der Harst P, Pramstaller PP, Vollenweider P,
Wild PS,Gansevoort RT, Rettig R, Biffar R, Carroll RJ, Katz R, Loos
RJ, Hwang SJ, Coassin S, Bergmann S, Rosas SE, Stracke S, Harris
TB, Corre T, Zeller T, Illig T, Aspelund T, Tanaka T, Lendeckel U,
Völker U, Gudnason V, Chouraki V, Koenig W, Kutalik Z,
O’Connell JR, ParsaA,Heid IM, PatersonAD,deBoer IH,Devuyst
O, Lazar J, Endlich K, Susztak K, Tremblay J, Hamet P, Jacob HJ,
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