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Genomewide association studies have identified numerous
chronic kidney disease–associated genetic variants, but
often do not pinpoint causal genes. This limitation was
addressed by combining Mouse Genome Informatics
with human genomewide association studies of kidney
function. Genes for which mouse models showed abnormal
renal physiology, morphology, glomerular filtration rate
(GFR), or urinary albumin-to-creatinine ratio were
identified from Mouse Genome Informatics. The
corresponding human orthologs were then evaluated for
GFR-associated single-nucleotide polymorphisms in
133,814 individuals and urinary albumin-to-creatinine
ratio-associated SNPs in 54,451 individuals in genome-wide
association studies meta-analysis of the CKDGen
Consortium. After multiple testing corrections, significant
associations with estimated GFR in humans were identified
for single-nucleotide polymorphisms in 2, 7, and 17 genes
causing abnormal GFR, abnormal physiology, and
abnormal morphology in mice, respectively. Genes
identified for abnormal kidney morphology showed
significant enrichment for estimated GFR–associated
single-nucleotide polymorphisms. In total, 19 genes
contained variants associated with estimated GFR or the
urinary albumin-to-creatinine ratio of which 16 mapped
into previously reported genomewide significant loci.
CYP26A1 and BMP4 emerged as novel signals subsequently
validated in a large, independent study. An additional
gene, CYP24A1, was discovered after conditioning on
a published nearby association signal. Thus, our novel
approach to combine comprehensive mouse phenotype
information with human genomewide association studies

data resulted in the identification of candidate genes for
kidney disease pathogenesis.
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C hronic kidney disease (CKD) is characterized by the
sustained presence of abnormalities of kidney structure
or kidney function, quantified by the estimated

glomerular filtration rate (eGFR) and the urinary albumin-to-
creatinine ratio (UACR).1 CKD can progress to kidney failure
and increases the risk of cardiovascular events and mortal-
ity.2–4 CKD has a genetic component, and genomewide asso-
ciation studies (GWASs) of CKD and kidney function
measures have identified numerous associated genetic loci.5–11

The unbiased identification of novel pathogenic mecha-
nisms is the main promise of GWASs,12 and an increasing
number of experimental follow-up studies are successfully
translating observed associations into an improved under-
standing of underlying mechanisms. However, initial discov-
ery GWASs are limited in their ability to pinpoint causal genes
and do not provide direct insights into underlying molecular
mechanisms. Moreover, the stringent significance threshold
necessary to account for multiple testing leads to many false-
negative associations, preventing the discovery of additional
loci that may provide important pathophysiological insights.

One way to address these limitations is by integration of
systematic evidence from experimental animal models of the
same or a closely related phenotype. Assuming conserved
gene function, evidence from animal models can implicate
associated loci that do not meet genomewide significance.
The laboratory mouse has long been an indispensable tool to
model human traits and diseases because of the high degree of
homology and the possibility to precisely manipulate the
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mouse genome.13 The Mouse Genome Informatics (MGI)
resource14 is the primary database on experimental mouse
models. Phenotypic information is curated and coded
using the Mammalian Phenotype Ontology15 and is available
along with spontaneous, induced, and genetically engineered
mutations and other knowledge through multiple avenues of
MGI.16 Here, we aimed to assess whether human orthologs of
genes that, when dysfunctional, cause kidney phenotypes in
mice, are enriched for variants associated with corresponding
traits in humans, and can be used to prioritize association
signals that do not achieve genomewide significance for
further investigation.

RESULTS
The study design is outlined in Figure 1 and described in
detail in the Methods section. Using the comprehensive MGI
resource, we obtained the following 4 lists of genes that,
when knocked out or mutated in mice, give rise to the renal
phenotypes and for which a human ortholog could be
identified: the list for the phenotype abnormal GFR con-
tained 23 genes, abnormal kidney physiology contained 341
genes, abnormal kidney morphology contained 660 genes,
and abnormal urine protein contained 139 genes (Figure 2,
with all genes listed in Supplementary Table S1). We then
investigated whether the human orthologs of these genes
contained genetic variants associated with an eGFR below
the listwide significance threshold (for genes on the GFR,
physiology, and morphology lists) or UACR (for genes on
the UACR, physiology, and morphology lists) in data from
GWAS meta-analyses of the CKDGen Consortium,11 after
correcting for the number of independent single-nucleotide
polymorphisms (SNPs) across the evaluated genes. The
CKDGen datasets combined information from up to
133,814 individuals of European ancestry for eGFR and up
to 54,451 individuals for UACR.

As shown in Table 1,17,18 we identified multiple genes
harboring genetic variants associated with the respective
kidney function trait after correcting for multiple testing.

Association P values for SNPs in these genes surpassed the
list-specific statistical significance threshold (see Methods).
Significant associations with eGFR were identified for SNPs in
2 genes from the GFR list, 7 genes from the physiology list,
and 17 from the morphology list. Several of these genes were
represented on more than 1 list (Table 1). Significant
associations with UACR were identified for SNPs in 1 gene,
CUBN, which was found on both the UACR and the physi-
ology list and in no gene from the morphology list. The
identified genes presented in Table 1 did not change in
sensitivity analyses that corrected for the independent SNPs
among the unique genes across all evaluated lists for a given
human phenotype. Additional genes that contained SNPs
with suggestive associations (P < 5�10�5) with kidney
function traits are shown in Table 2.

To evaluate whether such results were likely to arise due to
chance, we generated for each of the 4 lists 2000 random gene
lists of equal length as the original gene list. For each
randomly generated list, we queried the CKDGen data and
counted the number of genes containing associated SNPs after
applying the appropriate multiple testing correction (see
Methods). Figure 3 shows the distributions of the number of
genes containing SNPs associated with the eGFR below the
listwide significance threshold from the random draws. The
vertical dashed lines represent the observed number of sig-
nificant genes for the respective mouse renal phenotype.
Observing SNPs associated with eGFR in humans in 17 genes,
as we did for the abnormal morphology list, is highly unlikely
by chance alone as it was never observed for the random lists
(P-enrichment < 0.0005 or <1/2000) ) (Figure 3a). For the
genes on the abnormal physiology list (Figure 3c) and the
GFR list (Figure 3c), the number of observed genes with
significant associations fell into the upper part of the distri-
bution expected by chance alone, but there was no significant
enrichment. Similar observations were made for the observed
number of genes associated with UACR in the smaller UACR
dataset from the CKDGen Consortium (Supplementary
Figure S1).

Figure 1 | Four gene lists were identified by retrieval of abnormal kidney phenotypes on the Mouse Genome Informatics website. These
lists were interrogated in the CKDGen dataset for single-nucleotide polymorphisms associated with eGFRcrea or UACR. The observed number
of significant genes was compared with the number expected by chance. Significant enrichment (morphology/eGFR) is indicated using bold
boxes. GFR, glomerular filtration rate; eGFRcrea, estimated glomerular filtration rate; KO, knockout; UACR, urinary albumin-to-creatinine ratio.
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