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ABSTRACT
Identification of genetic risk factors for albuminuria may alter strategies for early prevention of CKD
progression, particularly among patients with diabetes. Little is known about the influence of common
genetic variants on albuminuria in both general and diabetic populations. We performed a meta-analysis of
data from 63,153 individuals of European ancestry with genotype information from genome-wide association
studies (CKDGen Consortium) and from a large candidate gene study (CARe Consortium) to identify
susceptibility loci for the quantitative trait urinary albumin-to-creatinine ratio (UACR) and the clinical diagnosis
microalbuminuria. We identified an association between a missense variant (I2984V) in the CUBN gene, which
encodes cubilin, and both UACR (P � 1.1 � 10�11) and microalbuminuria (P � 0.001). We observed similar
associations among 6981 African Americans in the CARe Consortium. The associations between this variant
and both UACR and microalbuminuria were significant in individuals of European ancestry regardless of
diabetes status. Finally, this variant associated with a 41% increased risk for the development of persistent
microalbuminuria during 20 years of follow-up among 1304 participants with type 1 diabetes in the prospec-
tive DCCT/EDIC Study. In summary, we identified a missense CUBN variant that associates with levels of
albuminuria in both the general population and in individuals with diabetes.
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Elevated levels of urinary albumin (albuminuria) are a cardinal
manifestation of chronic kidney disease (CKD) and affect as many
as 8% of adults from the United States1 and 6% of adults from
Germany.2 Higher levels of albuminuria, even within the low nor-
mal range, are associated with not only increased risks of ESRD
but also cardiovascular disease and mortality.3–6 Moreover, the
presence of albuminuria offers key prognostic information at each
stage of decline in GFR.7 However, the pathophysiologic basis of
albuminuria remains incompletely understood, and as a result,
interventions for the prevention and treatment of albuminuria
are limited.

Diabetes mellitus and hypertension are key risk factors
for albuminuria, but neither of these factors fully account
for the high prevalence of albuminuria nor its association
with adverse health outcomes.8 Heritability of albuminuria
ranges from 0.16 to 0.49 in families enriched with hyperten-
sion or diabetes.9,10 Rare genetic variants are known to cause
monogenic diseases featuring severe, nephrotic range pro-
teinuria.11 However, linkage or candidate gene studies have
not reproducibly identified common genetic variants in as-
sociation with lower levels of albuminuria.9,10 Given recent
successes in the use of genome-wide association studies
(GWAS) of quantitative traits that can lead to the identifi-
cation of relevant variants for a disease phenotype,12,13 we
conducted a genome-wide association (GWA) analysis of
albuminuria in 31,580 participants of European ancestry
from the CKDGen Consortium, with follow-up in 27,746
additional participants. Albuminuria was analyzed as the
quantitative trait urinary albumin-to-creatinine ratio
(UACR) and as the dichotomous trait microalbuminuria
(MA). Concurrently, we performed an analysis of albumin-
uria in the CARe Consortium using the ITMAT/Broad/
CARE Vascular Disease 50k (IBC) single-nucleotide poly-
morphism (SNP) chip array14 in 19,499 Europeans and 6981
African Americans. Here, we report the results of our com-
bined findings.

RESULTS

Study Samples
Basic characteristics of the participants from the studies in CKDGen
and CARe are shown in Table 1. Studies in these consortia are
primarily population-based, with mean age ranging from 42 to
74 years. Details regarding study-specific genotyping informa-
tion can be found in Supplemental Table 1, A and B, and in the
Supplemental Text (Methods).

CKDGen Stage 1
Figure 1A and Supplemental Figure 1A show the Manhattan
plots of the meta-analysis P values for UACR and microalbu-
minuria (UACR �25 mg/g [women], �17 mg/g [men]), re-
spectively. Meta-analysis of GWAs from CKDGen stage 1
showed that no locus achieved genome-wide significance (P �
5.0 � 10�8) for either UACR or microalbuminuria in both the

overall and the nondiabetic analyses. Supplemental Figure 2, A
and B, shows the quantile-quantile plot of the UACR and mi-
croalbuminuria meta-analysis results.

CKDGen Stage 2 Follow-up
In CKDGen, the 16 top independent SNPs (P value range
1.1 � 10�7 to 5.7 � 10�6) were moved into stage 2 fol-
low-up in 15 additional studies (n � 27,746 individuals of
European descent). These SNPs and their study-specific im-
putation scores are displayed in Supplemental Tables 2 and
3, respectively. Supplemental Table 4 shows the results of
these 16 SNPs for all analyzed traits.

Overall, rs1801239, a missense SNP (T3C) located in
CUBN on chromosome 10 (minor allele frequency � 0.10),
demonstrated direction-consistent association in stage 2 (P �
0.02, Table 2), with a genome-wide significant P value of
4.0 � 10�8 for UACR in the combined stage 1 and stage 2
analysis (Supplemental Tables 2 and 4). The regional associa-
tion plot for CUBN is shown in Figure 2A. The minor C allele
of rs1801239 in CUBN leads to an isoleucine-to-valine substi-
tution (I2984V) in the encoded protein cubilin, which is pre-
dicted to be “probably benign” (SIFT,15 FastSNP,16 and Poly-
PHEN17). No additional nonsynonymous coding variants in
high LD to rs1801239 (r2 � 0.2) were observed in dbSNP.
Because albuminuria is a risk factor for progressive CKD, we
assessed whether rs1801239 is associated with estimated GFR
(eGFR) and CKD in the CKDGen eGFR data set. Among
67,093 individuals with available data, we observed no associ-
ation with eGFR (P � 0.53) or CKD (P � 0.33).18

The second highest ranking SNP for UACR in the combined
stage 1 and stage 2 analysis was rs17319721, an intronic SNP in
SHROOM3 (Supplemental Table 4). The minor allele (A) of
rs17319721 is associated with lower albuminuria levels, and we
have previously identified this same allele in association with
lower eGFR.19

CARe IBC SNP Array Stage 1
Concurrently, the CARe Consortium carried out a large
densely tagged candidate gene screen using the IBC SNP ar-
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ray14 and identified the same SNP (rs1801239) in CUBN in
association with UACR (P � 2.9 � 10�10; Table 2 and Figure
1B) and microalbuminuria (2100 cases and P � 2.4 � 10�7;
Table 2) in 19,499 European Americans. The regional associa-
tion plot for the CUBN tagging SNPs on the IBC array in the
CARe European Americans is shown in Figure 2B. The only
other significant SNP (significance threshold defined as P �
2.2 � 10�6 for the IBC array) in the CARe IBC analysis for
UACR was rs13177732 (P � 4.7 � 10�7), but this SNP did not
replicate in CKDGen stage 1 (discovery) studies after exclud-
ing overlapping studies (n � 16,667, P � 0.71 for UACR).

Joint CKDGen/CARe Analyses in Samples of European
Ancestry
Because three of the studies from CARe (ARIC, CHS, and FHS)
were also part of CKDGen, we removed them from CKDGen
to avoid duplication. The overall P value for CKDGen stage 1
(after removing ARIC, CHS, and FHS), CKDGen stage 2
follow-up (after removing the ARIC in silico replication
samples), and the CARe stage 1 analysis in participants of
European ancestry for the association between rs1801239
and UACR was 1.1 � 10�11 (n � 63,153; Table 2), with
0.15% of the UACR variance explained by rs1801239. The

Table 1. Study sample characteristics in the CKDGen and CARe Consortia

Study na Women % Age, years UACRb MA % CKD % HTN % DM %

Stage 1: GWAS
Amish 744 45.0 42.8 3.8 (2.2, 6.1) NA 1.2 11.6 0.7
ARIC 6525 53.1 63.1 3.9 (2.0, 7.7) 9.4 9.1 42.9 13.6
BLSA 354 46.9 69.8 7 (4.4, 11.0) NA 15.5 53.7 14.4
CHS 1865 60.8 71.2 9.3 (5.3, 19.9) 23.0 16.0 61.2 13.7
Colaus 5311 53.2 53.4 5.1 (3.4, 9.1) 9.5 3.8 36.1 9.6
EPIC 2371 53.3 59.2 3.6 (1.5, 8.3) 8.1 NA 49.3 3.0
Fenland 1398 56.2 44.9 4.5 (3.2, 7.1) 5.5 0.9 18.9 1.4
Framingham Heart Study 6523 53.2 47.6 4.6 (2.6, 9.9) 9.6 3.4 27.4 5.3
KORA F3 1530 50.5 62.5 4.9 (2.1, 11.1) 11.7 10.8 41.1 10.3
KORA F4 1803 51.3 60.9 10.7 (7.0, 18.4) 20.9 7.0 20.9 9.2
Micros 503 56.3 46.0 NA 5.4 3.6 40.6 3.7
SHIP 2653 48.9 55.3 8.9 (5.0, 20.6) 25.3 8.5 54.2 12.4

Stage 2
AGES 3196 57.9 76.4 2.66 (1.2, 7.0) 11.9 24.2 80.6 11.6
Amish 695 54.4 47.2 7 (4.3, 13.5) NA NA 21.0 11.5
ARIC 759 56.0 63.0 3.9 (2.1, 7.5) 7.6 7.7 39.3 13.1
GENOA 987 43.0 59.0 3.1 (1.7, 5.9) 6.4 10.7 73.5 15.8
Health ABC 211 27.0 73.9 13.9 (6.1, 49.6) 42.2 25.0 64.1 100.0
HUNT 2386 54.5 51.4 6.1 (4.4, 9.2) 8.6 4.7 43.4 4.0
KORA F3 1392 52.4 50.8 4.4 (1.9, 9.6) 10.9 5.5 28.6 4.5
KORA F4 1197 52.3 49.2 10.1 (6.6, 20.1) 23.7 5.9 13.4 4.0
KORCULA 863 63.9 56.3 4.6 (2.5, 10.4) 12.4 7.5 57.3 10.4
Nurses Health Study 4138 100.0 58.2 2.8 (1.7, 4.5) 3.6 10.4 36.1 4.4
PREVEND 7803 50.5 49.5 7.1 (4.8, 13.3) 16.7 6.4 33.5 3.7
SAPHIR Study 1707 37.3 51.4 3.8 (2.3, 8.2) 9.8 1.4 56.5 3.2
SORBS 877 58.7 48.0 6.8 (4.6, 13.5) 13.6 4.0 52.1 9.2
SPLIT 472 56.5 49.3 2.5 (1.3, 5.8) 7.8 3.6 39.4 5.1
ULSAM 1063 0.0 71.0 7.5 (4.9, 16.1) 15.9 15.2 74.0 11.0

CARe Consortium
European Americansc

CARDIA 1242 50.4 40.7 4.4 (3.3, 6.9) 4.5 0.53 9.3 5.0
MESA 2289 52.1 62.7 4.7 (3.1, 8.6) 9.6 9.7 38.7 6.3

African Americans
ARIC 2256 64.5 61.7 2.7 (0.9, 9.6) 16.3 7.3 70.9 27.7
CARDIA 1089 56.3 39.5 4.3 (3.1, 7.4) 9.6 0.9 24.7 6.4
CHS 426 64.3 72.1 10.9 (5.0, 26.9) 31.9 18.4 68.2 24.4
Jackson Heart Study 1530 58.5 51.8 6 (4.0, 13.0) 17.8 5.9 58.8 16.1
MESA 1680 54.6 62.2 5.5 (3.1, 13.2) 16.6 8.5 59.8 17.8

Data presented as means except where otherwise indicated. DM, diabetes; HTN, hypertension.
aRefers to the successfully genotyped and analyzed sample with UACR or MA data, which may differ from the recruited sample described in Supplemental
online Methods.
bMedian (interquartile range: 25th percentile, 75th percentile).
cRefers to studies that are nonoverlapping with CKDGen; the sample size of ARIC, CHS, and FHS in CARe was 7687, 2073, and 6208, respectively.
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study-specific association results are shown in Supplemen-
tal Figure 3A; there was no significant heterogeneity across
studies (I2 � 19.6%, P value for heterogeneity � 0.18). The
odds ratio for microalbuminuria per copy of the minor C
allele at rs1801239 was 1.06 (P � 0.001; Table 2).

CARe African-American IBC SNP Array Results
Because albuminuria is an important manifestation of CKD
across ethnicities, we examined rs1801239 in 6981 African-Amer-
ican CARe participants (1159 microabluminuria cases) and
found that the minor C allele (frequency � 0.03) was consistently
associated with higher UACR (P � 0.005, explaining 0.06% of
the UACR variance) and the presence of microalbuminuria.
Each copy of the C allele at rs1801239 was associated with an
odds ratio of 1.42 for microalbuminuria (P � 0.008; Table 2).
The study-specific association results for UACR are shown in
Supplemental Figure 3B. Given the potential for allelic heter-
ogeneity across ethnic groups and the availability of densely
genotyped IBC chip data, we further investigated the CUBN
region (Figure 2C) to determine if there were any other SNPs
that showed stronger association with UACR and microalbu-
minuria in African Americans. We uncovered rs1996316 in the
CUBN gene region (minor allele frequency � 0.33, P value �
0.0009). The SNP rs1996316 was not correlated with
rs1801239 (r2 � 0.01); however, this SNP did not meet statis-
tical significance after correcting for multiple testing of 158

SNPs in the region (0.05/158 � 0.0003),
nor was it associated with UACR in individuals
of European descent from CKDGen (P �
0.65) or CARe (P � 0.36).

Stratified Analysis
Because hypertension and diabetes are key
risk factors for albuminuria, we performed
stratified analyses for rs1801239 in the joint
CKDGen/CARe analysis of populations of
European descent. For UACR, we observed
significant association among individuals
with (n � 4915; P � 0.006) and without (P �
3.2 � 10�8) diabetes as well as among indi-
viduals with (n � 13,097, P � 7.5 � 10�8)
and without (P � 1.3 � 10�6) hypertension.
Similar findings across these groups were also
observed for microalbuminuria (Table 2). In
particular, among individuals with diabetes,
each copy of the C allele at rs1801239 was as-
sociated with an odds ratio of 1.27 for mi-
croalbuminuria (95% CI: 1.11 to 1.45).

To investigate if CKD modifies the associ-
ation between rs1801239 and UACR, we per-
formed an analysis of rs1801239 and UACR
in 6 of the largest cohorts in CKDGen strati-
fied by CKD status. We found that the asso-
ciation of the CUBN C allele and UACR was
of similar magnitude among participants

with CKD (n � 1808, � � 0.09, P � 0.26) as compared with those
without CKD (n � 21299, � � 0.10, P � 9.6 � 10�11), although
the power was low in the CKD stratum because of its smaller
sample size.

Independent Replication in the Diabetes Control and
Complications Trial and Epidemiology of Diabetes
Interventions and Complications (DCCT/EDIC)
To understand the potential impact of rs1801239 on microalbu-
minuria in a high-risk population, we tested the association of
rs1801239 with time to persistent microalbuminuria over 20 years
of follow-up among 1304 participants of European ancestry with
type 1 diabetes from the DCCT/EDIC Study (mean baseline age
26.7 years). With use of survival analysis, the minor C allele was
associated with an increased risk of incident persistent microalbu-
minuria. Individuals with diabetes with one copy of the C allele
had a 42% greater risk of developing persistent microalbuminuria
than their counterparts with zero copies of the C allele (hazard
ratio 1.42 per copy of the C allele, P � 0.02; Table 2). This
association was essentially unchanged with further multi-
variable adjustment (Table 2).

DISCUSSION

We have identified and validated a missense SNP in the CUBN
gene that is associated with albuminuria. This association is

Figure 1. Genome-wide log10 P value plot from stage 1 analyses of UACR. Participants
of European ancestry in the CKDGen Consortium (A) and the CARe Consortium [IBC
chip analyses; (B)].
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robust across subgroups defined by diabetes and hypertension,
two major risk factors for albuminuria, and among popula-
tions of both European and African ancestry. Finally, we have
validated this finding in association with persistent microalbu-
minuria among patients with type 1 diabetes from the DCCT/
EDIC Study.

Cubilin was first identified as the intrinsic factor/vitamin
B12 complex receptor in the ileal mucosa.20 In the kidney,
cubilin is expressed predominantly in the apical brush border
of proximal tubular cells.21 We queried publicly available ex-
pression databases22–24 but did not find evidence for altered gene
expression associated with the conservative amino acid substitu-
tion in cubilin encoded by rs1801239 (I2984V). On the basis of
UniProt, the amino acid position 2984 is part of the 22nd, out of a
total of 27, CUB domains. In vitro, CUB domains 22 through 27
demonstrated Ca2�-dependent binding to megalin.25 Together
with megalin (LRP2) and amnionless (AMN), cubilin plays a key
role in the receptor-mediated endocytotic reabsorption of albu-
min and other low-molecular-weight proteins.26 Interrogation of
these respective genomic regions in our data did not reveal any
significant findings. The process of endocytotic reabsorption of
albumin is of importance because an estimated 3 g of albumin per
day are not retained by the glomerular filter and enter the primary
urine.26 Yet urine in its final composition is nearly devoid of pro-

teins in healthy humans, highlighting the effectiveness of the tu-
bular reabsorptive process to prevent significant protein loss.

The essential role of the cubilin-megalin complex in the
reuptake of albumin by the proximal tubule has been demon-
strated in both animal and human studies.26,27 For example,
dogs with a functional defect in cubilin and mice lacking cubi-
lin and/or megalin excrete large amounts of urinary albu-
min.27,28 Similarly, humans with Imerslund-Gräsbeck disease
(OMIM #261100), a rare autosomal-recessive condition
caused by a variety of mutations in the CUBN gene or the
cubilin-associated AMN gene, typically have anemia with vary-
ing degrees of proteinuria29 as a result of a molecular defect
leading to inefficient proximal tubular protein reabsorption.

Dysfunction of the megalin-cubilin system has also been
implicated in the pathogenesis of diabetic kidney disease. In rat
models, renal tubular expression of cubilin is decreased30 and
reabsorption of filtered albumin by the proximal tubule has
been shown to be altered.31,32 In humans, shedding of megalin
and cubilin in urine is increased in individuals with type 1
diabetes and microalbuminuria compared with nonalbumin-
uric controls.33 These studies suggest that reduced expression
or loss of the cubilin-megalin complex may contribute to the
albuminuria of early diabetic kidney disease via reduced tubu-
lar reuptake of filtered albumin, which is supported by our

Table 2. Results for CUBN SNP rs1801239 on chromosome 10 in the CKDGen and CARe Consortiaa and DCCT/EDIC

UACR P Valueb Microalbuminuria P valuec

Odds Ratio (95% CI) for Clinical
Outcomes per Copy of Minor C

Allele

Overall samples Microalbuminuria (MA)
CKDGen Stage 1 discovery 3.0 � 10�7 8.7 � 10�7 1.25 (1.15 to 1.37)
CARe IBC discovery in European Americans 2.9 � 10�10 2.4 � 10�7 1.31 (1.18 to 1.45)
CKDGen Stage 2 follow-up 0.02 0.43 1.01 (0.98 to 1.05)
Combined populations of European ancestryd 1.1 � 10�11 0.001 1.06 (1.02 to 1.09)
CARe African Americans 0.005 0.008 1.42 (1.10 to 1.84)
Diabetes stratifiedd

no diabetes 3.2 � 10�8 0.06 1.03 (1.00 to 1.07)
diabetes 0.006 4.7 � 10�4 1.27 (1.11 to 1.45)

Hypertension stratifiede

no hypertension 1.3 � 10�6 6.0 � 10�4 1.23 (1.09 to 1.38)
hypertension 7.5 � 10�8 1.4 � 10�7 1.34 (1.20 to 1.49)

DCCT/EDICf

Persistent MA
simple model 0.02 1.42 (1.08 to 1.88)
extended model 0.02 1.41 (1.06 to 1.87)

Severe Nephropathy
simple model 0.53 1.14 (0.76 to 1.69)
extended model 0.67 1.10 (0.72 to 1.67)

aSample sizes are as follows (microalbuminuria case numbers in parentheses): CKDGen Stage 1: 31580 (3698); CARe European Americans: 19,499 (2100);
CKDGen Stage 2: 27,746 (3313); CARe African Americans: 6981 (1159).
bP values from CKDGen and CARe European and African American Stage 1 analyses are from the inverse variance weighted fixed effects method, and P values
from the CKDGen Stage 2 analyses, the combined analyses, and the hypertension- and diabetes-stratified analyses are from the sample size weighted Z score
method. In all analyses, the minor allele C showed an increase in UACR, direction consistent with the odds ratio for MA.
cP values from inverse variance weighted fixed effects model.
dCombined populations of European ancestry, includes CKDGen Stages 1 and 2 (after removal of ARIC, CHS, and FHS) and all five cohorts of CARe European
Americans: 63,153 (7383 microalbuminuria cases).
eCombined populations of European ancestry, includes CKDGen Stage 1 (after removal of ARIC, CHS, and FHS) and all five cohorts of CARe European
Americans: 36,166 (4128 microalbuminuria cases).
fModeled as hazard ratio; n � 1304 including 318 cases of persistent microalbuminuria and 116 cases of severe nephropathy.
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observed association of rs1801239 with in-
cident persistent microalbuminuria in the
DCCT/EDIC Study.

Our results suggest that levels of albu-
minuria in the general population are de-
termined in part by tubular reabsorption,
and not only by glomerular filtration. Al-
though the prognostic implications of tu-
bular as compared with glomerular albu-
minuria remain to be determined, a
pathogenic role for tubular albuminuria, in
addition to glomerular, has been demon-
strated in experimental data.34 –36 The iden-
tification of a SNP that is associated with
albuminuria among individuals irrespec-
tive of diabetes or hypertension status sug-
gests some common pathophysiology that
is independent of these known albumin-
uria risk factors. The CUBN SNP we identi-
fied is specifically associated with albumin-
uria, and not with eGFR. Finally, results from
the DCCT/EDIC Study underscore the rela-
tive strength of the CUBN SNP in associ-
ation with persistent microalbuminuria
that is comparable in magnitude to other
albuminuria risk factors in patients with
diabetes, including diabetes duration,
BP, hemoglobin A1c, and obesity.37–39

Important strengths of this study in-
clude consistency of association across
populations of European and African de-
scent and across groups defined by diabetes
and hypertension, as well as the known role
of cubilin in tubular albumin reabsorption.
The exploration of genetic determinants
for albuminuria in predominantly popula-
tion-based cohorts reduces confounding
by disease progression, which may be re-
lated to important nongenetic factors.
Nonetheless, some limitations warrant
mention. First, the causal nature of the mis-
sense SNP in CUBN is unclear. Second,
urine albumin and creatinine were assessed
with different assays and at one point in
time in most studies, which may lead to
misclassification of the outcome and bias
our results toward the null hypothesis.
However, this is unlikely to yield a true pos-
itive finding.

In summary, through a series of genetic
association analyses, we have identified a
missense SNP in the CUBN gene that is as-
sociated with higher levels of albuminuria
among individuals of European and Afri-
can descent with and without diabetes or

Figure 2. Regional Association Plot for the CUBN gene region. CKDGen Consortium
stage 1 analyses (A), CARe IBC SNP chip results in participants of European Ancestry (B)
and African ancestry (C). log10 P values are plotted versus genomic position (build 36). The
lead SNP in each region is labeled. Other SNPs in each region are color-coded based on
their LD to the lead SNP (LD based on the HapMap CEU and YRI for the participants of
African ancestry; see color legend). Gene annotations are based on UCSC Genome
Browser (RefSeq Genes, b36) and arrows indicate direction of transcription. Graphs were
generated using the software SNAP (http://www.broadinstitute.org/mpg/snap/index.php).
Regions vary between panels because there was no coverage beyond the CUBN gene on
the IBC chip used to generate panels B and C.
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hypertension. These findings highlight a novel genetic suscep-
tibility for albuminuria that is consistent across multiple study
populations and shared across diverse clinical settings.

CONCISE METHODS

Overall Study Design
Genetic association testing for urinary albumin-to-creatinine ratio

(UACR) and MA was performed in the CKDGen and CARe cohorts of

European ancestry, with further follow-up genetic analysis of signifi-

cant SNPs in CARe cohorts of African-American ancestry and in the

Diabetes Control and Complications Trial/Epidemiology of Diabetes

Interventions and Complications (DCCT/EDIC) Study.

A graphical overview is given in Supplemental Figure 4.

CKDGen Stage 1 Discovery Meta-analysis
In the stage 1 (discovery) meta-analysis we searched for SNPs associ-

ated with UACR or MA in 12 CKDGen population-based cohorts

totaling n � 31,580 patients of European descent. Individual GWA

analyses encompassing approximately 2.5 million imputed SNPs were

performed within each of the 12 stage 1 (discovery) CKDGen popu-

lation-based cohorts. In each cohort, these analyses were performed

in the overall group and separately in patients without diabetes. Next,

we conducted four meta-analyses combining the study-specific

UACR or MA GWA analysis results (i) including all patients and (ii)

separately in patients without diabetes. From these four sets of meta-

analysis results, we selected a list of independent SNPs (pairwise r2 �

0.2) with a P value �1 � 10�6 and minor allele frequencies (MAF)

�5%. The 16 highest ranking SNPs from this list were then selected

for CKDGen stage 2 follow-up to replicate our findings.

CKDGen Stage 2 Follow-up Meta-analysis
Association testing for each of the 16 SNPs for UACR and MA was

performed in each of the 15 independent CKDGen stage 2 cohorts

totaling n � 27,746 individuals of European descent, again, including

all patients and separately in patients without diabetes. Study-specific

association results of the 16 SNPs were then meta-analyzed across

stage 2 studies.

SNPs showing evidence of replication in CKDGen stage 2 were

further evaluated for their effects both in the presence and absence of

diabetes and hypertension as major risk factors of albuminuria.

CARe Discovery Association Analysis
The CARe Consortium consists of nine studies. For the present anal-

ysis, we included five studies in European Americans (19,499 patients

in total) and five studies in African Americans (6981 patients in total)

with the IBC SNP chip.14 Study-specific genetic association analysis of

UACR and MA were performed in the same manner as in CKDGen.

CARe study-specific results were then meta-analyzed within each eth-

nic group for both UACR and MA.

Joint CKDGen and CARe Meta-analysis
For SNPs that reached genome-wide significance in the combined

CKDGen stage 1 and stage 2 meta-analysis and were also significant in

the CARe meta-analysis, we conducted meta-analyses for UACR and

MA across a total of 28 nonoverlapping cohorts: in 9 CKDGen stage 1

studies with 16,667 patients (excluding ARIC, CHS, and FHS since

they were also members of the CARe Consortium), 14 CKDGen stage

2 follow-up studies with 26,987 patients (excluding ARIC in silico

results), and 5 CARe European American cohorts with 19,499 pa-

tients, involving a total of 63,153 patients of European descent.

Follow-up Analysis in DCCT/EDIC
Significant SNPs from the joint CKGen and CARe meta-analysis were

replicated in the DCCT/EDIC Study, which currently consists of 1304

Caucasian participants who underwent genotyping on the Illumina

1M SNP chip. This is a longitudinal study using Cox proportional

hazards models to analyze time to renal events (see definition of the

outcome below).

Study-Specific Information and Statistical Analysis
In all studies, all participants gave informed consent. All studies were

approved by their appropriate Research Ethics Committees.

A list of all contributing studies is given in Table 1 and more

study-specific information including genotyping and imputation

methods are given in Supplemental Table 1, A and B, as well as in the

Study-Specific Methods Section of the Supplemental material. Details

on statistical analyses on the study-specific level as well as for meta-

analyses are given in the Supplemental material.

Outcomes and Covariates
In each of the CKDGen and CARe studies, the continuous outcome

urinary albumin-to-creatinine ratio (mg/g, measured as described in

the Study-Specific Methods section in the Supplemental material) as

well as the dichotomous outcome microalbuminuria (MA, defined as

urinary albumin-to-creatinine ratio �17 mg/g for men and �25 mg/g

for women40,41) were analyzed. For creating the continuous trait

UACR used in the analysis, urinary albumin-to-creatinine ratio was

log-transformed, and sex-specific residuals were computed by regres-

sion on age and, in multicenter studies, on study center.

Hypertension was defined as systolic BP �140 mmHg, diastolic

BP �90 mmHg, or treatment; and diabetes was defined as fasting

plasma glucose of at least 126 mg/dl or treatment if not stated other-

wise in the study-specific methods. We estimated GFR (eGFR) using

the four-variable MDRD formula as described previously18 to deter-

mine the prevalence of chronic kidney disease (defined as eGFR �60

ml/min per 1.73 m2) in each cohort.

In DCCT/EDIC, renal outcomes were (1) time from DCCT base-

line until persistent microalbuminuria, defined as time to two con-

secutive albumin excretion rates (AERs) �30 mg/24 h (�20.8 �g/

min), and (2) severe nephropathy, defined as the time to AER �300

mg/24 h (�208 �g/min) with prior persistent microalbuminuria or

end-stage renal disease).

Genotypes
All the studies in CKDGen stage 1 had genotype data from genome-

wide SNP arrays available, whereas the studies in the CARe Discovery

studies genotyped the IBC SNP array,14 a gene-centric array contain-

ing 50,000 SNPs tagging genes across a range of cardiovascular, met-
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abolic, and inflammatory syndromes. In CKDGen, the genotyped

SNPs were imputed to approximately 2.5 million HapMap SNPS

based on HAPMAP CEU samples. Imputation provides a common

SNP panel across all studies to facilitate a meta-analysis across all

contributing SNPs. Information on study-specific genotyping plat-

forms and imputation procedures are presented in Supplemental Ta-

ble 1, A and B. Information on genotyping in CKDGen stage 2 cohorts

are given in the Study-Specific Methods section of the Supplemental

material.
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Bernhard K. Krämer, Igor Rudan, Ulf Gyllensten, James F. Wilson,

Jacqueline C. Witteman, Peter P. Pramstaller, Rainer Rettig, Nick D.

Hastie, Daniel I. Chasman, W. H. Kao, Iris M. Heid, and Caroline S.

Fox.

DISCLOSURES
Dawn Waterworth and Vincent Mooser are employees of GlaxoSmithKline.

REFERENCES

1. Coresh J, Selvin E, Stevens LA, Manzi J, Kusek JW, Eggers P, Van
Lente F, Levey AS: Prevalence of chronic kidney disease in the United
States. JAMA 298: 2038–2047, 2007

2. Lieb W, Mayer B, Stritzke J, Doering A, Hense HW, Loewel H, Erd-
mann J, Schunkert H: Association of low-grade urinary albumin excre-
tion with left ventricular hypertrophy in the general population: The
MONICA/KORA Augsburg Echocardiographic Substudy. Nephrol Dial
Transplant 21: 2780–2787, 2006

3. Hillege HL, Fidler V, Diercks GF, van Gilst WH, de Zeeuw D, van
Veldhuisen DJ, Gans RO, Janssen WM, Grobbee DE, de Jong PE:
Urinary albumin excretion predicts cardiovascular and noncardiovas-
cular mortality in general population. Circulation 106: 1777–1782,
2002

4. Hallan SI, Ritz E, Lydersen S, Romundstad S, Kvenild K, Orth SR:
Combining GFR and albuminuria to classify CKD improves prediction
of ESRD. J Am Soc Nephrol 20: 1069–1077, 2009

5. Arnlov J, Evans JC, Meigs JB, Wang TJ, Fox CS, Levy D, Benjamin EJ,
D’Agostino RB, Vasan RS: Low-grade albuminuria and incidence of
cardiovascular disease events in nonhypertensive and nondiabetic
individuals: The Framingham Heart Study. Circulation 112: 969–975,
2005

6. Klausen K, Borch-Johnsen K, Feldt-Rasmussen B, Jensen G, Clausen
P, Scharling H, Appleyard M, Jensen JS: Very low levels of microalbu-

CLINICAL RESEARCHwww.jasn.org

J Am Soc Nephrol 22: 555–570, 2011 GWAS for Albuminuria 565



minuria are associated with increased risk of coronary heart disease
and death independently of renal function, hypertension, and diabe-
tes. Circulation 110: 32–35, 2004

7. Hemmelgarn BR, Manns BJ, Lloyd A, James MT, Klarenbach S, Quinn
RR, Wiebe N, Tonelli M: Relation between kidney function, protein-
uria, and adverse outcomes. JAMA 303: 423–429, 2010

8. Ritz E, Viberti GC, Ruilope LM, Rabelink AJ, Izzo JL Jr., Katayama S, Ito
S, Mimran A, Menne J, Rump LC, Januszewicz A, Haller H: Determi-
nants of urinary albumin excretion within the normal range in patients
with type 2 diabetes: The Randomised Olmesartan and Diabetes
Microalbuminuria Prevention (ROADMAP) study. Diabetologia 53:
49–57, 2010

9. Fox CS, Yang Q, Guo CY, Cupples LA, Wilson PW, Levy D, Meigs JB:
Genome-wide linkage analysis to urinary microalbuminuria in a com-
munity-based sample: The Framingham Heart Study. Kidney Int 67:
70–74, 2005

10. Mottl AK, Vupputuri S, Cole SA, Almasy L, Goring HH, Diego VP,
Laston S, Shara N, Lee ET, Best LG, Fabsitz RR, MacCluer JW, Umans
JG, North KE: Linkage analysis of albuminuria. J Am Soc Nephrol 20:
1597–1606, 2009

11. Tryggvason K, Patrakka J, Wartiovaara J: Hereditary proteinuria syn-
dromes and mechanisms of proteinuria. N Engl J Med 354: 1387–
1401, 2006

12. Dupuis J, Langenberg C, Prokopenko I, Saxena R, Soranzo N, Jackson
AU, Wheeler E, Glazer NL, Bouatia-Naji N, Gloyn AL, Lindgren CM,
Magi R, Morris AP, Randall J, Johnson T, Elliott P, Rybin D, Thorleif-
sson G, Steinthorsdottir V, Henneman P, Grallert H, Dehghan A,
Hottenga JJ, Franklin CS, Navarro P, Song K, Goel A, Perry JR, Egan
JM, Lajunen T, Grarup N, Sparso T, Doney A, Voight BF, Stringham
HM, Li M, Kanoni S, Shrader P, Cavalcanti-Proenca C, Kumari M, Qi L,
Timpson NJ, Gieger C, Zabena C, Rocheleau G, Ingelsson E, An P,
O’Connell J, Luan J, Elliott A, McCarroll SA, Payne F, Roccasecca RM,
Pattou F, Sethupathy P, Ardlie K, Ariyurek Y, Balkau B, Barter P, Beilby
JP, Ben-Shlomo Y, Benediktsson R, Bennett AJ, Bergmann S, Bochud
M, Boerwinkle E, Bonnefond A, Bonnycastle LL, Borch-Johnsen K,
Bottcher Y, Brunner E, Bumpstead SJ, Charpentier G, Chen YD,
Chines P, Clarke R, Coin LJ, Cooper MN, Cornelis M, Crawford G,
Crisponi L, Day IN, de Geus EJ, Delplanque J, Dina C, Erdos MR,
Fedson AC, Fischer-Rosinsky A, Forouhi NG, Fox CS, Frants R, Fran-
zosi MG, Galan P, Goodarzi MO, Graessler J, Groves CJ, Grundy S,
Gwilliam R, Gyllensten U, Hadjadj S, Hallmans G, Hammond N, Han X,
Hartikainen AL, Hassanali N, Hayward C, Heath SC, Hercberg S,
Herder C, Hicks AA, Hillman DR, Hingorani AD, Hofman A, Hui J,
Hung J, Isomaa B, Johnson PR, Jorgensen T, Jula A, Kaakinen M,
Kaprio J, Kesaniemi YA, Kivimaki M, Knight B, Koskinen S, Kovacs P,
Kyvik KO, Lathrop GM, Lawlor DA, Le Bacquer O, Lecoeur C, Li Y,
Lyssenko V, Mahley R, Mangino M, Manning AK, Martinez-Larrad MT,
McAteer JB, McCulloch LJ, McPherson R, Meisinger C, Melzer D,
Meyre D, Mitchell BD, Morken MA, Mukherjee S, Naitza S, Narisu N,
Neville MJ, Oostra BA, Orru M, Pakyz R, Palmer CN, Paolisso G,
Pattaro C, Pearson D, Peden JF, Pedersen NL, Perola M, Pfeiffer AF,
Pichler I, Polasek O, Posthuma D, Potter SC, Pouta A, Province MA,
Psaty BM, Rathmann W, Rayner NW, Rice K, Ripatti S, Rivadeneira F,
Roden M, Rolandsson O, Sandbaek A, Sandhu M, Sanna S, Sayer AA,
Scheet P, Scott LJ, Seedorf U, Sharp SJ, Shields B, Sigurethsson G,
Sijbrands EJ, Silveira A, Simpson L, Singleton A, Smith NL, Sovio U,
Swift A, Syddall H, Syvanen AC, Tanaka T, Thorand B, Tichet J, Tonjes
A, Tuomi T, Uitterlinden AG, van Dijk KW, van Hoek M, Varma D,
Visvikis-Siest S, Vitart V, Vogelzangs N, Waeber G, Wagner PJ, Walley
A, Walters GB, Ward KL, Watkins H, Weedon MN, Wild SH, Willemsen
G, Witteman JC, Yarnell JW, Zeggini E, Zelenika D, Zethelius B, Zhai
G, Zhao JH, Zillikens MC, Borecki IB, Loos RJ, Meneton P, Magnusson
PK, Nathan DM, Williams GH, Hattersley AT, Silander K, Salomaa V,
Smith GD, Bornstein SR, Schwarz P, Spranger J, Karpe F, Shuldiner AR,
Cooper C, Dedoussis GV, Serrano-Rios M, Morris AD, Lind L, Palmer
LJ, Hu FB, Franks PW, Ebrahim S, Marmot M, Kao WH, Pankow JS,

Sampson MJ, Kuusisto J, Laakso M, Hansen T, Pedersen O, Pram-
staller PP, Wichmann HE, Illig T, Rudan I, Wright AF, Stumvoll M,
Campbell H, Wilson JF, Bergman RN, Buchanan TA, Collins FS,
Mohlke KL, Tuomilehto J, Valle TT, Altshuler D, Rotter JI, Siscovick DS,
Penninx BW, Boomsma DI, Deloukas P, Spector TD, Frayling TM,
Ferrucci L, Kong A, Thorsteinsdottir U, Stefansson K, van Duijn CM,
Aulchenko YS, Cao A, Scuteri A, Schlessinger D, Uda M, Ruokonen A,
Jarvelin MR, Waterworth DM, Vollenweider P, Peltonen L, Mooser V,
Abecasis GR, Wareham NJ, Sladek R, Froguel P, Watanabe RM, Meigs
JB, Groop L, Boehnke M, McCarthy MI, Florez JC, Barroso I: New
genetic loci implicated in fasting glucose homeostasis and their im-
pact on type 2 diabetes risk. Nat Genet 42: 105–116, 2010

13. Prokopenko I, Langenberg C, Florez JC, Saxena R, Soranzo N, Thor-
leifsson G, Loos RJ, Manning AK, Jackson AU, Aulchenko Y, Potter SC,
Erdos MR, Sanna S, Hottenga JJ, Wheeler E, Kaakinen M, Lyssenko V,
Chen WM, Ahmadi K, Beckmann JS, Bergman RN, Bochud M, Bon-
nycastle LL, Buchanan TA, Cao A, Cervino A, Coin L, Collins FS,
Crisponi L, de Geus EJ, Dehghan A, Deloukas P, Doney AS, Elliott P,
Freimer N, Gateva V, Herder C, Hofman A, Hughes TE, Hunt S, Illig T,
Inouye M, Isomaa B, Johnson T, Kong A, Krestyaninova M, Kuusisto J,
Laakso M, Lim N, Lindblad U, Lindgren CM, McCann OT, Mohlke KL,
Morris AD, Naitza S, Orru M, Palmer CN, Pouta A, Randall J, Rathmann
W, Saramies J, Scheet P, Scott LJ, Scuteri A, Sharp S, Sijbrands E, Smit
JH, Song K, Steinthorsdottir V, Stringham HM, Tuomi T, Tuomilehto J,
Uitterlinden AG, Voight BF, Waterworth D, Wichmann HE, Willemsen
G, Witteman JC, Yuan X, Zhao JH, Zeggini E, Schlessinger D, Sandhu
M, Boomsma DI, Uda M, Spector TD, Penninx BW, Altshuler D, Vol-
lenweider P, Jarvelin MR, Lakatta E, Waeber G, Fox CS, Peltonen L,
Groop LC, Mooser V, Cupples LA, Thorsteinsdottir U, Boehnke M,
Barroso I, Van Duijn C, Dupuis J, Watanabe RM, Stefansson K, Mc-
Carthy MI, Wareham NJ, Meigs JB, Abecasis GR: Variants in MTNR1B
influence fasting glucose levels. Nat Genet 41: 77–81, 2009

14. Keating BJ, Tischfield S, Murray SS, Bhangale T, Price TS, Glessner JT,
Galver L, Barrett JC, Grant SF, Farlow DN, Chandrupatla HR, Hansen
M, Ajmal S, Papanicolaou GJ, Guo Y, Li M, Derohannessian S, de
Bakker PI, Bailey SD, Montpetit A, Edmondson AC, Taylor K, Gai X,
Wang SS, Fornage M, Shaikh T, Groop L, Boehnke M, Hall AS, Hat-
tersley AT, Frackelton E, Patterson N, Chiang CW, Kim CE, Fabsitz RR,
Ouwehand W, Price AL, Munroe P, Caulfield M, Drake T, Boerwinkle
E, Reich D, Whitehead AS, Cappola TP, Samani NJ, Lusis AJ, Schadt
E, Wilson JG, Koenig W, McCarthy MI, Kathiresan S, Gabriel SB,
Hakonarson H, Anand SS, Reilly M, Engert JC, Nickerson DA, Rader
DJ, Hirschhorn JN, Fitzgerald GA: Concept, design and implementa-
tion of a cardiovascular gene-centric 50 k SNP array for large-scale
genomic association studies. PLoS One 3: e3583, 2008

15. Kumar P, Henikoff S, Ng PC: Predicting the effects of coding non-
synonymous variants on protein function using the SIFT algorithm. Nat
Protoc 4: 1073–1081, 2009

16. Yuan HY, Chiou JJ, Tseng WH, Liu CH, Liu CK, Lin YJ, Wang HH, Yao
A, Chen YT, Hsu CN: FASTSNP: An always up-to-date and extendable
service for SNP function analysis and prioritization. Nucleic Acids Res
34: W635–W641, 2006

17. Sunyaev S, Ramensky V, Koch I, Lathe W 3rd, Kondrashov AS, Bork P:
Prediction of deleterious human alleles. Hum Mol Genet 10: 591–597,
2001
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