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Significance statement (120 words summary) 

Increased albuminuria is a key manifestation of major health burdens, including chronic kidney 

disease and/or cardiovascular disease. Although being partially heritable, there is a lack of 

knowledge on rare genetic variants that contribute to albuminuria. The current study describes the 

discovery and validation, of a new rare gene mutation (~1%) in the CUBN gene which associates 

with increased albuminuria. Its effect multiplies 3 folds among diabetes cases compared to non-

diabetic individuals.  The study further uncovers 3 additional genes modulating albuminuria levels 

in humans. Thus the current study findings provide new insights into the genetic architecture of 

albuminuria and highlight novel genes/pathways for prevention of diabetes related kidney disease.    
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Abstract 

Identifying rare coding variants associated with albuminuria may open new avenues for preventing 

chronic kidney disease (CKD) and end-stage renal disease which are highly prevalent in patients 

with diabetes. Efforts to identify genetic susceptibility variants for albuminuria have so far been 

limited with the majority of studies focusing on common variants.  

We performed an exome-wide association study to identify coding variants in a two phase 

(discovery and replication) approach, totaling to 33,985 individuals of European ancestry (15,872 

with and 18,113 without diabetes) and further testing in Greenlanders (n = 2,605). We identify a 

rare (MAF: 0.8%) missense (A1690V) variant in CUBN (rs141640975, β=0.27, p=1.3 × 10-11) 

associated with albuminuria as a continuous measure in the combined European meta-analyses. 

Presence of each rare allele of the variant was associated with a 6.4% increase in albuminuria. The 

rare CUBN variant had 3 times stronger effect in individuals with diabetes compared to those 

without (pinteraction: 5.4 × 10-4, βDM: 0.69, βnonDM: 0.20) in the discovery meta-analyses. Gene-

aggregate tests based on rare and common variants identify three additional genes associated with 

albuminuria (HES1, CDC73, and GRM5) after multiple testing correction (p_bonferroni<2.7 × 10-6).  

The current study identifies a rare coding variant in the CUBN locus and other potential genes 

associated with albuminuria in individuals with and without diabetes. These genes have been 

implicated in renal and cardiovascular dysfunction. These findings provide new insights into the 

genetic architecture of albuminuria and highlight novel target genes and pathways for prevention of 

diabetes-related kidney disease. 
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Introduction 

Albuminuria is a manifestation of chronic kidney disease (CKD), a major health burden worldwide 

with a current prevalence of 14.8% in the United States1. In individuals with CKD, changes in 

albuminuria are strongly associated with the risk of end-stage renal disease and death2. Albuminuria 

has also been associated with increased risk of cardiovascular disease and mortality among 

individuals with and without diabetes3-5.  

Family-studies suggest that genetic factors explain 16% to 49% of albuminuria 6. While several 

genome wide association studies (GWAS) of albuminuria have been performed to date, most have 

focused on identifying common genetic variants (minor allele frequency (MAF) ≥ 5%) for 

albuminuria 6-8. In a recent study, we identified rare coding variants for kidney function (estimated 

glomerular filteration rate, eGFR) and development using exome-wide association analyses 9. Here, 

we use a similar approach to identify rare (MAF <1%) or low frequency (MAF 1-5%) coding 

variants for albuminuria in 33,985 individuals of European ancestry with (n=15,872) and without 

(n=18,111) diabetes. 

 

Materials and Methods 
 

Study populations 

The present study comprises a two-stage design: discovery and replication. The discovery set 

includes five cohorts from Denmark (Inter99, Health-2006, Health-2008, Vejle Biobank, and 

Addition-DK) with a total of 13,226 participants (3,896 with and 9,330 without diabetes), described 

previously 10, 11(Supp. Text 1.1).  

The replication set includes multiple studies of European (EUR) descent (nEUR: 20,759; 11,976 with 

and 8,783 without diabetes) including the IMI-SUMMIT consortia (Europe-UK based consortia on 

diabetes cases)12, and Greenlandic (GL) Inuit populations (nGL: 2,605) which are all described in 
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detail in Supp. Text 1.2. The overall study design involving the single SNP association testing and 

Gene based aggregate testing has been presented in form of process flow diagrams (Figure 1A and 

1B). 

The present study was conducted in accordance with the Helsinki declaration and all the 

participating studies were approved by their respective Data Protection Boards and by the regional 

scientific ethics committees. All participants signed a written consent.  

Phenotype measurements 

Albuminuria was diagnosed from a 24-hour urine collection (mg/24 hours), also called the urinary 

albumin excretion rate (AER) or, from spot urine samples measuring urinary albumin and creatinine 

concentrations and calculating their ratio (ACR in mg/g). The methods used to measure AER/ACR 

by participating cohorts have been described in the Supp. table S1.1 with phenotype measures 

summary in Table 1.  

Genotyping and SNP quality control  

Genotyping of the discovery phase studies was performed on the Illumina HumanExome BeadChip 

12V.1.0 containing 2,44,883 single nucleotide polymorphisms (SNPs) plus additional ~17,000 

custom-typed SNPs from the Danish Exome Sequencing Project as described previously 13. The 

total number of SNPs was 263,894 of which most were exome based (non-synonymous/coding) 

gene variants (~90%). Thus, we refer to the present association study as an exome-wide association 

study (Ex-WAS).  

Genotyping methods and quality control (QC) based inclusions and exclusions in the discovery and 

replication (20,759 EUR and 2,605 GL) cohorts have been described in Supp. table S1.2.  

Albeit a total of 54,606 SNPs remained for a total of 13,226 individuals with complete phenotype 

and genotype data in the discovery set. 
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Statistical analyses 

Discovery Phase meta Ex-WAS  

The discovery phase Ex-WAS for albuminuria was first performed in each of the five participating 

studies individually using additive linear regression model adjusting for gender, age, and population 

sub-structure (first ten principal components), and systolic blood pressure (SBP) wherever 

available. Albuminuria measurements were natural log transformed to correct for non-normalised 

data.  

The study-specific results were meta-analysed (meta Ex-WAS) using inverse variance-weighted 

fixed effects meta-analyses where weights are proportional to the squared standard errors of the 

effect estimates. Genomic inflation factor (λ) was at acceptable levels both in the individual study 

Ex-WAS (λinter99 = 1.01, λhealth2006 = 1.0, λhealth2008 = 1.0, λvejle = 0.99, λaddition_dk = 1.01) and in the 

combined discovery meta Ex-WAS (λdiscovery=1.0). A chi-square test for heterogeneity was 

implemented to estimate the heterogeneity in effect sizes across the participating studies. The 

METAL software (http://csg.sph.umich.edu/abecasis/metal/) was used for meta-analyses and the R 

meta package (https://github.com/guido-s/meta) for constructing meta forrest plots (discovery set). 

Ancestry specific linkage disequilibrium (LD) between variants was extracted using the NIH based 

LDlink database (https://analysistools.nci.nih.gov/LDlink/) or through the SNAP (SNP Annotation 

and Proxy Search) (http://archive.broadinstitute.org/mpg/snap/index.php) database.  

Replication Phase meta analyses 

SNPs with p < 5.0 × 10-5 in the discovery meta-analyses were tested for replication in European 

(nEUR: 20,759) and Greenlandic (nGL: 2,605) study cohorts independently using the linear regression 

models (adjusting for study specific covariates). SNPs with imputation quality r2 <0.3 were not used 

for replication. Following this an inverse variance or p value based fixed effects meta-analyses was 
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run (wherever required). Replication meta-analyses with preplication<0.05, were considered 

significant.  

 

Combined (EUR/EUR-GL) Meta analyses 

The combined meta-analyses was firstly performed with all individuals of European ancestry 

(Combined EUR) followed by pooling of Greenlandic data (Combined EUR-GL).  

Any SNP with a) preplication < 0.05 and b) pmeta_EUR/EUR-GL < 5.0 × 10-8  was considered overall 

significant while those with 5.0 × 10-5  > pmeta_EUR/EUR-GL > 5.0 × 10-8 were considered suggestive. 

Conditional analyses 

Conditional analyses for novel SNPs identified in known loci (and/or in low LD, LDr2<0.01) were 

performed to determine if the signal was independent (in discovery set). This was performed using 

the following linear model:  

trait ~ top identified SNP + secondary known SNP + other covariates. If the top SNP retained the 

association estimates and p value it was considered an independent signal. 

Gene Aggregate Tests 
 
Gene-based multi-marker association testing for rare and common (MAF > 0.0001) variants was performed 

using the Meta Analyses for SNP-Set (Sequence) Kernel Association Test (MetaSKAT) R package 

(https://cran.r-project.org/web/packages/MetaSKAT/index.html). At the study-specific level, the gene-based 

analyses were performed against the null model accounting for gender and ten principal components, (using 

the previously described SKAT-O method) 14 generating SKAT objects individually for each cohort with 

complete ExomeWAS data (discovery studies + MDCS study, nstudies = 6)) which were then meta-analyzed. 

 The meta-analyses of the summary-level score statistics were run using the Hom-Meta-SKAT-O “optimal” 

method (optimal linear combination of burden and SKAT statistics) which assumes that different studies 

share the same causal variant, weighing them equally. An alternate method, Het-Meta-SKAT-O, which is 

based on the assumption that studies/groups may have different causal variants, was also tested. Genes with 
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less than 2 contributing variants were filtered out. A Bonferroni-based correction was applied on 18, 026 

gene sets tested (padjusted<2.7 × 10-6).  

Phenome Scanning: SNP-trait associations from publicly available data (GWAS, eQTL based gene 

expression, and SNP-Metabolite associations) 

The Pheno Scanner database (http://www.phenoscanner.medschl.cam.ac.uk/phenoscanner) comprising 

publicly available results for SNP-trait associations (GWAS, eQTL and metabolomics data) for the European 

ancestry 15 was used to mine known SNP-Trait associations of the current SNP findings.  

SNP functionality prediction: SIFT 

We used the SIFT (Sorting Intolerant from Tolerant) database to check whether any top coding 

variant was associated with functional by nature (http://sift.bii.a-star.edu.sg/). 

RESULTS 

SNP-Albuminuria Association Analyses 

Discovery Phase 

In stage 1 discovery phase meta-analyses comprising five Danish studies (ntotal: 13,226), three independent 

SNPs reached pdiscovery < 5.0 × 10-5. This included two rare variants (MAF<0.01) in CUBN and LMX1B and 

a common variant in KCNK5. The quantile-quantile (QQ) and manhattan plot (stage 1) can be found 

in the supplementary material (Supp. figures S1a and S1b) along with the locus zoom plots for the 

3 top SNP signals (Supp. figures S2a, S2b, and S2c).  

Top signal in CUBN (cubilin) gene rs141640975 is a rare (MAF: 0.0083) missense (A1690V) SNP 

with the A allele associated with increased albuminuria (β: 0.25; pdiscovery: 1.2 × 10-5, Table 2, Supp. 

figure S3). The KCNK5 (potassium two pore domain channel subfamily K member 5) common 

(MAF: 0.23) intronic SNP rs10947789 minor (C) allele (β: 0.05; pdiscovery: 1.6 × 10-5, Table 2, 

Supp. figure S4) and the LMX1B (LIM homeobox transcription factor 1 beta) rare (MAF: 0.0089) 

intronic SNP rs140177498 T allele associated with increased albuminuria (β: 0.26; pdiscovery: 8.7 × 

10-6, Table 2, Supp. figure S5).  
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Diabetes stratified SNP-albuminuria effects 

Effect of diabetes status on SNP-albuminuria association was assessed in the discovery set (3,896 

diabetic (DM) and 9,330 non diabetic (NDM) individuals) after pooling individual genotype data on 

all participants, through an interaction model. Replication studies were not included in this analyses 

due to non-availability of individual level genotype data.  

Significant inter-group (DM and Non-DM) differences in effect estimates were observed through 

the interaction model (trait ~ SNP + DMstatus + SNP*DMstatus) with a pinteraction: 5.4 × 10-4. 

Effect estimate of CUBN rs141640975 were more than 3 folds in the DM group (β: 0.69; pDM: 2.0 × 

10-5, Supp. figure S3a) in comparison to the Non-DM group (Supp. table S1.3, Supp. figure S3b).   

There was no significant interaction effect detected for the other 2 SNPs (rs10947789 and 

rs140177498, pinteraction>0.05). Individual SNP effects in DM stratified analyses as forrest plots for 

KCNK5 and LMX1B (DM and NDM) are depicted in the Supplementary material (Supp. figures 

S4a, S4b, S5a, and S5b).  

Replication Phase  

Replication of the three SNPs (CUBN rs141640975, LMX1B rs140177498 and KCNK5 rs10947789) 

was sought in up to 20,759 individuals (nDM: 11,976; nnon-DM: 8,783) with measures on albuminuria.  

The CUBN rs141640975 replicated strongly (nreplication_CUBN: 9,742; preplication: 2.8 × 10-7), while the 

KCNK5 rs10947789 replicated nominally (nreplication_KCNK5: 20,757; preplication: 0.03). The LMX1B 

rs140177498 did not replicate (nreplication_LMX1B: 13,233; preplication: 0.43) (Table 2) and was not 

analyzed any further. 

Combined Meta-analyses (EUR and EUR-GL) 
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The combined meta-analyses (EUR: discovery + replication) comprised a total of 33,985 EUR 

individuals while the EUR-GL comprised 36,590 individuals in the pooled set (Table 2). Only 

KCNK5 SNP was available in the Greenlandic data for replication.  

The CUBN rs141640975 remained significant after the combined EUR meta-analyses (pmeta_EUR: 1.3 

× 10-11), whereas the KCNK5 SNP reached suggestive significance (5.0 × 10-5 > pmeta_EUR-GL < 5.0 × 

10-8) in the EUR only and EUR-GL meta-analyses (Table 2).  

 Conditional analyses 

Conditional analyses for the identified CUBN rare variant rs141640975 (GRCh37.p13 Position: 

16,992,011, MAF: 0.008) was carried out with respect to the known CUBN common SNP 

rs1801239 (GRCh37.p13 Position: 16,919,052, MAF: 0.10) which is ~73 kbp distant (LD: 

r2:0.0002, D’:1.0) with each other. The effect estimates for the novel variant rs141640975 did not 

change before (prs141640975: 8.8 × 10-7, β: 0.33) and after conditioning (prs141640975_condition: 8.5 × 10-7, 

β: 0.33) with the known CUBN SNP rs1801239 (prs1801239:0.0002, β: 0.05) as depicted in Supp. 

table S1.4. Conditional Locus zoom plot for CUBN index rare variant and known common SNP 

available in Supp. Material (Supp. figure S2d). 

Gene Aggregate Tests 

Applying the Hom-O-SKAT Meta (weighted) optimal test on data from six studies (five discovery 

phase cohorts and the MDCS cohort) comprising a total of 15,867 individuals, we identified three 

genes surviving Bonferroni correction threshold (pBonferroni<2.7 × 10-6, ngenesets: 18,026; Table 3). 

These were HES1 (p: 3.7 × 10-9) in chromosome 3, CDC73 (p: 6.4 × 10-9) in chromosome 1, and 

GRM5 (p: 1.6 × 10-6) in chromosome 11 (Table 3). The number of SNPs in each gene ranged 

between 2 to 7.  

SNP- Other trait associations (GWAS, eQTL, Metabolomics) 
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Pheno Scanner based results on published literature suggests that the CUBN rare SNP is associated 

with creatinine levels in a blood based metabolomics study (p: 0.014).  

The suggestive KCNK5 SNP is a known CAD GWAS significant locus. Additional traits associated 

with rs10947789 C allele include urinary albumin creatinine ratio (UACR, CKD-gen consortia, β: 

0.025, p: 5.6 × 10-4), myocardial infarction (CARDIoGRAMplusC4D consortia, β: -0.059, p: 1.4 × 

10-6), visual refractive error (β: 0.11, p: 0.003), and birthweight (Early Growth Genetics (EGG) 

Consortium, β: 0.025, p<0.007).  

eQTL data suggests rs10947789 C allele specific gene expression associations within adrenal gland 

(β: 0.51, p: 2.5 × 10-5), subcutaneous adipose tissue (β: 0.34, p: 7.2 × 10-5), lymphoblastoid cell line 

(β: 0.03, p: 0.0019) and tibial nerve (β: 0.15, p: 0.002).  

Detailed SNP-trait associations (GWAS, eQTL and serum metabolome) have been documented in 

Supp. tables S1.5a-c.   

SNP Functionality Prediction: SIFT 

We used the SIFT (Sorting Intolerant from Tolerant) database (web version) to check whether any 

top coding variant was associated with functional by nature (http://sift.bii.a-star.edu.sg/). CUBN 

missense rare SNP rs141640975 was described as functionally deleterious with a SIFT median 

value of 3.44 (Supp. Table S1.6).    

Discussion 

In the discovery meta Ex-WAS of 13,226 Europeans (5 cohorts) followed by replication in 20,759 

Europeans (12 cohorts) and 2,605 Greenlandic Inuit (2 cohorts), we identify one novel CUBN 

variant associated with albuminuria levels in the combined European meta-analyses.  

Albeit CUBN is a known locus for albuminuria, the identified rare missense variant shows 

independent effects (with respect to the known CUBN common SNP), stronger within the diabetes 

versus non-diabetes group (pinteraction: 5.4 × 10-4). This rare variant explains upto 6.4% variance per 
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rare allele (in a model adjusted for age and gender) of albuminuria levels (natural log transformed). 

Also the gene-based tests identify three additional genes (HES1, CDC73, and GRM5) that associate 

with albuminuria (pBonferroni<2.7 × 10-6) in a meta-analyses comprising six Scandinavian cohorts.  

Another SNP passing discovery stage in the KCNK5 gene replicates (p = 0.03) and seems 

interesting, but does not reach the genome wide threshold in the combined European-Greenlandic 

(EUR-GL) meta-analyses (p: 9.1 × 10-6, Table 2).  

Albeit there have been a few albuminuria GWAS in the past decade6-8, 16 they have all 

examined the common genetic variants (MAF>0.05). On the contrary this study explores the low 

frequency (0.01> MAF<0.05) and rare (MAF ≤ 0.01) variant range particularly from the coding 

region (exome) of the genome. Some of these rare variants may explain part of the missing 

heritability. 

 While common variants in CUBN have been previously reported to associate with 

albuminuria in individuals of European, African, and Hispanic ancestry6, 17 the rare missense 

(A1690V) SNP rs141640975 in CUBN which we identify is not in LD with the known lead SNP 

rs1801239 (r2
LD : 0.0002, D’LD: 1.0) for European ancestry. The conditional analyses confirms 

rs141640975 to be an independent signal with respect to the known common SNP rs1801239 

(pconditional: 8.5 × 10-7, Supp table S1.4) with the minor allele (A) associated with increased levels of 

albuminuria. Further analyses stratified on diabetes status revealed a 3.5 times higher effect of 

rs141640975 among DM compared to NDM (Supp. table S1.3) group in the discovery meta-

analyses suggesting potential clinical implications.  

Cubilin, encoded by the CUBN gene, is expressed in the apical brush border of proximal 

renal tubule cells (PTCs) and forms a complex with megalin protein to promote albumin re-uptake6, 

18. Since cubilin protein is a co-receptor not only for tubular resorption but also for the intestinal 

vitamin B12-intrinsic factor complex, CUBN mutations lead to hereditary form of megaloblastic 
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anemia (or Imerslund-Grasbeck syndrome) characterized by tubular proteinuria and vitamin B12 

malabsorption 21, 23. Moreover, a recent exome sequencing study revealed a homozygous frameshift 

mutation in CUBN associated with the only cause of proteinuria in affected family members21. 

Despite being a disease gene, recent exome sequencing studies and related reference databases 

(ExAC20) have shown that damaging variants of CUBN are rather frequent in “non-diseased” 

populations and are thus well tolerated by humans19, 20. On this basis, it was recently hypothesized 

that the tubular proteinuria caused by cubilin deficiency could actually be protective against tubular 

overload, seen, for example, in nephrotic syndrome or even diabetic kidney disease 19. As CUBN 

rs141640975 has been shown to be associated with lower serum creatinine (p: 0.014, Supp. table 

S1.5c) in a recent meta-GWAS of circulating metabolites22 and causes albuminuria also in the 

general population group, our study supports the idea that functional variations in CUBN might not 

be damaging and instead protective. The SIFT database testing functionality of the non-

synonymous SNPs resulting in amino acid changes (based on sequence homology and the physical 

properties of amino acids), suggests CUBN rs141640975 to be a functional (Supp. table S1.6).  

The suggestive common SNP rs10947789 in the KCNK5 locus previously a known locus for 

CAD24, 25 (Supp. table S1.5a) encodes the potassium two pore domain channel subfamily K 

member 5 protein which is mainly expressed in the cortical distal tubules and collecting ducts of the 

kidney. This protein is highly sensitive to pH26, and its functional inactivation may lead to renal 

acidosis 27, dysregulated membrane potential of pulmonary artery myocytes 28, and apoptotic 

volume decrease 29, as suggested by animal and in vitro studies.  

Pheno Scanner data mining resource, revealed rs10947789 minor allele (C) associated with 

increased albuminuria (pooled and diabetes subset)7, visual refractive error30, and birthweight31 in 

Europeans, while lumbar spine bone mineral density32 in European and East Asian ancestries 

(Supp. table S1.5a). This was supportive of what we find in the current study. eQTL based look 
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ups indicate rs10947789 associated strongly with KCNK5 expression in the adrenal gland (p: 2.5 × 

10-5) and subcutaneous adipose tissue (p: 7.2 × 10-5), while nominally in the nervous system tissues 

(p<0.01), suggesting a functional role in the kidneys and adipose tissue (Supp. table S1.5b). 

KCNK5 is also associated with Balkan endemic nephropathy33. Overall, the KCNK5 locus may play 

an important role in the cardio-renal axis through modification in albuminuria levels.  

We performed gene-based tests in order to capture the aggregate effect of gene-specific rare and 

low frequency variants on albuminuria. Three new genes that were found associated with 

albuminuria where HES1, CDC73 and GRM5.  

HES1 gene is a transcription factor that is ubiquitously expressed in most organs, also including the 

kidneys, and has been documented to be involved in Notch signaling pathways that play a role in 

renal fibrosis34, glomerulosclerosis35, and other forms of kidney disease34, 36.  The CDC73 gene is a 

tumor suppressor gene whose mutations have been associated to hyperparathyroidism-jaw 

syndrome and familial hyperparathyroidism37. Albuminuria is associated with hyperparathyroidism 

which is a complication of CKD38, and the present findings may thus suggest a plausible link 

between the two.  

GRM5 encodes glutamate metabotropic receptor 5 which is a G protein coupled receptor 

involved in second messenger signaling activated by phosphatidylinositol-calcium. Variants in the 

metabotropic glutamate receptor group I pathway, including GRM1 and GRM5, were strongly 

enriched in the pathway analysis of a previous GWAS on albuminuria in individuals with type 1 

diabetes from the FinnDiane study8, without any overlapping individuals with the current gene 

aggregate meta-analysis. GRM5 was recently documented to be expressed in podocytes, also 

associating with podocyte apoptosis in animals39, and reported pharmacological effects in humans40.  

In summary, we identify a novel rare coding CUBN variant implicated in elevated 

albuminuria levels especially in individuals with diabetes. Further we also identify additional novel 
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genes associated with albuminuria through an alternate gene-aggregate approach among Europeans. 

Our findings provide fresh insights into the genetic architecture of albuminuria and highlight new 

targets, genes and pathways for the prevention and treatment of diabetic kidney disease. 
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Table 1.  Clinical characteristics of the subjects for individual cohorts: Pooled and stratified on 
diabetes status: Discovery and Replication stages. 

 

Study Name Sample 
Set 
Type 

N  Women, 
% 

Age*, 
years 
 

ACRa,* 
(mg/g) or 
AERb,* 
(mg/24Hrs)  

Diabetes, 
% 

Diabetes, 
Type  

Diabetes 
duration, 
years* 
 

Stage 1 (Discovery) 

Addition-DK All 2013 47.3 59.6 
(7.0) 

5.3 (1.8-
14.1)a 

81.6 Type 2 - 

DM 1,643 43.9 60.1 
(6.8) 

5.3 (1.8-
15.0)a 

- 

Non-
DM 

370 62.4 57.6 
(7.4) 

4.4 (1.8-
12.3)a 

- 

Health2006 All 2,658 51.3 49.6 
(12.8) 

5.0 (4.0-
8.0)a 

0 - - 

Health2010 All 642 55.6 46.6 
(8.2) 

4.0 (3.0-
5.0)a 

0 - - 

Inter99 All 5,971 50.9 46.1  
(7.9) 

3.0 (2.0-
5.0)a 

5.2 Type 2 - 

DM 311 37.6 51.0 
(7.1) 

4.0 (3.0-
10.0)a 

- 

Non-
DM 

5,660 51.6 45.9 
(7.8) 

3.0 (2.0-
5.0)a 

- 

Vejle Biobank DM 1,942 38.1 63.4 
(8.7) 

8.5 (4.8-
16.2)b 

100 Type 2 - 

Stage 2 (Replication 1): EUROPEANS 
DanFUNd All 7,364 47.3 52.1 

(13.1) 
5.0 (5.0-
5.0)a 

6.3 Type 2 - 

 DM 449 43.9 60.4 
(8.8) 

5.0 (5.0-
13.0)a 

- 

 Non-
DM 

6,915 62.4 51.4 
(13.3) 

5.0 (5.0-
5.0)a 

- 

Genesis/Genediab DM 1,249 52.2 42.2 
(11.9)  

10 (4.5-
120)a 

100 Type 1 25.6 
(10.2) 

MDCS All 2,641 56.5 73.0 
(5.6) 

5.3 (3.5-
10.6)a 

21 Type 2 - 

 DM 547 48.3 73.6 
(5.4) 

7.1 (3.5-
19.5)a 

- 

 Non-
DM 

2,094 58.6 72.9 
(5.6) 

5.3 (3.5-
9.7)a 

- 

SUMMIT Consortium (Diabetes cohorts) 

Benedict (Phase 
A and B) 

DM 324 32.7 68.1 
(7.7) 

17.3 (4.6-
55.6)b 

100 Type 2 17.2 (7.1) 

Cambridge DM 245 46.9 23.1 6.9 (4.6- 100 Type 1 15.7 (6.5) 
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(9.9) 15.1)a 
Eurodiab DM 680 50.0 42.5 

(9.9) 
23.9 (22.6-
25.3)b 

100 Type 1 24.7 (8.4) 

FinnDiane DM 2,840 50.6 43.9 
(11.7) 

11.0 (5.0-
89.6)b  

100 Type 1 29.1 
(10.0) 

GoDarts 1 DM 3,530 46.0 67.0 
(0.7) 

408.1 
(342.9-
466.1)a 

100 Type 1 7.5 (6.0) 

GoDarts 2 DM 2,805 43.0 66.8 
(11.8) 

447.4 
(360.8-
525.3)a  

100 Type 2 7.3 (6.2) 

SDR (Type1)  DM 598 43.0 48.6 
(13.7) 

8.6 (4.3-
50.4)b  

100 Type 1 31.9 
(13.3) 

SDR (Type2) DM 1,426 41.3 65.6 
(10.7) 

18.7 (7.2-
100.8)b  

100 Type 2 14.3 (7.6) 

Steno Type 2 
Diabetes 

DM 295 39.3 61.5 
(8.1) 

50.5 (13.9-
893.0)b  

100 Type 2 15.1 (6.8) 

Stage 2 (Replication 2): GREENLANDERS  

Greenlanders 
(IHIT + B99) 

All 2,605 
(IHIT=2,519; 
B99=86) 

53.7 44.1 
(14.5) 

8.0 (6.0-
14.0) a 
 

8.1 - - 

*Age and diabetes duration are in mean ± standard deviation while ACR (mg/g)/AER (mg/24 hrs.) are represented as Median (IQR: Inter quartile 
range). For some studies AER was converted from µ g/min to mg/24 hours by a multiplication factor of 1.44 (µ g/minute × 1.44= mg/24 hours or 
mg/g). Sample Set Type is represented as All: All the individuals in the cohort. All= DM + Non-DM. These have been further stratified based on 
presence (DM) or absence of diabetes (Non-DM). ACR: Urinary albumin-creatinine ratio, AER: albumin excretion rate; DM: Diabetes Mellitus. The 
number of individuals in the phenotyping summary in this table may not match the association summary numbers in actual analyses due to missing 
genetic information for some individuals. 
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Table 2. Association analyses results on top SNPs from Ex-WAS discovery, replication and combined 
meta-analyses including Europeans (EUR) and Europeans + Greenlanders (EUR + GL), for 
albuminuria.  

SNP Characteristics Discovery 
n = 13, 226 

Replication 
n = 20, 759 

COMBINED 
(EUR)  

n = 33, 985  

COMBINED 
(EUR and GL) 

n = 36, 590  
SNP 
(rsID)* 

Gene Chr 
(Pos
) 
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OA 
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A 

SE Pdiscov

ery 
N  BET

A 
Preplica

tion 
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N Pme

ta  
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Novel SNP (Pmeta < 5.0 × 10-8) 
rs141640
975 

CUB
N 

10  
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920
11)  

misse
nse 
(A169
0V) 

A/G 0.0
08 

0.26
6 

0.0
61 

1.2e-
05 

9,74
2 

0.27
9 

2.9e-
07 

22,8
66 

1.3e-
11 

- -  - 

Suggestive SNP (5.0 × 10-5 >  Pmeta > 5.0 × 10-8) 
rs109477
89 

KCN
K5 

6 ( 
391
749
22) 

Intron
ic 

C/T 0.2
3 

0.05
4 

0.0
12 

1.6e-
05 

20,7
59 

- 0.03 33,9
85 

1.5e-
05 

36,5
90 

9.1
e-
06 

0.8
4 

SNPs with Pmeta< 5.0 × 10-8 are novel and 5.0 × 10-8 < Pmeta < 5.0 × 10-5 are suggestive. *SNPs were selected for replication based on Pdiscovery<5.0 × 
10-5. Abbreviations: SNP: Single nucleotide polymorphism; Chr: Chromosome, Pos: SNP Position in base pairs from the GRCh37 assembly build in 
dbSNP; EA/OA: Effect allele/other allele, EAF: effect allele frequency, SE: standard error, P: P value for association, N: number of individuals in the 
analyses, EUR: European ancestry (discovery + replication), GL: Greenlanders, EUR and GL (Europeans and Greenlanders combined meta-analyses). 
Discovery set is based on n upto 13,226 individuals (3,896 with and 9,330 without diabetes). BETA values correspond natural log transformed 
Albuminuria levels (ACR:mg/g or AER:mg/24 hours). 
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Table 3: Genes associated with albuminuria through gene-aggregate tests. 

Gene Chr P value Nsnps/
set 

Full Gene name Alternate Gene 
Symbols 

Gene_ID 
(NCBI) Dec, 
21, 2017 

HES1 3q29 3.7 × 10-9 2 hes family bHLH 
transcription factor 
1 

HHL; HRY; HES-
1; bHLHb39 

3280 

CDC73 1q31.2 6.4 × 10-9 2 cell division cycle 
73 

HYX; FIHP; 
HPTJT; HRPT1; 
HRPT2; C1orf28 

79577 

GRM5 11q14.2-
q14.3 

1.6 × 10-6 7 Glutamate 
metabotropic 
receptor 5 

mGlu5; GPRC1E; 
MGLUR5; 
PPP1R86 

2915 

All results significant at p < 2.7 × 10-6 , after correction for (Bonferroni’s) multiple testing and are based on 6 study cohorts (discovery set + MDCS).  
Inclusions for gene aggregate tests are based on presence of at least 2 SNPs/gene set which makes n=18,026 gene tests to be available for testing. The 
SKAT-cohort function was used to run each cohort, adjusting for age, sex, PCs + study specific covariates. Following this the Meta SKAT function 
and Hom-O-SKAT (weighted) model was used to meta-analyze individual cohort data. The rest of the replication studies did not have data/resources 
available to run these analyses and therefore couldn’t participate. Methodological flow is presented in Figure 1B. Chr: Chromosome.  

Main Figures: 

Figure 1. Study Design Overview: 

A. Exome wide association study (Ex-WAS) on Albuminuria: A multi stage study on Europeans and 
Greenlanders 
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B. Gene Aggregate Testing: Identifying trait associated genes, based on summary score statistics 
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