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Abstract 

Diabetes is the most common cause of chronic kidney disease (CKD).  For patients with 

diabetes and CKD, the underlying cause of their kidney disease is often assumed to be a 

consequence of their diabetes.  Without histopathological confirmation, however, the underlying 

cause of their kidney disease is unclear.  Recent studies have shown that next-generation 

sequencing (NGS) provides a promising avenue toward uncovering and establishing precise 

genetic diagnoses in various forms of kidney disease.  Here, we set out to investigate the genetic 

basis of disease in non-diabetic kidney disease (NDKD) and diabetic kidney disease (DKD) 

patients by performing targeted NGS using a custom panel comprised of 345 kidney disease-

related genes.  Our analysis identified rare diagnostic variants that were consistent with the 

clinical diagnosis of 19% of the NDKD patients included in this study.  Similarly, 22% of DKD 

patients were found to carry rare pathogenic/likely pathogenic variants in kidney disease-related 

genes included on our panel.  Genetic variants suggestive of NDKD were detected in 3% of the 

diabetic patients included in this study.  Our findings suggest that rare variants in kidney disease-

related genes in the context of diabetic pathophysiology may play a role in the pathogenesis of 

kidney disease in patients with diabetes.   
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Key Messages 

1. What is already known about this subject? 

• For patients with diabetes and chronic kidney disease, the underlying cause of 

their kidney disease is often assumed to be a consequence of their diabetes; 

without histopathological confirmation, however, the underlying cause of their 

kidney disease is unclear.   

• Next-generation sequencing (NGS) provides a promising avenue toward 

uncovering and establishing precise genetic diagnoses in various forms of kidney 

disease.   

2. What are the new findings? 

• Using targeted NGS and a custom panel comprised of 345 kidney disease-related 

genes, we found that 22% of diabetic kidney disease patients were found to carry 

rare pathogenic/likely pathogenic variants in kidney disease-related genes 

included on our panel.   

• Genetic variants suggestive of non-diabetic kidney disease were detected in 3% of 

the diabetic patients included in this study. 

 

3. How might these results change the focus of research or clinical practice? 

• Our findings suggest that rare variants in kidney disease-related genes in the 

context of diabetic pathophysiology may play a role in the pathogenesis of kidney 

disease in patients with diabetes.   
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• Importantly, improved understanding of the underlying disease process in diabetic 

kidney disease could have major implications in terms of patient care and 

monitoring as well as for research studies in this field.   
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Introduction 

Diabetes is the most common cause of chronic kidney disease (CKD) (1).  Continued 

increase in the world-wide prevalence of diabetes has led to an increase in the global prevalence 

of diabetic kidney disease (DKD), also known as diabetic nephropathy (2).  For patients with 

diabetes and CKD, the underlying cause of their kidney disease is often assumed to be a 

consequence of their diabetes.  However, without histopathological evidence, it’s unclear 

whether such patients have true DKD, non-diabetic kidney disease (NDKD), or concomitant 

DKD and NDKD.   

The only way to truly determine whether CKD in patients with diabetes is a direct 

consequence of diabetes is to perform renal biopsies.  Unfortunately, renal biopsies are not 

clinically indicated in the diagnosis of DKD.   Interestingly, recent investigations of renal 

biopsies from patients with type 1 diabetes (T1D) or type 2 diabetes (T2D) and CKD have shown 

that as many as 30-83% of patients diagnosed with DKD actually had kidney disease attributed 

to non-diabetic causes (3-5).  Familial focal segmental glomerulosclerosis (FSGS), followed by 

hypertensive nephropathy, acute tubular necrosis, and IgA nephropathy were the most common 

diagnoses observed in diabetic patients found to have NDKD (6).  Among T1D patients, the 

prevalence of NDKD is estimated to be 2-3%, while more than 60% of T2D patients are likely to 

have NDKD with or without DKD (6).  Importantly, accurately identifying a patient’s primary 

cause of CKD is a crucial component of its proper classification, prognosis, and management.   

Recent studies conducted primarily in patients with NDKD have shown that next-

generation sequencing (NGS) provides a promising avenue toward uncovering and establishing 

precise genetic diagnoses in various forms of kidney disease (7-12).  The diagnostic yield from 

these studies range from approximately 10-40% and are highest among patients with congenital 
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or cystic renal disease.  While these studies all show the utility of NGS in providing a molecular 

diagnosis for patients with heritable forms of kidney disease, whether this technology could also 

aid in the genetic diagnosis of patients with DKD is unclear.  Importantly, improved 

understanding of the underlying disease process in DKD could have major implications in terms 

of patient care and monitoring as well as for research studies in this field.  To date, no study has 

examined the distribution of rare variants in known kidney disease-related genes in patients with 

DKD.  To address this, we performed targeted NGS using a custom gene panel comprised of 345 

kidney disease-related genes in 222 patients with CKD, including 98 NDKD and 124 DKD 

patients. 
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Methods 

Study Cohorts 

A total of 222 patients with CKD, including 98 non-diabetic patients (NDKD) and 124 

diabetic (DKD) patients, were recruited to the Utah Kidney Study from participating nephrology 

dialysis centers in the University of Utah Health Center (UUHSC) network between January 1, 

2017 and December 31, 2018.  All patients provided detailed medical and family history 

information through patient questionnaires.  All diabetic patients included in this study had a 

diagnosis of diabetes that predated their CKD diagnosis and reported diabetes as the primary 

cause of their CKD.  Additional medical information, including CKD-related diagnoses, diabetes 

status, and measures of kidney function (i.e., serum creatinine and eGFR measurements), were 

obtained through the UUHSC’s electronical medical records (EMRs).  Blood and urine samples 

were obtained at time of recruitment.  Serum creatinine measurements, determined at ARUP 

Laboratories (Salt Lake City, UT) by standard enzymatic methods, and the Chronic Kidney 

Disease Epidemiology Collaboration (CKD-EPI) (13) were used to estimated GFR at the time of 

recruitment.  Genomic DNA was isolated from blood samples using a standard 

phenol:chloroform DNA extraction protocol.  Written and informed consent was obtained from 

all participants.  This study was approved by the University of Utah Institutional Review Board 

(IRB_00098113 and IRB_00109765). 

 

Kidney Disease-related Gene Panel and Targeted Next-Generation Sequencing  

A custom gene panel was designed for simultaneous interrogation of genetic variation 

across 345 kidney disease-related genes (Supplemental Table 1).  Kidney disease-related genes 

were selected using the Human Genome Database (www.hgmd.com), Online Mendelian 
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Inheritance in Man (OMIM; www.omim.org) and a comprehensive literature review.  Genomic 

positions of the coding sequence of all 345 genes were obtained from the Consensus Coding 

Sequence database (www.ncbi.nlm.nih.gov/CCDS.CcdsBrowse.cgi), Release 20).  All exons and 

exon-intron boundaries of these genes were captured using a custom capture assay (Agilent 

Technologies, Santa Clara, CA).  The targeted sub-genome spanned a total of 972,494 basepairs.  

Samples were fragmented using a Covaris S2 ultrasonicator (Covaris, Woburn, MA) and 

prepared for sequencing on an Illumina HiSeq2500 using a custom DNA library preparation 

protocol based on the method described by Rohland et al. (14).   

Following sequencing, the resulting reads were aligned to the human reference genome 

(hg19) with Sentieon BWA (Sentieon, Mountain View, CA).  Evaluation of the aligned reads 

and variant calling was performed using the Sentieon DNAseq pipeline.  Six samples were 

excluded from variant calling and downstream analysis due to insufficient read depth.  The 

average read depth across the 216 remaining samples was 309X with 98.1% of bases above 15X 

coverage.  We then inferred family relationships among these patients using ~9,000 informative 

SNPs from the targeted sequencing data and the Kinship-based INference for Gwas (KING) 

software (15).  We identified 10 first-degree relative pairs (kinship coefficient > 0.125).  

Following removal of one member from each of these relative pairs, the final NDKD and DKD 

cohorts included 97 and 109 patients, respectively.  Clinical characteristics for these patients are 

presented in Table 1. 

 

Variant Analysis 

The resulting variant call format (VCF) file was annotated using ANNOVAR (16) and 

filtered based on variant function (nonsynonymous, stop gain/loss, splicing, frameshift 
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insertion/deletion, and in-frame insertion/deletion variants) and minor allele frequencies (MAF; 

< 0.1% global population MAF) in the Genome Aggregation Database (gnomAD; 

gnomad.broadinstitute.org/) (17), a population-level database of genomic variant frequencies 

derived from large-scale exome and genome sequencing data.  The clinical significance of these 

candidate rare, functional variants was interpreted using InterVar (18) following the 2015 

American College of Medical Genetics and Genomics and the Association for Molecular 

Pathology (ACMG-AMP) standards and guidelines (19).  Variants classified as ‘pathogenic’ or 

‘likely pathogenic’ according to these guidelines and that followed the inheritance pattern 

(dominant or recessive) associated with disease were considered to be diagnostic variants causal 

of the patient’s nephropathy.  Although phasing information was not available, we considered 

individuals with at least 2 rare (MAF < 0.1%) heterozygous genotypes in a single gene to be 

putative compound heterozygous carriers under a recessive model.  In addition, multiple 

computational prediction algorithms, including SIFT (20), Polyphen2 (Polyphen2_HDIV and 

Polyphen2_HVAR) (21), MutationTaster (22), M-CAP (23) and LRT (24), were utilized to aid in 

the interpretation of nonsynonymous variants classified as ‘variants of unknown significance’ 

(VUSs) by the ACMG-AMP guidelines.  In line with these guidelines, supportive evidence of 

pathogenicity was considered for VUSs predicted to be damaging by at least 5 of these 6 

prediction methods.   

 Additionally, we performed copy-number variant (CNV) analysis using Atlas-CNV, a 

method for detecting and prioritizing high-confidence CNVs in targeted NGS data (25).  As 

recommended by the developers of this program, CNVs with a log2 score -0.6 (losses) and 0.4 

(gains), corresponding to confidence scores (C-scores) of -7.49 and 5.01, respectively, were 
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called.  All prioritized CNVs were visualized using the Integrative Genomics Viewer software 

program (26) and inspected manually.  

 

Statistical Analysis   

Continuous data are presented as the median (1st, 3rd quartile).  Dichotomous data are 

shown as n (percentage).  Differences between the NDKD and DKD groups were assessed using 

χ2 tests and Fisher’s Exact Test (or Test for Trend) for dichotomous variables and unpaired t 

tests for continuous data comparisons using SAS software version 9.4 (SAS Institute, Cary, NC).  

Gene-based rare variant association burden testing of identified variants using the SNP-set 

(Sequence) Kernel Association Test (SKAT) (27).  Two-tailed p-values less than 0.05 were 

considered statistically significant.   
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Results 

Diagnostic Variants in Kidney Disease-related Genes in NDKD Patients 

Using our targeted sequencing panel, we identified 1,259 rare, functional variants (i.e., 

nonsynonymous, stop gain/loss, splicing, frameshift insertion/deletion, and in-frame 

insertion/deletion variants) in 345 kidney disease-related genes among 206 patients included in 

this study (Supplemental Table 2 and Supplemental Table 3).  Of these variants, 63 (5.0%) 

were classified as pathogenic or likely pathogenic using the ACMG-AMP guidelines; the 

remaining variants were classified as VUSs (n=1,024; 81.3%) or benign/likely benign variants 

(n=172; 13.7%).   

In total, pathogenic or likely pathogenic variants were identified in 35 of the 97 NDKD 

patients (36%) included in our study (Supplemental Table 4).  We identified diagnostic variants 

(i.e., pathogenic or likely pathogenic variants consistent with the inheritance pattern associated 

with the patient’s clinical diagnosis) in 18 of the 97 NDKD patients (18.6%) included in our 

study (Table 2 and Table 3).  In total, 16 pathogenic or likely pathogenic single nucleotide and 

insertion/deletion variants, were detected in 7 genes, including 12 (75.0%) novel variants not 

present in gnomAD.  PKD1 and PKD2 were the genes with the highest burden of candidate 

diagnostic variants (Figure 1). 

Additionally, we detected a large homozygous deletion of NPHP1 that has previously 

been shown to be pathogenic (28; 29) in one NDKD patient (Supplemental Figure 1).  Other 

than a common deletion spanning the CFHR3 and CHFR1 genes (30), observed in 5 NDKD 

patients and 6 DKD patients, no additional structural variations, including inversions, 

translocations, or genomic imbalances (insertions and deletions), were observed.      
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The diagnostic yield was highest (9 of 20; 45.0%) in NDKD patients diagnosed with 

cystic renal disease.  A total of 9 patients carried diagnostic variants in PKD1 or PKD2, genes 

known to be causal of autosomal dominant polycystic kidney disease (ADPKD); 8 of the 

identified PKD1/PKD2 variants were absent from population data.  Five additional patients with 

cystic renal disease had novel VUSs in PKD1 or PKD2 that are predicted to be damaging using 

computational prediction tools (Supplemental Table 5).  Although these variants do not meet 

strict ACMG-AMP criteria for classifying these as clinically significant, they do have supportive 

evidence of pathogenicity.  Further examination of these variants, including segregation analysis 

and functional assays, together with this computational support, could increase the diagnostic 

yield of genetic screening in these cystic renal disease patients to as much as 70%.   

 

Re-Classification of Kidney Disease Diagnosis in NDKD Patients Based on a Genetic Diagnosis    

Sequencing of kidney disease-related genes in 4 NDKD patients (4.1%) allowed us to 

identify variants that are consistent genetic diagnoses that differed from their reported clinical 

diagnoses (Table 3).  Among these patients, we identified a large homozygous deletion of 

NPHP1 in a patient diagnosed with antineutrophil cytoplasmic antibody-associated (ANCA) 

vasculitis following a renal biopsy.  Interestingly, this well-characterized deletion is frequently 

seen in familial juvenile nephronophthisis (OMIM 256100), accounting for approximately 80% 

of patients with this disease (28; 29).   Similarly, 1 patient diagnosed with PKD was found to 

have a diagnostic variant in COL4A3 (p.R1661C).  This same variant, although rare in the 

population (MAF = 3.6x10-4), was observed in 2 additional patients in our study, a patient with 

congenital nephrotic syndrome and a patient diagnosed with DKD, and has previously been 

observed in patients with FSGS (31) and autosomal recessive Alport syndrome (MIM 104200) 
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(32).   For each of these patients, their genetic diagnosis is more consistent with glomerular 

disease, including thin basement membrane nephropathy (TBMN), FSGS, or Alport syndrome.  

Similarly, we identified a rare variant in GLA (p.A143T) in a patient clinically diagnosed with 

congenital kidney disease; this variant has previously been reported to be pathogenic in patients 

with Fabry disease (MIM 301500) (33).  Lastly, 1 NDKD patient  diagnosed with IgA 

nephropathy was found to carry rare compound heterozygous variants in IFT122 (p.R166W and 

p.R779X), which are known to contribute to ciliary dysfunction and cystic renal disease (34).  

 

Rare Variants in Kidney Disease-related Genes in Patients Diagnosed with DKD 

 Using the ACMG-AMP guidelines to classify variants in these same kidney disease-

related genes, pathogenic or likely pathogenic variants were identified in 22.0% (24 of 109) of 

the DKD patients included in this study (Table 4).  The proportion of variants was similar 

among both T1D and T2D patients (19% versus 23%, respectively; p-value > 0.05).  Although 

not statistically significant (p-value > 0.05), nearly one-third of DKD patients (27.0%) found to 

carry a pathogenic or likely pathogenic variant reported a family history of kidney disease, 

compared to only 19.4% of DKD patients without a known family of kidney disease.  In total, 29 

pathogenic or likely pathogenic variants were identified in 23 kidney disease-related genes in 

these patients (Figure 1).  C5orf42 (also called CPLANE1 and JBTS17) had the highest burden 

of pathogenic or likely pathogenic variants among these patients.    

Interestingly, 9 DKD patients were found to harbor rare pathogenic or likely pathogenic 

variants in known ciliopathy genes, including DYNC2H1, INPP5E, XPNPEP3, NEK8, and 

C5orf42, and 6 of these variants are putative loss-of-function (pLOF) variants that affect splice 

sites or introduce premature stop codons (i.e., nonsense variants or frameshift 
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insertion/deletions).  Among these patients, 1 had biallelic variants in C5orf42 (p.I165Yfs*17, a 

pathogenic variant, and p.S123F, a variant with supportive evidence of pathogenicity predicted 

to be damaging by at least 5 of 6 computational prediction methods), suggesting that this patient 

is likely a compound heterozygous carrier of damaging variants in this gene. 

 

Genetic Burden of Rare Variants in Kidney Disease-related Genes in DKD Patients 

Next, we performed gene-based burden association tests to compare the rate of rare 

variants between NDKD and DKD patients aggregated within each gene.  As expected, the most 

significant enrichment of rare pathogenic or likely pathogenic variants was observed in PKD1 

among NDKD patients (p-value = 0.008; Supplemental Table 6).  Similarly, although not 

statistically significant (p-value >0.05), enrichment of rare pathogenic or likely pathogenic 

variants was also observed in PKD2 among NDKD patients.  Conversely, an excess of rare 

variants in C5orf42 was seen in DKD patients.  

  As variants classified as VUSs using ACMG-AMP guideline cannot be ruled out as 

benign and likely include pathogenic variants, we expanded our gene-based burden analyses to 

include rare variants with supportive evidence of pathogenicity based on computational 

prediction methods.  As seen in our analysis of rare pathogenic or likely pathogenic variants, we 

observed an excess burden of rare variants in both PKD1 (p-value = 0.01) and PKD2 (p-value = 

0.04) in NDKD patients.  Rare variants in COL4A5 (p-value = 0.008) were also significantly 

enriched in NDKD patients compared to DKD patients.  Interestingly, in addition to 

strengthening the association seen in DKD patients with rare variants in C5orf42 (p-value = 

0.04), this analysis detected enrichment of rare variants in DKD patients in both ACE (p-value = 

0.008) and NEK8 (p-value = 0.04). 
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Rare Diagnostic Variants Identified in a Subset of DKD Patients Suggest They Have NDKD 

 Three DKD patients (2.8%) were found to carry rare variants suggestive that the 

underlying cause of their kidney disease may not be a consequence of their diabetes (Table 3).  

A patient with CKD attributed to T2D, was found to have a rare diagnostic variant in AQP2 

(p.N220T); substitution mutations in this gene have been shown to cause an autosomal dominant 

form of nephrogenic diabetes insipidus, a condition characterized by severe polyuria (35).  

Similarly, a pathogenic REN variant (p.R49X) was identified in a second patient with T2D.  

Pathogenic variants in REN are associated with autosomal dominant tubulointerstitial kidney 

disease (ADTKD) (36; 37).  As both of these patients also have a history of diabetic retinopathy, 

it is possible that they have concomitant DKD and NDKD.  Lastly, 1 T2D patient was found to 

carry a diagnostic variant in COL4A3 (p.R1661C).  As mentioned above, this variant has been 

observed in patients with FSGS (31) and autosomal recessive Alport syndrome (32).  In contrast 

to the DKD patients with AQP2 and REN variants, despite more than 35 years of diabetes, this 

patient does not have reported evidence of retinopathy or neuropathy, further suggesting that this 

patient likely has NDKD.   
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Discussion 

The goal of this study was to investigate the utility of NGS in understanding the 

molecular basis of kidney disease in patients with diabetes.  We successfully performed targeted 

NGS in a total of 206 patients with CKD, including 97 NDKD and 109 DKD patients, using a 

custom gene panel comprised of 345 kidney disease-related genes.  Our analysis identified 

diagnostic variants that were consistent with the clinical diagnosis of approximately 19% of the 

NDKD patients included in this study.  While one-third of NDKD patients were found to carry 

pathogenic or likely pathogenic variants, as classified by the ACMG-AMP guidelines, more than 

20% of the DKD patients included in this study carried similarly classified variants (i.e., 

pathogenic or likely pathogenic variants) in these same kidney disease-related genes.  We 

detected genetic variants suggestive of NDKD in approximately 3% of the diabetic patients 

included in this study.   

Several of the genes identified in DKD patients, including CUBN, PEX5, VDR, and 

COL4A3, have previously been implicated in diabetic nephropathy (38-41).  Coding variants in 

CUBN, a gene expressed in the apical brush border of proximal tubule cells (42), are known to 

be associated with albuminuria (38; 43).  A recent exome-wide association study identified a rare 

coding variant in CUBN that was independent of previously identified common variants in this 

gene and that had greater than a 3.5-fold stronger effect in patients with diabetes relative to those 

without diabetes (38).  Similarly, a multi-omics systems biology analysis by Saito et al. found 

that PEX5, a peroxisomal biogenesis marker, is associated with diabetic nephropathy via 

peroxisomal dysfunction and plays a role in the down-regulation of peroxisome-related 

metabolites (39).  More recently, as part of the largest genome-wide association study on DKD 

to date, the Juvenile Diabetes Research Foundation’s Diabetic Nephropathy Collaborative 
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Research Initiative identified 16 genome-wide significance loci associated with DKD; 

interestingly, 2 of the top signals from this study are in known kidney disease-related genes 

(COL4A3 and BMP7) (40).  COL4A3 encodes a major structural component of the glomerular 

basement membrane and is associated with heritable nephropathies, including Alport syndrome, 

FSGS, and TBMN.  The rare COL4A3 variant identified in 3 patients included in our study (1 

DKD patient and 2 NDKD patients) has previously been observed in a family with biopsy 

proven FSGS (31), suggesting that this variant may contribute to kidney disease independent of 

diabetes status.   

In the presence of hyperglycemia, defects in cilia structure or function cause structural 

and functional alterations in the kidney, including podocyte effacement, interstitial inflammation, 

and proteinuria (44).  Moreover, hyperglycemic mice with cilia dysfunction have enhanced 

activation of Wnt signaling and epithelial-to-mesenchymal transition, two pathways that have 

been implicated in DKD (45; 46).  Interestingly, 25% of DKD patients positive for pathogenic or 

likely pathogenic variants were found to carry rare variants in known ciliopathy-associated 

genes, including 3 DKD patients found to harbor rare pLOF variants in C5orf42, a gene that is 

associated with rare autosomal recessive ciliopathies characterized by developmental delay, 

multiple congenital anomalies, and cystic kidney disease (47-49).  Similarly, we identified rare, 

likely pathogenic variants in XPNPEP3 in 2 DKD patients with ESRD; defects in XPNPEP3 

cause nephronophthisis-like nephropathy, a cystic kidney disease that leads to ESRD (50).  

Taken together, these data suggest that variants in kidney disease-related genes in the context of 

diabetic pathophysiology, including ciliopathy-associated genes, may play a role in the 

pathogenesis of kidney disease in patients with diabetes.   
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Previous studies examining the diagnostic utility of genetic testing in CKD have included 

patients across diverse nephropathy subtypes (7-12; 51).  In the largest study to date, the overall 

diagnostic yield was found to be approximately 10%; among patients with a clinical diagnosis of 

diabetic nephropathy, however, the diagnostic yield was much lower, only 1.6% (9).  In contrast 

to this study, we found that as many as 22% of DKD patients included in our study carry 

pathogenic or likely pathogenic in the kidney disease-related genes included on our gene panel.  

While the reason behind this discrepancy is unclear, it should be noted that nearly 70% of those 

found to have variants in our study had ESRD, suggesting, perhaps, that these variants may 

predispose diabetic patients to more severe kidney disease. 

In line with data from previous studies, our study highlights the effectiveness of genetic 

testing in identifying the underlying molecular cause of disease in patients with various forms of 

NDKD.  In addition to assigning genetic diagnoses that corroborated several NDKD patients’ 

initial clinical diagnoses, in a subset of patients, we were able to identify rare variants that 

suggested re-evaluation of their diagnoses is warranted.  In particular, we identified a large 

homozygous deletion of NPHP1 in 1 patient in their late 20s with stage 4 CKD who had been 

diagnosed with ANCA vasculitis following a renal biopsy.  Interestingly, previous studies have 

shown that homozygous deletion of NPHP1, arising from homologous recombination between 

45-kilobasepair repeats flanking this gene, is the most frequent mutation observed in familial 

juvenile nephronophthisis (MIM 256100), a rare progressive tubulointerstitial kidney disorder 

with autosomal recessive inheritance (28; 29).  More than 85% of patients with 

nephronophthisis, however, are clinically diagnosed as having other nephropathies (52).  

Importantly, while only 25% of patients diagnosed with ANCA vasculitis develop ESRD, nearly 

all patients with familial juvenile nephronophthisis progress to ESRD by age 30.  Since 
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enrollment to our study, this patient has progressed to stage 5 CKD and is currently receiving 

renal replacement therapy.  For this particular patient, genetic analysis may have aided in 

detecting unrecognized clinical symptoms suggested by our analysis and better informed the 

management of their care. 

Our study has several limitations that should be acknowledged.  First, our study included 

only 206 patients, including 109 DKD patients.  Despite its modest samples size, our study is the 

first to comprehensively investigate the burden of rare variants in kidney disease-related genes in 

DKD.  Not only did we find that 22% of these DKD patients carry rare variants in these genes 

but, for a subset of these patients, we identified a genetic diagnosis suggestive that their kidney 

disease was likely not a consequence of their diabetes, thereby highlighting the value of genetic 

screening in uncovering precise molecular diagnoses.  Second, although we were able to detect 

both coding variants and structural rearrangements using our targeted sequencing approach, 

variants in non-coding regions, that potentially impact RNA expression and/or processing (e.g., 

those that affect transcriptional repression, exon skipping, and intron inclusion), were not 

evaluated in this study.  While whole genome sequence (WGS) and whole transcriptome 

sequencing (RNA-seq) are better suited to detect such changes, both technologies are not without 

their own limitations.  WGS, for example, presents important challenges to interpretation of the 

vast number of variants identified per sample.  As gene expression is cell-type specific, the value 

of RNA-seq data, on the other hand, is limited by the availability of disease-relevant source 

material.  Nonetheless, both WGS and RNA-seq could aid in the detection and discovery of 

additional disease-causing mutations in patients with kidney disease.  Third, in order to increase 

specificity, we adhered to the ACMG-AMP standards and guidelines for variant interpretation 

and, as such, many of the variants identified in our study were labeled as VUSs and not 
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correlated with clinical phenotypes.  As VUSs, which are variants whose pathogenicity and 

function are unclear, cannot fully be ruled out as benign, this may have impacted the sensitivity 

of our study.  Computational prediction algorithms coupled with support from functional studies 

could help to better understand the pathogenicity of VUSs and prioritize these for further study.   

Our goal was to leverage NGS technology to better understand the genetic underpinnings 

of kidney disease in patients with kidney disease.  Although the majority of diabetic patients 

included in our study were not found to have pathogenic or likely pathogenic variants in kidney 

disease-related genes, a nontrivial proportion, (more than 20%) were found to carry variants in 

kidney disease-related genes that we suspect contribute to their disease.  Our findings suggest 

that rare variants in genes not previously linked to DKD (e.g., ciliopathy genes) contribute to 

DKD susceptibility.  In patients with diabetes, it’s possible that hyperglycemia, in addition to 

variants in these genes contribute to the progression of kidney disease.  Additional studies, 

including functional studies, are necessary to better understand the role of these variants in DKD.  

Genetic screening in patients with DKD can provide a molecular diagnosis of the underlying 

cause of kidney disease that could translate to improved precision diagnostics and aid in the 

prognosis and long-term management of their disease.  Additionally, such information is likely 

to better inform patient selection for clinical trials and studies on risk factors that contribute to 

DKD. 
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Table 1: Clinical Characteristics of NDKD and DKD Cohorts 
Characteristic NDKD DKD 

N 97 (47.1) 109 (52.9) 
  

Men 
38 (39.2) 67 (61.5) 

  
White 

73 (75.3) 72 (75.0) 

  
Age (years) 

47.9 (36.0, 60.0) 62.0 (53.0, 68.0) 

  
BMI 

28.0 (22.8, 34.1) 31.4 (25.7, 36.0) 

CKD Clinical Diagnosis:   

            Congenital Renal Disease 5 (5.2) --- 

            Cystic Renal Disease 20 (20.6) --- 

            Glomerulopathy 55 (56.7) --- 

            Tubulointerstitial Disease 4 (4.1) --- 

            Diabetic Nephropathy --- 109 (100.0) 

            Other 13 (13.4) --- 
  

Type 2 Diabetes 
17 (17.5)* 88 (80.7) 

  
HbA1c (%) 

7.7 (6.5, 8.4) 7.0 (6.4, 8.2) 

  
Treatment with Insulin 

0 (0.0) 83 (76.1) 

  
Duration of Diabetes Prior to  
Kidney Disease Diagnosis (years) 

--- 17.0 (10.0, 25.5) 

  
eGFR at Exam (mL/min/1.73 m2) 

27.0 (10.0, 53.0) 10.0 (10.0, 37.0) 

  
CKD Stage at Exam:   

  CKD 1 (eGFR ≥ 90 mL/min/1.73 m2) 9 (9.3) 1 (0.9) 

  CKD 2 (eGFR 60-89 mL/min/1.73 m2) 14 (14.4) 7 (6.4) 

  CKD 3 (eGFR 30-59 mL/min/1.73 m2) 22 (22.7) 25 (22.9) 

  CKD 4 (eGFR 15-29 mL/min/1.73 m2) 11 (11.3) 3 (2.8) 

  CKD 5 (eGFR < 15 mL/min/1.73 m2) 41 (42.3) 73 (67.0) 

   

First Degree Relative with Kidney Disease 37 (38.1) 37 (33.9) 

    
Data are presented as n (%) or median (1st, 3rd quartile).   HbA1c, hemoglobin A1c; CKD, 
chronic kidney disease; BMI, body mass index; eGFR, estimated glomerular filtration rate. 
 
*17 NDKD patients were diagnosed with type 2 diabetes after developing CKD. 
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Table 2: Summary of Diagnostic Variants Identified in NDKD Patients 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Patient Clinical Diagnosis Gene 

Consensus 
Transcript Variant 

dbSNP 
RefSNP ID 

ACMG-AMP 
Classification 

gnomAD 
MAF 

NDKD-1 Alport Syndrome COL4A5 NM_000495 p.G1060X rs104886217 Pathogenic ---- 
NDKD-2 Alport Syndrome COL4A5 NM_000495 p.L1649R rs104886303 Likely pathogenic ---- 
NDKD-3 Fabry Disease GLA NM_000169 p.N215S rs28935197 Likely pathogenic 5.5x10-6 
NDKD-4 IgA Nephropathy CFH NM_000186 p.S212Sfs*13   Likely pathogenic ---- 
NDKD-5 Polycystic Kidney Disease PKD1 NM_000296 p.Y528X   Likely pathogenic ---- 
NDKD-6 Polycystic Kidney Disease PKD1 NM_000296 p.C933Wfs*167   Likely pathogenic ---- 
NDKD-7 Polycystic Kidney Disease PKD1 NM_000296 p.Q1975X   Pathogenic ---- 
NDKD-8 Polycystic Kidney Disease PKD1 NM_000296 p.E2864X   Likely pathogenic ---- 
NDKD-9 Polycystic Kidney Disease PKD1 NM_000296 p.W3841X   Pathogenic ---- 
NDKD-10 Polycystic Kidney Disease PKD1 NM_000296 p.E4077Tfs*117   Likely pathogenic ---- 
NDKD-11 Polycystic Kidney Disease PKD2 NM_000297 c.844-2A>G   Pathogenic ---- 
NDKD-12 Polycystic Kidney Disease  PKD2 NM_000297 p.N720Kfs*5 rs757757289 Likely pathogenic 7.9x10-6 
NDKD-13 Polycystic Kidney Disease PKD2 NM_000297 p.Y762X   Likely pathogenic ---- 
NDKD-14 Renal Hypoplasia PAX2 NM_000278 p.P161Pfs*113   Likely pathogenic ---- 

.
C

C
-B

Y
-N

C
-N

D
 4.0 International license

available under a
w

as not certified by peer review
) is the author/funder, w

ho has granted bioR
xiv a license to display the preprint in perpetuity. It is m

ade 
T

he copyright holder for this preprint (w
hich

this version posted M
ay 19, 2020. 

; 
https://doi.org/10.1101/2020.05.18.102822

doi: 
bioR

xiv preprint 

https://doi.org/10.1101/2020.05.18.102822
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 3: Re-classification of Clinical Diagnosis of NDKD and DKD Patients Based on Identified Diagnostic Variants  
 

Patient 
Clinical  

Diagnosis 
 Gene 

Consensus 
Transcript Variant 

(Het./Homo.) 
gnomAD 

MAF 
ACMG-AMP 
Classification 

Associated Disease 
(Inheritance) 

NDKD-15 ANCA Vasculitis 
 
 

NPHP1 
 
 

NM_000272 Gene Deletion 
(Homo.) 

 

--- 
 

 

--- 
 
 

Familial Juvenile 
Nephronophthisis 

(Recessive) 
NDKD-16 Polycystic Kidney Disease 

 
 

COL4A3 
 
 

NM_000091 p.R1661C 
(Het.) 

 

3.6x10-4 

 
 

Likely pathogenic 
 
 

TBMN/FSGS/ 
Alport Syndrome 

(Dominant) 
NDKD-17 Congenital Nephrotic 

Syndrome 
 

COL4A3 
 
 

NM_000091 p.R1661C 
(Het.) 

 

3.6x10-4 

 
 

Likely pathogenic 
 
 

TBMN/FSGS/ 
Alport Syndrome 

 (Dominant) 
NDKD-18 Congenital Kidney Disease 

 
GLA 

 
NM_000169 p.A143T 

(Het.) 
5.1x10-4 

 
Likely pathogenic 

 
Fabry Disease 

(X-linked) 
NDKD-19 
 
 

IgA Nephropathy 
 

 
 

IFT122 
 
 

 

NM_0529990 p.R166W 
(Het.) 

 p.R779X 
(Het.) 

3.3x10-4 

 

--- 
 

Uncertain 
Significance* 

Pathogenic 
 

Cystic Renal Disease 
(Recessive) 

 
 

DKD-5 DKD 
 
 

AQP2 
 

 

NM_000486 p.N220T 
(Het.) 

 

6.5x10-5 

 

 

Likely pathogenic 
 
 

Nephrogenic Diabetes 
Insipidus 

(Dominant) 
DKD-12 DKD 

 
 

COL4A3 
 

 

NM_000091 p.R1661C 
(Het.) 

 

3.6x10-4 

 

 

Likely pathogenic 
 
 

TBMN/FSGS/ 
Alport Syndrome 

 (Dominant) 
DKD-17 DKD 

 
REN 

 
NM_000537 p.R49X 

(Het.) 
5.4x10-5 

 
Pathogenic 

 
ADTKD 

(Dominant) 
TBMN, thin basement membrane nephropathy; FSGS, focal segmental glomerulosclerosis; ADTKD, autosomal dominant 
tubulointerstitial kidney disease 
*Predicted to be damaging by at least 5 of 6 computational prediction methods, considered to have supportive evidence of 
pathogenicity. 
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Table 4: Summary of Pathogenic of Likely Pathogenic Variants in DKD Patients 
 

 
Patient 

Diabetes 
Type Gene 

Consensus 
Transcript Variant 

dbSNP 
RefSNP ID 

ACMG-AMP  
Classification 

gnomAD 
MAF 

DKD-1 T1D CUBN NM_001081 P1971Pfs*11 rs765301342  Likely pathogenic 6.5x10-5 
DKD-2 T1D INPP5E NM_001318502 R378S rs121918130  Likely pathogenic 4.2x10-6 
DKD-3 T1D SLC22A12 NM_001276327 E321K rs139140123  Likely pathogenic 6.5x10-5 

  XPNPEP3 NM_022098 R415Q rs79385822  Likely pathogenic 7.2x10-4 
DKD-4 T1D WNK1 NM_213655 V724Dfs*47    Likely pathogenic ---- 
DKD-5 T2D AQP2 NM_000486 N220T rs771414160  Likely pathogenic 6.5x10-5 
  RECQL4 NM_004260 H831Rfs*52 rs752729755  Pathogenic 3.2x10-5 
DKD-6 T2D ATP7B NM_001005918 A811V rs371840514  Likely pathogenic 6.0x10-5 
DKD-7 T2D ATP7B NM_001330579 W695X rs137853283  Pathogenic 4.2x10-5 
DKD-8 T2D C5orf42 NM_023073 I165Yfs*17 rs606231259  Pathogenic 6.0x10-5 
DKD-9 T2D C5orf42 NM_023073 V938Efs*27 rs1169195782  Likely pathogenic ---- 
DKD-10 T2D C5orf42 NM_023073 c.8300-1G>C rs151279194  Pathogenic 5.0x10-4 
DKD-11 T2D CD46 NM_002389 c.286+1G>C    Pathogenic ---- 
  SLC26A4 NM_000441 S408Sfs*58    Likely pathogenic ---- 
DKD-12 T2D COL4A3 NM_000091 R1661C rs201697532  Likely pathogenic 3.6x10-4 
  SLC34A3 NM_001177316 c.1335+2T>A rs752222200  Pathogenic 4.1x10-5 
DKD-13 T2D DYNC2H1 NM_001080463 W179X    Pathogenic ---- 
DKD-14 T2D INPP5E NM_001318502 R514Gfs*55    Likely pathogenic ---- 
DKD-15 T2D NEK8 NM_178170 G190Gfs*22    Likely pathogenic ---- 

 T2D PEX5 NM_001300789 P16Rfs*3 rs775604296  Likely pathogenic 1.3x10-4 
DKD-16 T2D PEX5 NM_001300789 P16Rfs*3 rs775604296  Likely pathogenic 1.3x10-4 

 T2D SLC12A3 NM_000339 R642C rs200697179  Likely pathogenic 1.2x10-4 
DKD-17 T2D REN NM_000537 R49X rs121917741  Pathogenic 5.4x10-5 
DKD-18 T2D SLC3A1 NM_000341 L285X rs761094083  Pathogenic 3.9x10-6 
DKD-19 T2D SLC7A9 NM_001126335 K205fs rs745319034  Pathogenic 1.0x10-4 
DKD-20 T2D SLC26A4 NM_000441 S408Sfs*58    Likely pathogenic ---- 
DKD-21 T2D TP63 NM_001329146 T195M rs199807776  Likely pathogenic 8.1x10-5 
DKD-22 T2D USH2A NM_206933 I4803Tfs*16    Likely pathogenic ---- 
DKD-23 T2D VDR NM_000376 R74H    Likely pathogenic ---- 
DKD-24 T2D XPNPEP3 NM_022098 P103S rs73885709  Likely pathogenic 3.2x10-5 
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Figures 

Figure 1. Distribution of Rare Pathogenic or Likely Pathogenic Variants in NDKD and 
DKD Patients  
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Figure Legends 

Figure 1. Distribution of Rare Pathogenic or Likely Pathogenic Variants in NDKD and 

DKD Patients.  The distribution of rare (MAF < 0.1%) pathogenic or likely pathogenic variants 

are presented for NDKD (blue) and DKD (orange) patients.  
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