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1 INTRODUCTION  

Diabetic microvascular complications are a familiar burden to the diabetic patient. One third of patients 

will develop diabetic kidney disease (DKD), which is the leading cause of end-stage renal disease 

(ESRD) in adult patients and linked to increased cardiovascular morbidity and premature death. Diabetic 

retinopathy is the most common cause of blindness in working age people in the world. Diabetic 

neuropathy takes many forms, the most common ones being peripheral neuropathy and cardiovascular 

autonomic neuropathy. Most diabetic patients will develop at least milder forms of neuropathy. The 

microvascular complications are inter-related and it may sometimes be difficult to study one of the 

complications in particular, completely independent of the two others. 

It is evident that the microvascular complications are complex disorders where many genetic factors are 

involved. In this chapter, we will mainly focus on the genome-wide hypothesis-free approaches to 

identify common genetic variation related to the diabetic microvascular complications (nephropathy, 

retinopathy, and neuropathy). Some interesting recent or larger scale candidate gene efforts are also 

mentioned. Understanding the genetic basis of the microvascular complications may give us clues to a 

better understanding of the pathogenesis of diabetic microvascular disease and thus potentially provide 

us with tools to develop new therapeutic strategies to prevent the complications. 

 

2 Genetics of diabetic kidney disease 

2.1 Heritability of DKD 

Heritability of DKD was first suggested by studies indicating familial clustering of DKD, with the 

phenotype definitions ranging from microalbuminuria to persistent proteinuria and ESRD1-4. Heritability 
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estimates of albuminuria in subjects with type 2 diabetes (T2D) range from 30% to 40%5-7, and up to 

75% for estimated glomerular filtration rate (eGFR)7. While the sibling risk of DKD was estimated as 

2.3-fold in 537 families with at least two siblings with type 1 diabetes (T1D), a higher risk ratio of 2.9 

was obtained in a subset of probands with ESRD4. Similar increase of heritability along the severity of 

DKD was obtained from a recent study that utilized genome-wide genotyping data of 2,843 subjects with 

T1D to estimate the heritability of DKD with varying phenotype definitions: the narrow-sense heritability 

of broadly-defined DKD (micro- or macroalbuminuria or ESRD) was estimated to be 35%, when it was 

as high as 47% for ESRD8.  

 

2.2 Candidate genes for DKD 

Over the decades, genetic variants in a myriad of positional and biological candidate genes have been 

investigated for DKD, but few candidate genes were robustly replicated. Among the most studied 

polymorphisms is an insertion/deletion variant rs1799752 (also tagged by another variant, rs4344) which 

affects the cellular concentration of angiotensin converting enzyme (ACE)9. ACE inhibitors and other 

medical agents inhibiting the renin-angiotensin-aldosterone system (RAAS) are currently the main 

treatment option to slow down the progression of DKD. Despite a striking 26,000 subjects included in a 

meta-analysis of 63 candidate gene studies for the ACE variant, only modest evidence of association with 

DKD was found, mainly in the subgroup of Asian subjects with T2D10. Characteristic to the candidate 

gene studies, the vast majority of the 63 included studies only had tens or few hundreds of subjects, 

which may also partially explain the vague results. 

One large-scale candidate gene effort tested 344 single nucleotide polymorphisms (SNPs) and other 

variants from 127 candidate genes for DKD in a meta-analysis of three studies including 2499 European 

subjects with T1D. A variant in the UNC13B gene was deemed significant after correction for multiple 
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testing, with an odds ratio (OR) of 1.63 and p-value of 2.3×10-5 for rs13293564 after fine-mapping and 

combined meta-analysis with the replication study11.  

In order to systematically evaluate the cumulative evidence of the reproduced candidate genes, Mooyaart 

et al. conducted a literature-based meta-analysis investigating 132 publications on genetic variants for 

DKD in T1D and/or T2D. The meta-analysis yielded positive results for 24 variants from 17 distinct loci, 

including the ACE insertion/deletion variant12. However, such analysis may suffer from publication bias, 

and the results may be overly optimistic.  

Another effort to assess the role of the previously suggested genetic loci was conducted in the Genetics 

of Nephropathy – an International Effort (GENIE) consortium by Williams et al. where they re-evaluated 

a selection of previously supported genetic variants for DKD in up to 6,366 subjects with T1D, out of 

which 2,966 were defined as cases with persistent proteinuria or ESRD13. A previously reported 

association with a combined phenotype of ESRD and proliferative diabetic retinopathy (PDR) at 

rs1617640 in the EPO gene (encoding erythropoietin) was not replicated, but the association remained 

genome-wide significant after a combined meta-analysis though attenuated (p-value 2×10-9). While 

nominal evidence (i.e. p-value < 0.05) was obtained for some of the other loci, most of the previously 

reported associations were not replicated13.  

 

2.3 Linkage studies for DKD 

The family-based linkage studies provided a hypothesis-free way to search for novel chromosomal loci 

linked with a disease, without prior knowledge of the biological mechanisms behind it. The linkage 

studies on DKD have resulted only in few chromosomal regions reaching a robust logarithm of odds 

(LOD) score. Even though first reported in a candidate region linkage analysis of chromosomal regions 
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containing genes for the renin-angiotensin system14, many whole-genome linkage studies on DKD found 

suggestive evidence of linkage on broadly the same chromosomal region in chromosome 3q21-2515-18, 

well summarized in15. However, this region never reached robust statistical significance. To fine-map 

the linkage region, a positional case-control candidate gene meta-analysis of multiple cohorts identified 

variants near the NCK1 gene with relatively high p-values (7×10-6)19. A more recent multi-cohort study 

including 175 families from Finland, Denmark and France identified a linkage with DN at chromosome 

22q11 with LOD score 3.6, but no fine-mapping efforts were performed to narrow down the source of 

the linkage18.  

  

2.4 Genome-wide association studies on DKD  

The vague results from the whole-genome linkage studies, and the lack of robust replication of the 

candidate genes highlighted the need of genome-wide, hypothesis free search for genetic variants 

associated with DKD in a larger number of subjects. Early high-throughput association studies in 

Japanese subjects with T2D initially evaluated with 50,000 polymorphisms20, and later with 80,000 

polymorphisms, suggested association with DKD at ACACB gene encoding acetyl coenzyme A [CoA] 

carboxylase 2(21), and with rs741301 in the ELMO1 gene22; Despite multiple subsequent replication 

attempts, the role of rs741301 and other variants in ELMO1 remains unclear with some studies supporting 

and others refuting the finding8,13,23-27. A further early implementation of a genome-wide association 

study (GWAS) utilized pooled DNA of 547 ESRD cases and 549 T1D subjects without DKD, genotyped 

on a GWAS chip with 555,352 SNPs, but found only suggestive evidence of association with ESRD with 

p<0.0001 for variants in in ZMIC1 and musculin genes28. 

In a GWAS on DKD including 820 cases and 885 controls of European ancestry from the US Genetics 

of Kidneys in Diabetes collection, no locus reached statistical significance required for genome-wide 
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significance, defined as p-value < 5×10-8, but suggestive associations were found near FRMD3 

(p=5.0×10-7) and CARS genes (p=3.1×10-6), and on chromosomes 7p and 13q. Supportive evidence of 

association was found for the FRMD3 and CARS loci in the Diabetes Control and Complications Trial 

(DCCT)/Epidemiology of Diabetes Interventions and Complications (EDIC) Study29. In subsequent 

studies, variants in the FRMD3 were associated with ESRD in African American subjects with T2D after 

accounting for a major genetic risk factor for non-diabetic renal disease at MYH9 locus30 and in a family 

study of European American patients with T2D31, but not in subjects of European ancestry with T1D13. 

The association at the MYO16/IRS2 locus on chromosome 13q was supported by Japanese32 and 

European American patients with T2D33. Subsequent analysis of the US GoKinD GWAS data using SNP 

imputation revealed four additional loci with a suggestive p-value < 10-5, e.g. rs7071071 in the SORBS1 

gene34. Of note, other variants in the SORBS1 gene were later reported as potentially associated with 

DKD in a GWAS of European subjects with T1D; after evaluation in GoKinD US, rs1326934 was 

strongly associated with DKD with p=3.5×10-9, but the signal was attenuated to p=0.009 after replication 

in two additional European cohorts35. 

The first GWAS meta-analysis with genome-wide significant findings was performed by the Genetics of 

Nephropathy, an International Effort (GENIE) consortium. With 6231 subjects with T1D at the discovery 

stage, and a total of 11,847 patients in a meta-analysis including the replication cohorts, the study 

identified two loci genome-wide significantly associated with ESRD: rs7583877 in AFF3 (p=1.2×10-8) 

and rs12437854 intergenic between the RGMA and MCTP2 genes (p=2.0×10-9). Functional studies on 

renal epithelial cells suggested that AFF3 is involved in the renal fibrosis36. While little is known of the 

RGMA and MCTP2 genes, and the affected gene may be located much further away from the main 

association signal, the same locus was one of the main findings also in a GWAS data mining approach 

performed in a subset of the subjects 37. For the DKD phenotype the strongest association in the GENIE 
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GWAS was obtained at the ERBB4 gene (p=2.1×10-7 for rs7588550); ERBB4 gene expression analysis 

indicated co-expression with collagen genes, also associated with renal fibrosis36. Conditional mouse 

overexpression and knock-out models suggest that ERBB4 has an important role on the development of 

kidneys38, and ErbB4 has been previously suggested as a therapeutic target molecule for the treatment of 

cardiovascular disorders, scitsofrenia and cancer39. Recent work showed protection from albuminuria in 

STZ-induced hyperglycemic wild-type and miR-146a-/- mice when pan-ErbB inhibitor was administered, 

suggesting ErbB4/EGFR as a druggable target for DKD40. 

A gender stratified GWAS analysis in 3652 Finnish subjects with T1D identified rs4972593 between the 

SP3 and CDCA7 genes on chromosome 2q31.1 associated with twofold risk of ESRD in women with p-

value <5×10-8, and the finding was replicated in other cohorts in the GENIE consortium41. No effect was 

seen in diabetic men or in subjects with T2D. While the RegulomeDB suggest potential regulatory 

activity for a SNP in full linkage with rs4972593, no eQTL association was identified to link the SNP to 

expression of any flanking genes. Nevertheless, the gene expression of SP3 is among the most gender 

specific ones in human glomeruli of diabetic patients42, and Sp3 transcription factor has been shown to 

directly bind to the estrogen receptor α43, providing a potential link with the gender specific association.  

A trans-ethnic GWAS including 13,736 subjects with T2D with European American, African American, 

Mexican American, or American Indian ancestry from the Family Investigation of Nephropathy and 

Diabetes (FIND) study found variants between the SCAF8 and CNKSR3 genes associated with DKD 

with p-value < 5×10-8, with particularly strong association in the American Indian population 

(rs12523822 p=5.7×10-9)44. CNKSR3 is a scaffolding platform that stimulates epithelial sodium channel 

in response to aldosterone45. As inhibition of the renin-angiotensin-aldosterone system is the main 

therapy to DKD and other proteinuric kidney diseases, CNKSR3 is a plausible target gene behind the 

association. The MYH9 locus, which is one of the main genetic risk factors for non-diabetic kidney 
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disease in African Americans, was near genome-wide significantly associated (p=7.7×10-8) with kidney 

disease in African American subjects with T2D. However, the authors note that this is likely due to a 

proportion of study subjects with non-diabetic kidney disease44. 

Even though the current view of the clinical course of DKD is more versatile, albuminuria has been 

considered as the classical hallmark of diabetic nephropathy46. GWAS on albuminuria as a continuous 

trait in 1925 Finnish patients with T1D identified 5 SNPs with p<5×10-8 in the GLRA3 gene. The 

replication attempt in 3771 additional patients of European ancestry resulted in a nominally significant 

(p=0.04) association at rs1564939 in the opposite effect direction47. The authors hypothesized a 

population specific effect and warrant further replication in Finnish patients to confirm or refute the 

finding.  

To account for the various phenotypic manifestations of DKD, a recent work from the SUrrogate markers 

for Micro- and Macro-vascular hard endpoints for Innovative diabetes Tools (SUMMIT) consortium 

reported GWAS in 12,540 subjects with T1D using seven phenotypic definitions of renal complications 

of varying severity, based on either albumin excretion rate (AER), estimated glomerular filtration rate 

(eGFR), or both. Suggestive associations were identified in or near PTPN13, AFF3, CNTNAP2 and 

NRG3 loci, even though no locus reached genome-wide significance8. Evaluation of previous loci 

supported association with ESRD at rs2838302 at SIK1, originally identified in a GWAS data mining 

approach of 3464 subjects with T1D37. Genetic comparison with related traits showed that alleles known 

to increase body mass index (BMI), and risk of T2D, were associated with DKD traits, suggesting that 

BMI and metabolic changes leading to T2D are causal risk factors for DKD in subjects with T1D. 

Analysis of genome-wide correlation also suggested a shared genetic background with DKD and failure 

at smoking cessation8.  



 9  

 

The GWAS on CKD and eGFR in the general population have identified multiple loci affecting the 

kidney function48,49. Previous efforts to assess the effect of the loci affecting general population in 

diabetic subjects suggested that variants in GCKR, SHROOM3 and UMOD50, and in MYH9/APOL1 locus 

in African Americans44,51, play a role also in subjects with T2D, while no association has been found in 

subjects with T1D8,36. The observed associations may to some extend arise due to a substantial proportion 

of subjects with T2D having coincident T2D and non-diabetic kidney disease44. The largest GWAS meta-

analysis on chronic kidney disease (CKD) and eGFR in the general population to date included 133,413 

individuals at the discovery stage and up to 42,166 individuals in replication, and resulted in 53 robust 

loci (p-value<5×10-8) for kidney traits52. Evaluation of these 53 loci among the 16,477 included subjects 

with diabetes (mostly T2D) revealed significant association with eGFR at rs12917707 at UMOD (p-

value=2.5×10-8) and nominal associations (p<0.05) at 19 loci. Another GWAS studying albuminuria as 

a continuous trait in up to 54,450 subjects from the general population, with a subset of 7787 subjects 

with diabetes (mainly T2D), found suggestive evidence of association at HS6ST1 (rs13427836 p=6.3×10-

7) and RAB38/CTSC loci (rs649529 p=5.8×10-7) in subjects with, but not without diabetes53. Even though 

the CUBN locus, previously associated with albuminuria in the general population,54 did not reach 

genome-wide significance in diabetic subjects, the effect was larger in subjects with than without 

diabetes53. 

 

2.5 Sequencing efforts for DKD 

In addition to the chip-based approaches, next-generation sequencing based studies are also emerging in 

order to address the low frequency and rare variants affecting the disease risk, with a premise of higher 

effect sizes because of either capturing the true causal variant rather than a proxy, or capturing underlying 

direct changes in the protein structure rather than changes in the gene regulation. A sub-study of a larger 
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whole-exome sequencing (WES) of subjects with and without T2D investigated the role of RREB1 (ras-

responsive element binding protein-1) gene for diabetic ESRD in 529 African American cases with T2D 

and ESRD and in 535 population based controls. The findings were followed up by subsequent 

genotyping in replication and trait segregation studies, suggesting that variants in RREB1 modulate the 

risk of T2D, ESRD, and non-diabetic renal disease, but the results should be taken with caution as the 

locus has been previously associated with T2D55.  

WES of 997 subjects with T1D from the SUMMIT consortium did not identify any variant that would 

reach the exome-wide significance (p<5×10-7), but among the strongest associations was a common 

variant in the 3’UTR of ERBB4 gene8; other variants not in LD were previously suggestively associated 

with DKD in the GENIE consortium GWAS with partially overlapping subjects36 (See previous section 

2.4 Genome-wide association studies on DKD ).   
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3 GENETICS OF DIABETIC RETINOPATHY 

3.1 Heritability of diabetic retinopathy 

There is evidence that genetic factors may play an important role in the development of diabetic 

retinopathy. Familial clustering of various degrees of retinopathy have been reported worldwide56-59. In 

the DCCT, first degree relatives (with type 1 or type 2 diabetes) of type 1 diabetic probands were studied 

and they reported a strong familial clustering with an OR of 3.1 for severe diabetic retinopathy in relatives 

of probands with and without diabetic retinopathy56. Only weak evidence was shown for the phenotype 

"any retinopathy"56. In a study of sib-pairs with T1D, the risk of a T1D proband was 9.9-fold if a T1D 

sibling had retinopathy, and the risk of the proband was higher if the proband was female59. Heritability 

estimates for retinopathy are on average around 25%, but the estimates vary and may be as high as 52% 

depending on ethnicity, severity of retinopathy and type of diabetes60-62. As for DKD, it seems that the 

heritability is higher with a more severe phenotype.  

 

3.2 Candidate genes for diabetic retinopathy 

Biologically relevant candidate genes for diabetic retinopathy have been extensively assessed in both 

T1D and T2D but thus far any positive findings have been difficult to replicate63,64. Abhary and co-

workers performed a systematic meta-analysis in September 2008 where they identified 702 publications 

on candidate genes for diabetic retinopathy. Twenty genes and 34 variants had been studied in multiple 

cohorts. In a meta-analysis, the aldose reductase gene (AKR1B1) was highlighted as an important 

susceptibility gene for retinopathy (p=1×10-4) together with suggestive evidence of association (p<0.05) 

for genetic variants in genes NOS3, VEGF, ITGA2 and ICAM165.  
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In another meta-analysis, SNPs in 2000 cardiovascular candidate genes were genotyped in 2691 subjects 

with T2D from the CARe (Candidate gene Association Resource) cohort. After Bonferroni correction, 

they found the strongest associations with diabetic retinopathy for rs6128 (p=0.0001) in SELP (P-

selectin) and rs6856425 tagging α-L-iduronidase (IDUA) (p=2.1×10-5). However, the findings could not 

be replicated in independent cohorts64.  

Few candidate gene studies reach genome-wide significance (p < 5.0×10-8). A recent paper studied 134 

SNPs in two thiamine transporters and two transcription factors and identified two potentially interesting 

SNPs in the SLC19A3 gene that were associated with a lower rate of severe retinopathy. When a 

combined phenotype of severe retinopathy and ESRD was used, the association became even stronger66. 

The association with the combined phenotype at rs12694743 reached genome-wide significance (p = 

2.30×10-8 after correction for HbA1c and BMI) in a meta-analysis including the discovery cohort (The 

FinnDiane Study) and two replication cohorts (WESDR and DCCT/EDIC)66.  

Regarding positional candidate genes see also replication/validation studies of GWAS loci in section 3.4. 

 

3.3 Linkage studies for diabetic retinopathy 

Some linkage analyses for diabetic retinopathy have been performed in T2D, but they have so far 

provided only suggestive linkage to a number of chromosomal regions with the strongest linkage 

observed at Chr1p36(60,67,68).  
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3.4 Genome-wide association studies on diabetic retinopathy 

A compilation of current GWAS data on interesting genetic loci for diabetic retinopathy is shown in 

Figure 1. Most of the GWASs so far have been performed in patients with T2D. Only one studied patients 

with T1D69. Half of the studies have been performed in Asian populations (Chinese, Taiwanese and 

Japanese)70-72, one in Mexican Americans73 and two in Caucasians69,74. The phenotype has varied from 

any retinopathy to severe sight-threatening retinopathy.  

The first GWAS for diabetic retinopathy was performed by Fu et al in a Mexican Americans cohort of 

only 103 cases with PDR (more severe moderate non-proliferative diabetic retinopathy [NPDR]) and 183 

controls without retinopathy (ad early NPDR). Only nominally significant findings (p<0.0001) were 

observed as two directly genotyped and 32 imputed SNPs were associated with severe retinopathy in 13 

different chromosomal regions.73  

Genome-wide significant findings have so far been shown by only two GWASs, as presented in Figure 

1. In a study of 749 Chinese T2D patients, Huang et al. first identified 12 SNPs with p<1×10-6 for DR, 

which after adjustment for HbA1c and duration of diabetes resulted in four genome-wide significant loci 

(rs17376456 in KIAA0825 on Chr5q.15, rs2038823 in HS6ST3 on Chr13q, rs4838605 in ARHGAP22 on 

Chr10q, and rs12219125 in PLXDC2 on Chr10p)72. Out of these loci, supporting evidence (p<0.05) has 

been subsequently reported for ARHGAP22 and PLXDC2 (75,76) (Figure 1).  

The most recent GWAS was performed in 844 Caucasian T2D patients for sight-threatening diabetic 

retinopathy. They replicated their top SNPs from the discovery cohort in two T2D and one T1D 

independent cohort and performed a meta-analysis, which ended up with one genome-wide significant 

SNP rs9896052 (p=4.15×10-8) located upstream from the GRB2 gene. They further used a mouse model 

of proliferative retinopathy and showed increased GRB2 expression in the retina74.  
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The fact that several of the early GWASs on diabetic retinopathy never tried to replicate their main 

findings in independent cohorts, highlights the importance of “positional candidate gene” studies that 

have tried to replicate or validate the earlier identified loci75-79. Figure 1 summarizes the replicated 

findings (p<0.05). Of these studies, the ones by Grassi77 et al and Hosseini et al.76 were performed in 

T1D, the rest in T2D. Of note, only variants in API5(78). Figure 1 summarizes the replicated findings 

(p<0.05). Of these studies, the ones by Grassi79 remained significant after correction for multiple testing.  

In a meta-analysis of 1907 well-characterized subjects with T1D from the DCCT/EDIC Study and the 

Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR), none of the tested 34 SNPs from 

four previous GWASs was replicated after correction for multiple testing76. Nominally significant 

associations (p<0.05) were observed for severe diabetic retinopathy at the PLXDC2 locus and for mild 

diabetic retinopathy in the PPARG gene in the same direction as the original findings. Cheung and co-

workers studied 2566 Chinese T2D patients with and without retinopathy79 in an attempt to replicate 38 

SNPs with suggestive evidence for association (p<5×10-4) from four previous GWASs69,70,72,73. The 

strongest association was found for an intronic SNP rs2115386 of INSR for both sight-threatening DR 

(STDR) and PDR. Four other SNPs were nominally significantly associated with either STDR or PDR79.  

 

3.5 Sequencing efforts for diabetic retinopathy 

So far, no large attempts have been published. A small WES study with 43 subjects with and 63 without 

DR despite 10 years duration of diabetes observed excess rare variants in three genes (NME3, 

LOC728699 and FASTK, p<5×10-8) in subjects without diabetic retinopathy80. Validation of the findings 

is still needed. 
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4 GENETICS OF DIABETIC NEUROPATHY 

4.1 Heritability of diabetic neuropathy 

Diabetic neuropathy is a complex and quite heterogeneous disorder with a plethora of potential 

phenotypes to study. While there are many established environmental risk factors for neuropathy such as 

poor glycemic control, overweight and smoking, the genetic component of diabetic neuropathy is largely 

unknown. In a family study, the risk for neuropathy in a T1D proband was 2-fold if a T1D sibling had 

neuropathy and the risk was twice as high if the proband was female59. Based on GWAS data in the 

GoDARTS cohort, the authors estimated the narrow-sense heritability of painful neuropathy to be 

11.0%81. In a later sex-specific analysis, they continued by reporting heritability estimates for painful 

neuropathy of 30.0% for men and 14.7% for women82. 

Heritability results regarding cardiac autonomic neuropathy are less consistent. In the Framingham Heart 

Study, the variance in hear rate variability (HRV) attributable to genetic factors was estimated to be 13% 

- 23%, when first-degree relatives and unrelated subjects were studied83. On the other hand, in a 

Hungarian twin cohort, genetic factors did not seem to substantially influence cardiac autonomic 

function84. 

 

4.2 Candidate genes for diabetic neuropathy 

Much fewer candidate gene studies have been performed for diabetic neuropathy than for nephropathy 

and retinopathy partly because of the complex phenotype. In addition, only few findings from the 

candidate gene studies have been confirmed. A recent meta-analysis of 5 studies on the ACE 

insertion/deletion polymorphism and 4 studies on the 677C>T polymorphism in the 

methylenetetrahydrofolate reductase (MTHFR) gene suggested that there might be a role for these genes 
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in the development of diabetic neuropathy85. Other potentially interesting candidate genes for diabetic 

neuropathy that has been suggested include among others GLO1(86), APOE87, VEGF88, eNOS89 and 

GPX1(90) and are well reviewed in Politi 2016(91). An interesting finding comes from the German 

Diabetes Study (GDS) where in a population of 538 recently onset (<1 year) subjects with T1D (n=163) 

and T2D (n=373), Ziegler and co-workers investigated the association of 18 different quantitative 

measures of neuropathy with 9 tagging SNPs in the transketolase gene (TKT). The association of the TKT 

SNPs rs7648309 with total symptom score (p=0.024) and rs62255988 with warm thermal detection 

threshold in the hand (p=0.049) remained statistically significant after strict adjustment for multiple 

testing with the number of phenotypes and SNPs92. 

 

4.3 Genome-wide association studies on diabetic neuropathy 

To our knowledge only two GWASs, both from the GoDARTS (Genetics of Diabetes and Audit Research 

Tayside Study) cohort, have to date been performed for diabetic neuropathy81,82. Both papers used a 

robust phenotype of neuropathic pain in patients with T2D. The case definition was based on the use of 

at least one of five drugs known to be prescribed specifically for neuropathic pain (duloxetine, 

gabapentin, pregabalin, capsaicin cream/patch, and lidocaine patch) as well as a sign of sensory 

neuropathy (in the first study only). Controls did not take any of these five drugs or any other more 

unspecific pain relieving medication. No minimum duration of diabetes was required for the controls. 

The main finding of the first study was a cluster of markers with a suggestive association for neuropathic 

pain next to the GFRA2 gene81. The top SNP rs17428041 in this region had an OR of 0.67 (95%CI 0.57-

0.78) and a p-value of 1.77×10-7. In a second study with a slightly larger cohort, they performed sex-

specific analyses for painful neuropathy and found suggestive evidence (top SNP rs71647933 
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p=2.74×10-7) between the genes ZSCAN20 and TLR12P in women and near HMGB1P46 (top SNP 

rs6986153 p=8.02×10-7) in men82. No replication of the findings in the two studies was performed. 

 

5 Future directions 

During the last five years, the genetic research on diabetic complications has moved from candidate gene 

and linkage studies to GWAS and WES studies, with novel genetic risk factors emerging. However, 

many of the reported signals still require further confirmation in independent studies, and these can be 

assumed to explain only a small proportion of the heritability of microvascular complications. Larger 

studies with careful phenotyping, as well as novel approaches are needed to identify additional genetic 

risk factors for diabetic complications. 

 

5.1 Larger studies are needed 

Increasing the number of samples has markedly increased the number of susceptibility loci for many 

common traits including T2D93. While genetic consortia to perform GWAS meta-analyses already exist 

for DKD, albeit still moderate in size8,36,44,53, no GWAS meta-analyses have been performed on DR or 

diabetic neuropathy, except for the GWAS on DR by Grassi et al. including 2829 subjects from two 

studies69. Furthermore, the number of subjects included in some of the GWAS on DR is very small, in 

many cases with limited replication. Therefore, continuous recruitment of subjects and international 

collaboration to increase the total number of subjects is essential for discovery of further genetic 

susceptibility loci for diabetic complications. Preliminary reports from larger GWAS meta-analyses are 

emerging, e.g. a GWAS on DKD in up to 8000 subjects with T2D from the Hong Kong Diabetes 

Registry94, a GWAS meta-analysis on DKD including both T1D and T2D subjects from the SUMMIT 
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consortium95; and GWAS meta-analysis on DKD with up to 20,000 subjects with T1D from the Diabetic 

Nephropathy Collaborative Research Initiative (DNCRI)96.  

While much of the genetic research on common traits has concentrated on subjects of European origin, 

the GWAS on diabetic microvascular complications, particularly diabetic retinopathy, have been 

performed on various ethnic groups69-74. Furthermore, a large-scale candidate gene study of diabetic 

retinopathy including over 2000 genes was performed as a multi-ethnic meta-analysis64. Recently, a 

trans-ethnic GWAS analysis identified a novel susceptibility locus for DKD near CNKSR3 gene 

particularly evident in the American Indian population, but directionally consistent also in subjects of 

European and Mexican ancestry44. Both further GWAS in various ethnicities, as well as trans-ethnic 

GWAS meta-analyses can provide novel cues to genetic factors behind diabetic complications.  

 

5.2 How to define the phenotype? 

The choice of the best potential phenotype is crucial. Even though the numbers increase statistical power, 

in some cases it may be fruitful to concentrate on more homogenous sub-groups of subjects, as 

demonstrated by the SP3-CDCA7 locus associated with ESRD only in women41. In search for 

susceptibility genes for DKD, multiple phenotypic definitions have been employed with the aim to 

discover genes affecting various stages of the disease with different pathogenic mechanisms8,36. A similar 

approach may be particularly useful for diabetic neuropathy with its spectrum of diverse symptoms.  

Studies on early phenotypic alterations have been criticized because of the uncertain final outcome of 

these early traits, e.g. microalbuminuria is sometimes classified as case and sometimes as control or early 

signs of cardiac autonomic neuropathy (CAN) may be even reversible97. Theoretically, more severe 

forms of complications, like ESRD, should be more robust and reduce potential misclassification bias. 

However, there is high mortality in CVD already before the development of ESRD. In a Finnish study 
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of patients with T1D more than 25% of the patients with proteinuria died before developing ESRD98. For 

genetic variants that increase the risk of both ESRD and cardiovascular mortality, the risk allele would 

be diluted, or even inversed, due to selective mortality.  

5.2.1. Variability in the phenotypic definitions 

The large variability in the definitions of the microvascular phenotypes creates difficulties for the 

comparison of data between studies and for fruitful collaboration attempts. The variability and quality of 

studied phenotypes may explain lack of replication in for example diabetic retinopathy. While laser 

treatment of the retina may be considered a robust case phenotype, in contrast absence of laser treatment 

is not a good control definition. However, there is always a delicate balance between achieving the best 

phenotype quality and reaching large enough patient numbers. One solution has in this case been to use 

several different case/control cut-offs for the same phenotype8. In large consortia, a good harmonization 

is important to reduce the heterogeneity in phenotype between participating cohorts. While some cohorts 

may not be able to provide cases and controls fulfilling the primary harmonized phenotype definition, 

using several phenotype definitions enables the maximal use of all patients in addition to assessing 

various disease stages.  

5.2.2. Criteria for controls  

In general, in case-control settings the duration of the controls often seems to be rather short. Since the 

beginning of candidate gene studies in diabetic complications, especially DKD, durations such as 15 

years for T1D and 10 (or even less) years for T2D have been considered sufficient to classify patients as 

controls if no signs of complication are present. The treatment of diabetes has evolved and postponed the 

onset of complications. Therefore, much longer duration of diabetes for controls is probably needed. 

There is a need for studies addressing the potential risk of misclassification with short diabetes duration 

in controls, and on the other hand, loss of statistical power with too stringent requirements.  
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5.2.3. Do genetics of microvascular complications in T1D and T2D differ? 

Part of the genetic background in the pathogenesis of diabetic complications is most likely the same in 

both types of diabetes, however, there may also be genetic markers specific for one or the other type. 

Some papers analyze pooled diabetes cohorts and do not even report specific characteristics on the 

diabetic population. Especially for DKD, it should be noted that a significant proportion of subjects with 

T2D may have kidney disease due to non-diabetic causes, while the majority of kidney disease in subjects 

with T1D is due to diabetic nephropathy99. Therefore, the genetic risk factors for non-diabetic kidney 

disease may also be relevant in the T2D population52, but less evident in subjects with T1D.  

5.3 Low-frequency and rare variants may affect diabetic complications 

5.3.1. Sequencing of rare and low frequency variants 

The research focus for the genetics of microvascular complications of diabetes has thus far been mainly 

on the common variants detectable with GWASs. Preliminary reports of whole genome sequencing for 

DKD are emerging100. While eventually whole genome sequencing should cover all coding and non-

coding, common and low-frequency or rare variants, and the WES studies targeting the protein coding 

parts of the human genome are a suitable starting point for the search of rare variants. However, thus far 

the WES efforts on DKD have not robustly identified any rare variants, or genes enriched for protein 

truncating or changing variants8. For DR, three genes were reported enriched for rare variants in subjects 

without DR, but replication in other studies is required to confirm these findings as well80. Currently, the 

genotyping chips targeting the exonic content simultaneously with GWAS genotyping provide an 

interesting and cost-effective approach to detect low-frequency and rare variants. While very rare and de 

novo mutations cannot be identified with the exome chip approach, it is feasible in large studies of 

thousands of subjects96. 
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5.3.2. Linkage analysis with GWAS data 

Most of the current genetic studies, including candidate gene, GWAS and WES, are based on association 

tests. Nevertheless, the previously much employed family based linkage studies are still a valid approach, 

as when combined with the exome- and genome-wide genotyping and sequencing platforms, they may 

be particularly efficient in the search for low frequency and rare variants. Family-based association 

analysis was used to support the role of FRMD3 in DKD31, and preliminary reports for genome-wide 

linkage studies on DKD based on modern-day, dense SNP genotyping in small pedigrees are emerging101.  

5.4 Genetics may reveal biology and infer causality 

Genetic findings of related traits can be utilized in many ways to improve our understanding of diabetic 

complications. Analysis of genetic risk scores for related traits suggested that high body-mass-index 

(BMI) and metabolic changes leading to T2D are causal risk factors for DKD8; furthermore, inverse 

genome-wide correlation was found with the LD-score regression method between DKD and smoking 

cessation, supporting the clinical finding that smoking cessation is beneficial for avoiding DKD8,102.  

In biomarker research, the causality of certain biomarkers for diabetic complications has been evaluated 

with the Mendelian Randomization method, based on the genetic factors that affect the biomarker levels. 

For example, urinary kidney injury molecule 1 (KIM1) predicts progression of DKD even though it does 

not add prognostic benefit on top of AER or eGFR. Nevertheless, Mendelian Randomization suggested 

that KIM1 is a causal risk factor for reduced eGFR in subjects with T1D103. On the contrary, serum uric 

acid was independently associated with the decline in eGFR, but Mendelian Randomization suggested 

that it is not a causal risk factor for DKD, but rather a downstream marker of kidney damage104. In 

addition to serum or urine biomarkers, the Mendelian Randomization approach was also applied on BMI 

suggesting that elevated BMI is a causal risk factor for DKD105. 
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6 Conclusions 

In the future, better phenotyping, more collaboration and larger consortia, and exploration of the 

low frequency and rare variation are essential to identify the genetic causes behind diabetic 

microvascular complications. By guiding us into the complex biology behind the complications, 

genetics may help us develop new therapeutic tools to improve the prognosis of the diabetic patient. 
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Table 1: GWAS on DKD. Findings reaching genome-wide statistical significance (p-value < 5×10-8) 

are highlighted with bold text. 

Study Trait 

Discovery 

population,  

N (cases/ controls) 

Replication/ meta-

analysis, NREP/META 

(cases/ controls)* Loci identified for DKD 

Tanaka 2003(20) 

Shimazaki 

2005(22) 

DKD Japanese T2D, 

N=188 (94/94) 

NREP=732 (466/266) rs11643718 (SLC12A3) p=8.7×10-5, OR=2.53 

rs741301 (ELMO1) p=8×10-6, OR=2.67 

Maeda 2010(21) DKD Japanese T2D, 

N=188 (94/94) 

NREP=1312 (754 

/558) 

rs2268388 (ACACB) p=5.35×10-8, OR=1.61 

Pezzolesi 2009(29) 

Pezzolesi 2010(34) 

 

DKD European American 

T1D, N=1705 

(820/885) 

NREP=1304 

(132/1172) 

rs10868025 (FRMD3) p=5.0×10-7, OR=1.45 

rs451041 (CARS) p=3.1×10-6, OR=1.36 

Imputation suggested 4 additional loci, eg.  

rs7071071 (SORBS1) p=4.5×10-6 

McDonough 

2011(51) 

ESRD African American 

T2D, N=1994 (965 

T2D-ESRD 

cases/1029 NDCtrl) 

709 T2D-ESRD/ 690 

NDCtrl; 1246 T2D 

controls w/o DKD; 

1216 non-diabetic 

ESRD 

19 potential loci for kidney disease in T2D 

Sandholm 

2012(36) 

 

DKD, 

ESRD 

Caucasian T1D. 

DKD: N=6231 

(2916/3315); ESRD: 

N=6652 

(1399/5253); 

NMETA=11,847 ESRD: rs7583877 (AFF3) p=1.2×10-8, 

OR=1.29 

ESRD: rs12437854 (RGMA/MCTP2) 

p=2.0×10-9, OR=1.8 

DKD: rs7588550 (ERBB4) p=2.1×10-7, 

OR=0.66 

Sandholm 

2013(41) 

ESRD Finnish T1D; 

N=3652; 

NFemales=1193 

(258/935) 

NMETA=2697 

(688/2009) women 

rs4972593 (SP3/CDCA7) p=3.9×10-8, 

OR=1.81 in women 

Sandholm 

2014(47) 

AER/ 

ACR 

Finnish T1D, 

N=1925 

NREP=3750 Caucasian 

T1D 

rs1564939/rs10011025 (GLRA3) p=1.5×10-9 

in Finnish discovery. rs2410601 

(PSD3/SH2D4A) p=3.9×10-6 

Sambo 2014(37) DKD, 

ESRD 

Finnish T1D, 

N=3464 (multiple 

phenotypes) 

NREP=4263 European 

T1D (multiple 

phenotypes) 

Data mining suggested 6 loci:  

rs12137135 (WNT4-ZBTB40),  

rs17709344 (RGMA-MCTP2),  

rs1670754 (MAPRE1P2),  

rs12917114 (SEMA6D-SLC24A5),  

rs2838302 (SIK1)  

Germain 2015(35) DKD Caucasian T1D, 

N=1462 (683/779) 

NMETA=7861 

(3661/4200) 

rs1326934 (SORBS1) p=0.009, OR=0.83 in 

random-effect meta-analysis 

Iyengar 2015(44) DKD multiethnic T2D, 

N=6197 (3223 DKD 

cases/ 1686 T2D 

ctrls/ 1288 NDCtrl) 

NMETA=13,736 

(including 6229 

NDCtrl) 

rs12523822 (SCAF8/CNKSR3) p=5.7×10-9, 

OR=0.57 in American Indians 

Teumer 2016(53) ACR up to 54,450 

Caucasians, 

including 5825 

diabetic (mostly 

T2D) 

NMETA=7787 diabetic rs649529 (RAB38) p=5.8×10-7,  

rs13427836 (HS6ST1) p=6.3×10-7 

Pattaro 2016(52) eGFR, 

CKD 

up to 133,413 

Caucasians, out of 

which 16,477 

diabetic 

NMETA=16,477 

diabetic 

eGFR: rs12917707 (UMOD) p=2.5×10-8;  

In diabetic subset p<0.05 for 19/53 loci for 

eGFR in general population. 



 39  

 

Sandholm 2017(8) DKD, 

CKD, 

ESRD 

European T1D, 

N=5156 (multiple 

phenotypes) 

NMETA=12,540 

Caucasian T1D 

(multiple phenotypes) 

Suggestive associations at rs61277444 

(PTPN13), rs7562121 (AFF3), rs1989248 

(CNTNAP2) and rs72809865 (NRG3) 

*Replication/meta-analysis population description (e.g. “European T1D”) is the same as the discovery 

population unless otherwise stated. NREP: N in replication studies, divided to (cases/controls). NMETA: N 

in combined meta-analysis of discovery and replication studies. NMETA is given, rather than NREP, if joint 

meta-analysis was performed to obtain the final results. NDCtrl: Non-diabetic control (without kidney 

disease). 



 40  

 

 
Figure 1: Genome-wide association studies on diabetic retinopathy, and subsequent replication 

attempts. The horizontal bars indicate GWASs and list their key findings. The vertical bars indicate 

replication studies; loci with evidence of replication (p<0.05) are indicated on the horizontal level 

corresponding to the GWAS on left. Of note, the loci are named according to one or more nearest 

or flanking genes, even though no functional link is established between the gene and the 

association signal. **p-value <0.05 after correction for multiple testing was calculated based on 

the number of evaluated SNPs. References for the GWAS and replication studies: Fu 2010(73); 

Grassi 2011(69); Huang 2011(72); Sheu 2013(70); Awata 2014(71); Burdon 2015(74); Grassi 2012(77); 

McAuley 2014(75); Peng 2015(78);Hosseini 2015(76); Cheung 2016(79). 

 


