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Abstract

Diabetes is one of the fastest growing diseases worldwide, projected to affect 693 million adults 

by 2045. Devastating macrovascular (cardiovascular disease) and microvascular (diabetic kidney 

disease, diabetic retinopathy, and neuropathy) diabetes complications lead to increased mortality, 

blindness, kidney failure, and overall decreased quality of life in individuals with diabetes. Clinical 

risk factors and glycemic control alone cannot predict the development of vascular complications; 

numerous genetic studies have demonstrated a clear genetic component to both diabetes and its 

complications. Early research aimed at identifying genetic determinants of diabetes complications 

relied on familial linkage analysis suited for strong effect loci, candidate gene studies prone to 

false positives, and under-powered genome-wide association studies (GWAS) limited by sample 

size. The recent explosion of new genomic datasets, both in terms of biobanks and aggregation of 

worldwide cohorts, have more than doubled the number of genetic discoveries for both diabetes 

and diabetes complications. We focus herein on recent genetic discoveries for diabetes and 

diabetes complications, empowered primarily through GWAS, and emphasize the gaps in research 

for taking genomic discovery to the next level.

Introduction

Diabetes, a disease of the endocrine system diagnosed by abnormally high blood glucose 

levels, is one of the most common and fastest growing diseases worldwide, projected to 

affect 693 million adults by 2045,1 a >50% increase from 2017. Vascular complications 

of both the macro- and microvascular systems (cardiovascular disease [CVD], diabetic 

kidney disease [DKD], diabetic retinopathy [DR], and neuropathy) are the leading cause 

of morbidity and mortality in individuals with diabetes,2 carrying enormous financial 

burden with unequal healthcare expenditure and access to treatment between developed and 
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developing countries.3–5 While the precise mechanisms of hyperglycemia-induced vascular 

damage are both complex and not fully understood, it is thought that high levels of 

intracellular glucose increase the production of reactive oxygen species altering a series 

of critical downstream pathways, including polyol pathway flux, advanced glycation end 

product formation and activation, protein kinase C activation, and hexosamine pathway 

flux.6

Diabetes is not a single disease, but rather a group of conditions broadly categorized 

by a single diagnostic criterion – hyperglycemia, the final common pathway on which 

disparate metabolic derangements converge. It is becoming increasingly evident that even 

type 2 diabetes (T2D), the predominant diabetes subtype making up 90–95% of cases,7 

is itself heterogeneous in terms of both the mechanisms of action and the relationships 

with health outcomes.8 Recent clustering approaches using clinical9 or genetic8 biomarkers 

have identified subtypes of T2D that are clinically distinct and differentially associated with 

diabetic complications.8,9 Namely, these studies find an increased risk for decreased renal 

function among individuals assigned to various insulin resistance clusters, an increased risk 

for DR among those in the clinical severe insulin deficiency cluster, and an increased risk for 

coronary artery disease (CAD) among the reduced beta-cell function and lipodystrophy-like 

fat distribution genetic clusters. Intriguingly, there were no significant differences among 

the clinical clusters of Ahlqvist et al. for coronary events after adjusting for age and sex.8,9 

Furthermore, vascular damage can occur through non-hyperglycemic mechanisms, some of 

which are also diabetes comorbidities such as hypertension and obesity, further complicating 

genetic research, diagnosis, and potentially management of hyperglycemia-induced vascular 

damage.

Current approaches to diabetes complications do not reverse the process, but rely almost 

exclusively on imperfect attempts at prevention or management of established pathology. On 

top of landmark studies that show clear decline in both onset and progression of vascular 

diabetes complications through intensive glucose-lowering treatments,10–12 individuals with 

diabetes can further reduce their risk for complications by lowering blood pressure13 

and taking antihypertensive medications (angiotensin-converting enzyme inhibitors and 

angiotensin II receptor blockers)14,15 that inhibit the renin-angiotensin-aldosterone system 

and reduce the risk of complications via blood pressure-dependent and independent 

mechanisms. More recently, certain classes of glucose-lowering agents (SGLT2 inhibitors 

and GLP1 receptor agonists) have demonstrated marked reductions in ESKD and CVD-

related outcomes in patients with T2D apparently due to both glucose-dependent and 

independent mechanisms.16–18 Interestingly, loss-of-function mutations in the SLC5A2 gene 

encoding SGLT2, the major glucose cotransporter in the proximal tubule of the kidney, are 

known to cause familial renal glycosuria, a disease characterized by decreased renal glucose 

reabsorption and increased glucose excretion.19 This paradigm illustrates that exploring 

the genetics of glucose dysfunction diseases as well as the interaction between genetics 

and treatment may provide insight into the clinical success of novel therapeutics. Beyond 

medication and lifestyle changes that slow progression of disease, the majority of treatments 

of late-stage disease involve either dialysis or transplant for kidney disease or other surgical 

interventions (i.e. laser photocoagulation eye surgery or amputation).
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Diabetes and its complications are complex multifactorial conditions with both major 

environmental and genetic components. When early studies identified differences in diabetic 

complication susceptibility in patients who seemed otherwise equal in regards to their 

diabetes glucose control, clinical features, and management,20 family studies were able 

to demonstrate clear and remarkable differences in incidence of both microvascular and 

macrovascular complications among individuals with family members with both diabetes 

and diabetes complications versus those with diabetes but free from complications.21–24 

While family studies have demonstrated clear genetic components to diabetes and its 

complications, early genetic studies suffered serious flaws limiting genetic discovery. As 

with most complex traits, linkage analysis was unable to identify loci with robust large 

effects, candidate gene studies were prone to false positives through the adoption of loose 

statistical thresholds, and early genome-wide association studies (GWAS) lacked large 

enough sample sizes to detect the modest effect sizes that underlie most complex traits. 

All of this was further confounded by studying a disease within a disease, namely diabetes-

induced micro- and macrovascular complications for which there are multiple intertwined 

risk factors, indirect disease diagnostics, and unclear disease progression. Nevertheless, in 

this review we will cover recent advances in genomic analysis, with a focus on GWAS, 

that have enabled novel genetic discoveries and more than doubled the number of genetic 

loci associated with T2D and uncovered several novel candidate genes for both micro- and 

macrovascular complications.

Diabetes

Diabetes is a chronic metabolic disorder characterized by high blood glucose levels that 

result from absolute or relative insulin deficiency, in the context of beta-cell dysfunction, 

insulin resistance, or both. Though it’s classically divided into an early-onset autoimmune 

form (type 1 diabetes or T1D) and a late-onset non-autoimmune form (T2D), additional 

clinically recognizable subtypes exist, such as monogenic diabetes (e.g. Maturity-onset 

Diabetes of the Young [MODY] or neonatal diabetes), gestational diabetes, and possibly a 

late-onset autoimmune form (latent autoimmune diabetes in the adult or LADA). Indeed, the 

label of T2D is essentially applied to any diabetes that is not autoimmune or monogenic 

in nature, and it is increasingly recognized that it may represent a conglomerate of 

varied pathophysiological states. Regardless of this heterogeneity, all of these diabetes 

forms have a notable genetic component.25–28 Reviewed elsewhere,29,30 genetic exploration 

of T1D has been heavily focused on the HLA region, though GWAS has identified 

over 50 loci contributing to T1D risk thus far.31–33 Though no large-scale sequencing 

efforts in individuals with T1D have been successfully undertaken, targeted sequencing 

of known loci has additionally identified a cluster of rare variants in PTPN22 that 

disrupt mRNA splicing.34 T2D, on the other hand, is typically characterized by insulin 

insensitivity interfering with insulin’s ability to activate glucose transport intracellularly 

(insulin resistance), while insulin production is unable to compensate for this resistance 

(relative deficiency). Earlier work on the genetic exploration of T2D has been covered 

extensively in the literature;35–37 we focus herein on the latest ground-breaking advances in 

GWAS and sequencing studies of T2D.
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The largest T2D GWAS to date was a meta-analysis of 32 European cohorts of ~74K cases 

and ~824K controls.27 This study identified 243 loci reaching genome-wide significance, 

including 403 distinct association signals, 152 loci after adjustment for body mass index 

(BMI; 231 in the unadjusted model), 135 novel loci, and 56 low frequency (frequency <5%) 

and 24 rare (frequency <0.5%) lead variants across 60 loci, 14 of which have odds ratio 

(OR) >2. Together these top GWAS signals explain over 17% of the phenotypic variance 

in T2D, and extensive fine-mapping analysis on these loci found 73 signals implicating a 

single causal variant. While current polygenic scores, which aggregate the genetic risk for 

T2D over multiple genetic loci, are not better than clinical markers for predicting T2D, 

individuals in the top 2.5% of the polygenic score distribution are at a 3.4-fold and 9.4-fold 

increased risk for having T2D when compared to the median and the bottom 2.5% of the 

distribution, respectively, highlighting the potential for genetics in T2D precision medicine.

Numerous studies conducted in diverse populations have greatly advanced our knowledge 

of T2D genetics across populations.38–47 The most recent exome-array association analysis 

in ~81K T2D cases and ~370K controls from five population groups identified 40 coding 

variant association signals in 38 loci with P < 2.2 × 10−7, 16 of which were novel.48 Nearly 

all associations were shared to some degree between both the European-only and the trans-

ethnic meta-analyses with 25 reaching study-wide significance in both analyses, 14 with 

P<0.05 in the complementary meta-analysis (East Asian-specific PAX4 was the exception), 

and all demonstrating minimal differences in effect size across populations. Interestingly, 

low-frequency variants were not prominent and did not have strong effects, with only 

5/40 with frequency<5% and OR ranging from 1.09–1.29. Genome-wide trans-ethnic 

meta-analysis has similarly shown minimal differences in effect size across populations,44 

with the latest two trans-ethnic GWAS identifying a total of 475 T2D association signals 

in 250 loci (59 novel) presented at the American Diabetes Association 2019 Meeting49 

and 589 T2D associations and a handful of significant SNP × T2D interactions with 

diabetes complications presented at the American Society of Human Genetics 2019 

Meeting.50 Furthermore, studies on the genetics of T2D in isolated populations (reviewed 

elsewhere)51,52 where population bottlenecks, genetic drift and selection pressure reduce 

background genetic variability and potentially increase specific allele frequencies have made 

substantial contributions to genetic discovery. While GWAS in non-European populations 

have identified relatively few novel loci and have demonstrated mostly homogenous effects 

across populations, genetic analysis of T2D in diverse and isolated populations may identify 

variants unique to those populations or achieve genome-wide significance where their 

low frequency in Europeans leads them to evade detection, and importantly facilitates 

fine-mapping efforts to identify causal variants to aid downstream functional studies.

Sequencing studies of complex diseases, like T2D, have demonstrated little success 

in identifying novel genetic loci associated with disease. The largest sequencing study 

conducted to date interrogated multi-ethnic exome sequencing of 21K cases and 24K non-

diabetic controls and identified just four exome-wide significant gene-level associations 

using a novel method aggregating multiple gene-level analysis approaches.53 Though three 

of these genes had established links to T2D, the SLC30A8 signal was interestingly driven by 

90 missense variants supporting the notion that loss of function reduces T2D risk, a direction 

of effect recently confirmed in detailed human phenotypic and experimental analyses.54 In 
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addition, 12/16 T2D-related gene sets had a significant enrichment of statistical significance 

in the gene level analysis, including gene sets for T2D drug targets, mouse models of 

non-insulin dependent diabetes, impaired glucose tolerance, genes with common T2D 

variants (after conditioning on the common effect), and MODY genes. The authors also find 

directional consistency between T2D drug target therapeutic direction and their respective 

gene ORs, but no such consistency between mouse model knockout effects and their 

known genes, emphasizing the limits of using mice to model human physiology. Gene-set 

enrichment and directional consistency analysis emphasizes the need for larger sample sizes 

to identify more gene-level signals at exome-wide significance. Sequencing studies, which 

enable a more comprehensive characterization of variants within a locus, are technologically 

best suited for rare variant analysis, yet they still require equally large sample sizes to their 

GWAS counterparts;55 with continuously improving imputation and their cost-effectiveness 

they will most likely remain at the forefront of variant-disease association discovery in years 

to come.

Microvascular Complications

Diabetic Kidney Disease—Diabetic kidney disease, often referred to as diabetic 

nephropathy, is a progressive disorder defined by reduced renal function due to 

hyperglycemia, often co-occurring with albuminuria.56 Individuals with diabetes can also 

present with non-specific kidney disease, for which their reduced renal function is due to 

risk factors independent of or indirectly related to their diabetes, such as hypertension, 

obesity or dyslipidemia. Though DKD is primarily diagnosed by two clinical markers, 

increased albuminuria and decreased estimated glomerular filtration rate (eGFR), the 

temporal relationship between diabetes diagnosis and onset of kidney disease can help 

distinguish between diabetes-specific and non-specific DKD. However, kidney biopsy, 

which is rarely necessary for kidney disease management and seldom obtained, is the 

gold standard for making this distinction.57 Differences between diabetes-specific and non-

specific DKD contribute greatly to the challenges of studying diabetes complications and 

were recently reviewed by Anders et al.57 There is no cure to DKD; treatment involves 

managing blood glucose levels, proteinuria, and progressive kidney damage until late stages 

of DKD, in which dialysis or kidney transplant are typically necessary for survival. DKD 

remains the most common cause of end-stage kidney disease (ESKD), which is itself 

associated with increased mortality.

The progressive nature of DKD coupled with indirect diagnostic measures (albuminuria 

and eGFR) and heterogeneous risk factors has complicated defining DKD as a phenotype 

in genetic analyses, and likely contribute to limited and inconsistent findings (Figure 1). 

Notwithstanding, early heritability studies of DKD found strong familial clustering of 

both T1D and T2D DKD;21,22,58–60 probands with diabetes of siblings with DKD had 

approximately 2–4 times the risk of developing DKD than probands with diabetes of 

diabetic siblings without DKD.21,22,59,60 Recent heritability analysis of DKD estimate that 

34–59% of variance in T1D DKD after accounting for sex, diabetes duration, and age at 

diabetes diagnosis is due to common genetic variants (24–42% unadjusted), depending on 

the precise definition of DKD using both proteinuria and eGFR levels.61,62 Of note, a similar 

unadjusted analysis of DKD in individuals with T2D estimates SNP heritability to be only 
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8%, likely due to the much larger phenotypic heterogeneity of kidney disease in T2D versus 

T1D.63

The majority of early linkage studies of DKD and related traits identified only several 

suggestive associations (LOD >3.0),64–66 with the exception of a large linkage analysis in 

18 Turkish families with T2D and DKD (chr18q22.3–23, LOD=6.1), later replicated across 

several ethnicities.65–67 Fine-mapping in this region identified an indel in exon 2 of the 

carnosine dipeptidase 1 (CNDP1) gene associated with both DKD and serum carnosinase 

levels. Carnosine possesses anti-glycation activity, blocking glucose-induced increase of 

extracellular matrix components fibronectin and collagen in podocytes and TGF-beta in 

mesangial cells.68 Prior to the affordability and feasibility of large-scale GWAS, several 

candidate gene studies for DKD (summarized elsewhere)69 were also undertaken with 

mostly limited and inconsistent findings. One promising finding with both robust statistical 

and functional evidence relates the EPO promoter polymorphism to both proliferative 

diabetic retinopathy (PDR) and ESKD case status and EPO gene expression.70

Though kidney disease occurs in equal proportions in individuals with T1D and T2D 

(~30%),71 high rates of co-occurring kidney disease risk factors in individuals with T2D, 

such as high blood pressure and obesity, increase phenotypic heterogeneity in T2D DKD 

hindering genetic discovery. Indeed, the majority of genome-wide significant loci from 

DKD GWAS have been found using T1D cohorts. While no genetic variants achieved 

genome-wide significance in the first ever GWAS of DKD,72 the strongest association was 

at the FRMD3 locus (P=5.0×10−7), a gene more recently suggested to affect regulation of 

the known DKD bone-morphogenetic protein (BMP) signalling pathway.73 The first DKD 

GWAS to identify robust genome-wide significant loci was conducted by the Genetics of 

Nephropathy – an International Effort (GENIE) consortium in 2012.74 This study performed 

a two-stage GWAS meta-analysis examining a total of 12,564 individuals with T1D with or 

without kidney disease, testing for association with either DKD or ESKD and identified two 

genome-wide significant loci associated with ESKD (ESKD cases vs. all T1D individuals 

without ESKD): SNP rs12437854 on chr15q26 in a large gene desert between the RGMA 
and MCTP2 genes, and intronic SNP rs7583877 on chr2q11 in the AFF3 gene shown 

to be upregulated in renal endothelial cells when stimulated with pro-fibrotic TGF-β1. 

Additionally, SNP rs7588550 in intron 1 of ERBB4 was nominally associated (P=2.1×10−7) 

with DKD, defined as the presence of macroalbuminuria or ESKD in individuals with T1D 

for at least 10 years vs. controls with T1D for at least 15 years with no clinical evidence 

for kidney disease. Two neighbouring SNPs in ERBB4 were associated with allele-specific 

expression of ERBB4 in tubulointerstitial tissue in Pima Indians with T2D DKD. Following 

the 2012 GENIE DKD GWAS, Sandholm et al. conducted a follow-up sex-specific GWAS 

of ESKD, and identified a female-specific association with ESKD at a common variant, 

rs4972593 located on chr2q31.75

The Diabetic Nephropathy Collaborative Research Initiative (DNCRI), an international 

consortium funded by JDRF, led by the GENIE consortium recently published the largest 

DKD GWAS conducted to date, tripling their previous sample size to over 19K individuals 

of European ancestry with T1D and identifying 16 novel genome-wide significant loci 

associated with various disease definitions (Figure 2–3).76 The strongest association was 
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SNP rs55703767, a common missense variant in exon 17 of the type IV collagen alpha 

3 chain (COL4A3) gene, for which the minor allele (T) protects from DKD and several 

other albuminuria-related phenotypes (Figure 4. Loss of function mutations in COL4A3 
cause Alport syndrome.77 The variant was also associated with lower glomerular basement 

membrane (GBM) thickness in a cohort where ultrastructural information was available 

for analysis. SNP rs55703767 also demonstrated a significantly stronger effect in women. 

Notably, as might be predicted for genetic effects expressed in the diabetic context, the 

protective association was most evident in individuals with higher hemoglobin A1c (HbA1c) 

levels in an observational study (Figure 5), and in those randomized to a conventional 

vs. intensive glycemic control in the Diabetes Control and Complications Trial. COL4A3 
expression levels were shown to be negatively correlated with GBM surface density in Pima 

Indians with DKD and glomerulosclerosis in dissected human glomerulus samples.

Furthermore, this effort identified three additional genetic loci surpassing a strict study-wide 

significance threshold after correction for multiple testing. SNP rs144434404 in intron 

1 of BMP7, a gene involved in renal morphogenesis and almost exclusively expressed 

in podocytes in mice, was associated with microalbuminuria. SNP rs142823282 near 

TAMM41 and SNP rs145681168 in intron 3 of HAND2-AS1 were both also associated 

with microalbuminuria at study-wide significance; the TAMM41 signal was also associated 

with expression of the nearby gene PPARG (an expression quantitative trait locus or eQTL). 

Other genome-wide significant signals in this GWAS highlight the involvement of kidney 

collagen in DKD pathophysiology: DDR1 is a collagen receptor that is highly expressed in 

the kidneys, particularly upon renal injury, and COLEC11 encodes a collectin protein with 

both a collagen-like domain and carbohydrate recognition domain. In addition, COL20A1 
emerged from a gene-level analysis comparing eGFR extremes. Table 1 reports all genome-

wide significant GWAS loci for diabetes complications.

Though met with less success, genetic studies of DKD in T2D have begun to overcome 

the noise created by phenotypic heterogeneity by greatly increasing sample size. The most 

recent T2D DKD GWAS was conducted in ~27K individuals with T2D (~13K with DKD) 

by the SUrrogate markers for Micro- and Macrovascular hard endpoints for Innovative 

diabetes Tools (SUMMIT) consortium in 2018, using phenotype definitions similar to 

the DNCRI 2019 GWAS(Figure 3).63 This study identified one genome-wide significant 

locus associated with microalbuminuria in individuals with T2D of European ancestry. The 

lead SNP rs9942471 is near GABRR1, and the major allele is associated with decreased 

GABRR1 expression. Additionally, two loci (UMOD and PRKAG2) previously associated 

with eGFR in the general population were also associated with eGFR in the SUMMIT 

combined T1D + T2D meta-analysis of 31K subjects of European and Asian ancestries. 

An additional recent GWAS in Japanese individuals with T2D identified genome-wide 

significant markers in the FTO gene locus associated with DKD (lead SNP rs56094641), 

interestingly unaffected by adjustment for BMI (though BMI was collected after diabetes 

diagnosis).78 Notably, this association was not seen in the SUMMIT consortium dataset of 

European T2D individuals.

After exhausting nearly all available T1D cohorts of European ancestry in the DNCRI, 

future analyses aimed at genetic discovery must rely on combining genetic data across 
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diabetes subtypes and populations, such that massive increases in sample size can 

outweigh the introduction of phenotypic heterogeneity. Unpublished preliminary work in 

the SUMMIT consortium, combining both individuals with T1D and T2D (including those 

from DNCRI) demonstrates the potential for large-scale upcoming efforts.

Several additional GWAS using different populations conducted over the years are of 

interest and have been reviewed elsewhere.37,79,80 Briefly, a population-specific signal 

associated with urinary albumin excretion rate was detected in the GLRA3 gene in Finnish 

individuals with T1D.62 While the association did not replicate in non-Finnish populations, 

meta-analysis conducted years later with an additional independent collection of Finnish 

individuals with T1D yielded a genome-wide significant P-value, though with a significant 

difference in effect size which could be due to differences in urinary albumin excretion rate 

collection methods.81 Interestingly, this signal appears to be specific to high HbA1c levels 

above 7%. The Family Investigation of Nephropathy and Diabetes (FIND) consortium multi-

ethnic GWAS in individuals with T1D and T2D identified SNPs located on chr6q25 between 

genes SCAF8 and CNKSR3 associated with DKD in the meta-analysis of individuals 

of European American, American Indian, and Mexican Indian ancestry.82 Guan et al. 
conducted an African American GWAS comparing individuals with T2D and ESKD to 

non-diabetic non-DKD controls, followed by a discrimination analysis to remove all SNPs 

nominally associated with T2D; they identified six independent genome-wide significant 

associations with ESKD (rs58627064 at chr3q26, independent SNPs rs142563193 and 

rs142671759 near ENPP7, rs4807299 in GNG7, rs72858591 at chr2q23, and rs9622363 in 

APOL1 [though this SNP is in moderate linkage disequilibrium with a non-diabetic ESKD 

signal]).83

Finally, several genetic studies of kidney-related traits in the general population have 

identified numerous kidney-related genetic loci,84–94 and interrogation by diabetes status 

has and will continue to help distinguish between DKD and NDKD specific and shared 

mechanisms. The most recent GWAS of urinary albumin-to-creatinine ratio (UACR) 

identified eight genome-wide significant signals in the subset of 51K individuals with 

diabetes, four of which were specific to the diabetes-only subset (KAZN, MIR4432HG-

BCL11A, FOXP2, and CDH2).94 Furthermore, SNPs in CUBN associated with UACR 

have 3–4 times stronger effects in individuals with diabetes versus individuals without 

diabetes,93,94 and while two loci did not quite achieve genome-wide significance in 

individuals with diabetes (rs649529 between RAB38 and CTSC and rs13427836 in 

HS6ST1), they demonstrated significant gene × diabetes interactions.88 GWAS of eGFR in 

the general population have identified 19 loci that were nominally significant when limited 

to individuals with diabetes (P<0.05), with UMOD retaining genome-wide significance89 

and independently replicating in the DNCRI and SUMMIT consortia.63,76

While at present GWAS arrays and current imputation methods are optimized to capture 

common genetic variation (frequency ≥1%), sequencing approaches (either whole-exome 

or whole-genome) can be used to ascertain rarer genetic variation contributing to DKD, 

though these efforts are currently constrained by cost. In addition, the potential gain in 

power attained with the presumably larger effect sizes of rare variants is typically offset 

by their much lower frequency, such that samples sizes comparable to those employed in 
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GWAS are typically necessary.55 Increasing the number of observations for rare variants 

might be achieved by leveraging family designs. One whole-exome sequencing study has 

been published to date in individuals with T1D, identifying one non-coding intronic variant 

with a 0.2% minor allele frequency reaching exome-wide significance (rs188427269 in the 

NVL gene P=3.3×10−7).61 Only until we collect large enough sample sizes and integrate 

more sophisticated gene aggregation analyses will we be able to identify novel rare sequence 

variants associated with DKD.

Diabetic Retinopathy—Hyperglycemia can induce progressive damage to the blood 

vessels in the retina, which can lead to hemorrhage, retinal detachment and blindness. 

Diabetic retinopathy (DR) can be classified into an early, more common non-proliferative 

(NPDR) form, characterized by weakened blood vessels, and the more severe, late-stage 

PDR form characterized by the growth of new fragile and leaky blood vessels throughout 

the retina and into the vitreous in the eye. A distinct form of DR involves direct damage 

to the macula, defined as clinically significant macular edema. DR is the most common 

diabetes complication, with the overall prevalence in individuals with diabetes of ~35%,95 

with wide variation among ethnic groups and populations around the world.96 Furthermore, 

DR is the leading cause of blindness in adults in the US97 and England;98 the severity of DR 

is associated with diabetes duration, age of diagnosis, HbA1c levels, blood pressure, insulin 

use, and presence of proteinuria.99

Early family clustering studies which suggested a genetic component to DR have generally 

found significant concordance in the presence of DR among DR-positive family members 

compared with DR-negative family members, depending on diabetes subtype and additional 

subgroup characteristics.100,101 Specific family study heritability estimates range from 18 

to 52%,102–104 with a more recent estimation of SNP heritability due to common genetic 

variants alone calculated from distantly related individuals of 7%. Overall, however, there 

seems to be a clearer genetic contribution to the severity of DR, rather than the presence/

absence of DR in general.101,105

Reviewed elsewhere,106,107 early genetic studies of DR, including linkage analyses, 

candidate gene studies, and underpowered GWAS, have uncovered few if any robust genetic 

signals. The only study conducted to date to report a genome-wide significant result at 

the discovery + replication meta-analysis stage was conducted by Burdon et al. in 2015 

by combining two T2D cohorts and one T1D cohort of European ancestry with one 

T2D Indian cohort. They identified a significant association between sight-threatening DR 

(severe NPDR, PDR, or macular edema) and genotypes at SNP rs9896052 (P=4.15×10−8), 

a variant 17 kb upstream of the GRB2 gene encoding an epidermal growth factor receptor 

binding protein (Table 1), which they then demonstrated was both expressed in normal 

human retina and upregulated in the retina of a transgenic retinal stress mouse model.108 

Two additional large-scale GWAS of DR worthy of mention have been conducted since, 

yet were still unable to provide robust evidence for genetic association in meta-analysis. 

Meng et al. identified a genome-wide significant intronic variant, SNP rs3913535, in 

NOX4 in the Scottish GoDARTS discovery cohort associated with severe DR (severe 

background DR or PDR), but were unable to replicate it across multiple cohorts (total 

N=14,031).109 Interestingly, NOX4 encodes a gene that functions as the catalytic subunit to 
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NADPH oxidase complex reducing oxygen to various reactive oxygen species, and has been 

previously shown to play a functional role in oxygen-induced retinopathy mouse and rat 

models.110,111 The most recent GWAS conducted to date expanded both the DR phenotype 

definitions and the sample to include nearly 6K individuals with T2D of either African 

American or European ancestry in the discovery cohort and 20 additional replication cohorts 

totalling 43,565 individuals of diverse ancestries.112 Though not retaining genome-wide 

significance in the meta-analysis, intronic SNP rs142293996 in NVL (a gene reported above 

in WES of DKD) was associated with a phenotypic extremes analysis in the European 

discovery cohort (PDR vs. no DR; N effective = 523). As phenotypic extremes analyses 

tend to have the smallest samples sizes, this finding highlights the importance of using both 

endophenotypes and meaningful phenotypic comparisons for genetic discovery. While the 

current state of DR GWAS has started gaining traction, these studies are still greatly limited 

by sample size and T2D phenotype heterogeneity, emphasizing the need still for larger 

cohorts with deeper phenotyping.

Due to the high sample size demands for novel gene discovery in sequencing analyses 

(see above), preliminary whole-exome sequencing studies of DR in approximately 100 

individuals with T2D require independent confirmation and functional follow-up.113,114

Diabetic Neuropathy—Diabetes is a leading cause of nerve damage, particularly 

for the longer peripheral nerves that innervate the lower limbs.115 Generally, diabetic 

neuropathies can be broken into several subtypes including the most common form, distal 

symmetric polyneuropathy (a type of peripheral neuropathy), autonomic neuropathies, 

atypical neuropathies, and also nondiabetic neuropathies common in diabetes.116 On 

top of excess pain and decreased quality of life associated with diabetic neuropathy, 

individuals with diabetes have a 15–25% lifetime risk of foot ulcerations and a 15-fold 

increased risk for lower-extremity amputation vs. individuals without diabetes.117,118 

Though diabetic neuropathy has the largest lifetime risk of any diabetes complication, 

affecting approximately 30% of individuals with diabetes overall and >50% of individuals 

with diabetes over the age of 50,119–121 it is one of the least studied diabetes complications 

as it is difficult to measure directly and accurately, and treatment relies solely on prevention 

with glucose control and management of pain and symptoms.

Similar to other diabetes vascular complications, diabetic neuropathy is a multifactorial 

condition associated with several risk factors such as HbA1c levels, hypertension, smoking 

status, and BMI, which also has a genetic component.122 After early familial clustering 

analysis demonstrated a 2.2-fold increased risk for developing diabetic neuropathy in 

families for which the proband had neuropathy,123 GWAS estimated the SNP heritability 

of diabetic neuropathic pain and foot ulcers to be 11–15%124,125 and 6%,126 respectively.

Though several candidate genes have been studied and reviewed elsewhere,127,128 there 

have only been a handful of GWAS published to date on diabetic neuropathy. Three were 

conducted in the same Scottish study population (GoDARTS) without replication. The two 

primary GWAS conducted in GoDARTS found three signals nominally associated with 

diabetic nerve pain (10−8 < P < 10−7), SNP rs71647933 in ZSCAN20 in females only, 

SNP rs6986153 at chr8q23 in males only, and SNP rs17428041 in one mRNA transcript 
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of DOK2 in a sex-combined analysis.124,125 A third GWAS in the same GoDARTS 

dataset investigated the presence of foot ulcers in individuals with diabetic neuropathy 

vs. diabetic controls with neuropathy and vs. diabetic controls without neuropathy. The 

authors identified intronic SNP rs80028505 in MAPK14 associated with foot ulcers when 

comparing both cases and controls with diabetic neuropathy (Table 1).126 Of note, these 

studies are small and require replication.

One GWAS that did achieve a genome-wide significant result with independent replication 

in a locus with compelling biological plausibility was conducted in the ACCORD 

clinical trial, and replicated in the BARI-2D clinical trial.129 The minor allele at lead 

SNP rs13417783 at chr2q24 demonstrated a strong protective effect for T2D peripheral 

neuropathy (OR=0.57) in individuals of European ancestry (with consistent direction but 

non-significant P-value in the African American subset of ACCORD). Endophenotypes 

within the ACCORD trial that also reached nominal significance (P<0.05) with SNP 

rs13417783 include self-reported DR, triglycerides, eGFR, and UACR (though some 

additional micro and macro-vascular complications were not significant). The authors report 

interesting findings from GTEx that the minor allele is associated with higher expression of 

the gene SCN2A in tibial nerve tissue, though this gene is over 1MB away.

Furthermore, while no large-scale sequencing effort has been undertaken for diabetic 

neuropathy likely due to sample size and phenotype limitations, there is some evidence 

for the presence of rare variants in SCN9A in individuals with painful vs. painless diabetic 

neuropathy.130

Macrovascular Complications

Cardiovascular Disease—Despite the well-known increased risk for CVD among 

individuals with diabetes, the pathophysiology linking the two conditions is poorly 

understood. Depending on the cardiovascular event or disease (i.e. coronary heart disease 

[CHD], myocardial infarction, heart failure, stroke, etc.) and diabetes subtype, individuals 

with diabetes have anywhere from a two to ten-fold increased risk of a cardiovascular event 

when compared to individuals free of diabetes.24,131–133 Additional risk factors for CVD 

among individuals with diabetes include the presence of other microvascular complications 

as well as sex, age, BMI, glucose control and HbA1c levels, blood pressure, and smoking 

status.23,133–138

The evidence for genetic differences attributing to CVD risk among individuals with 

diabetes is limited. While CHD in the general population has a twin-based heritability 

of ~40% and a SNP-based heritability of ~30%,139–141 the only evidence for a genetic 

component for CVD in individuals with diabetes are small family studies of coronary artery 

calcification, c-reactive protein levels, and carotid intra-medial thickness.142–144

To date, there are over 150 loci associated with CAD in the general population,145 and a 

handful of these loci have specifically been shown to contribute to CVD risk in individuals 

with diabetes.146–148 Of note, two SNPs in high linkage disequilibrium at 9p21 in the 

CDKN2B-AS1 gene display marginal interaction effects with T2D on myocardial infarction 

(rs10757274) and poor glycemic control on CAD (rs2383206).149,150 One GWAS focused 
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on identifying genetic determinants of CHD in individuals with T2D has been published. 

Qi et al. found SNP rs10911021 near the glutamate-ammonia ligase (GLUL) gene to be 

associated with CHD in individuals with T2D, and found no evidence of association with 

CHD in a population free of diabetes (Table 1); in addition, the same SNP is associated with 

expression levels of the enzyme.151 Follow-up of this work in several independent cohorts 

also found an association between SNP rs10911021 and cardiovascular mortality among 

individuals with T2D.152,153

A more recent study on the genetics of cardiovascular mortality among individuals in the 

intensive glycemic control treatment arm of the ACCORD trial identified two genome-wide 

significant loci, SNP rs9299870 in the MGMT gene and SNP rs57922 at 5q13.154 SNP 

rs9299870 is a significant eQTL for MGMT in the pancreas, spleen, aorta, and subcutaneous 

adipose tissue. Interestingly, neither SNP was associated with non-cardiovascular mortality 

nor cardiovascular mortality among participants randomized to the standard glycemic 

control treatment arm, and genotypes at each SNP or using a combined genetic risk score 

of both SNPs had a significant interaction with treatment on cardiovascular mortality, 

highlighting the modulation of these genetic effects by glycemia. Follow-up analyses testing 

for an association between the above two-SNP genetic risk score and biomarker levels 

between baseline and 12-months identified a significant association between the score and 

change in GLP-1 levels in the intensive treatment arm, suggesting a potential cardiovascular 

protective role for GLP-1 under intensive glucose control,155 in line with recent evidence 

from CVD outcome trials that reveal the beneficial cardiovascular effects of GLP-1 receptor 

agonist therapy.156,157 Thus, evidence has begun to emerge supporting a unique genetic 

component of CVD in individuals with diabetes.

Genetics can also help establish causal inference for the role of glycemia in CVD. 

The benefits of glucose control for CVD protection is well established for type 1 

diabetes,12 but this benefit has been more difficult to demonstrate for T2D, with 

several randomized clinical trials failing to show a significant CVD benefit of intensive 

glycemic control.11,158–161 However, subsequent meta-analyses of these trials,162–164 long-

term follow-up studies,165–167 and recent CVD outcome trials for specific T2D drug 

classes156,157,168 all point to a modest but clinically significant effect of glucose control on 

CVD protection. Whether this is uniquely a class effect or also a global effect of glycemia 

on CVD remains a matter of debate, but a recent MR instrumental variable analysis has 

shown that genetically lowered glycemia has a discernible impact on CHD.169

Shared Genetic Architecture

Complications of diabetes, both microvascular and macrovascular, tend to occur together. 

The co-occurrence of DKD and DR is well studied; In both T1D and T2D, decreased kidney 

function is associated with higher rates of DR. Specifically, in individuals with T2D, those 

with microalbuminuria are twice as likely to have DR, and those with macroalbuminuria 

are six times as likely.170 A similar study in individuals with T1D found that nearly all 

individuals with eGFR <60 mL/min (>90%) had DR.171 Severity of disease, captured by 

both disease stage and several quantitative measures of retinal and glomerular structure, is 

also highly correlated.103,172,173 Retinopathy score is correlated with GBM width,172 even 
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among individuals with T1D who have normal renal function.173 Notably, subgroups of T2D 

as defined by clinical markers in Ahlqvist et al, found DKD and DR most significantly 

associated with two distinct clusters, representing insulin resistance and insulin deficiency, 

respectively.9 Though studied to a much lesser extent, diabetic neuropathy is a prominent 

microvascular complication which is significantly associated with both DKD and DR.174 

Individuals with both diabetes and ESKD have a two-fold increase in foot complications 

vs. non-nephrotic individuals with diabetes, and a ten-fold higher rate of amputations when 

compared to the general diabetes population at large.175,176

Microvascular complications, specifically DKD and DR, have also been associated with 

cardiovascular outcomes. Though DKD diagnosis, lower eGFR, and higher albuminuria are 

all associated with increased CVD risk,23,177,178 recent work using a genetic instrument 

for albuminuria in the general population in a MR analysis demonstrates a significant and 

bidirectional causal effect between albuminuria and hypertension, suggesting a complex 

feedback loop, while demonstrating only a weak causal effect of albuminuria levels on 

stroke and heart failure.92 Several studies have also found significant associations between 

DR and stroke, CHD, myocardial infarction, cardiovascular-related mortality, systolic 

blood pressure, diastolic blood pressure, and mean blood pressure in individuals with 

diabetes,172,179–181 though there is also some evidence for a lack of association between 

DR and blood pressure measurements in individuals with diabetes who have normal renal 

function.173 Overall, while there is evidence for the co-occurrence of microvascular and 

macrovascular complications in individuals with diabetes, the biological relationships of 

how and why they co-occur is less clear.

While there is no overlap between the top genetic loci for diabetes and those for diabetes 

complications, genetic correlation analysis between T2D and additional health outcomes 

identified 85/182 significant genetic correlations, including several cardiovascular and 

kidney-related traits including CHD, adiponectin levels, lipid levels, UACR, CKD, serum 

creatinine levels, and serum cystatin C.27 Out of 19 of the top coding variants associated 

with T2D, six were directionally consistent and nominally associated (P<0.05) with CHD, 

including QSER1, PATJ, HNF1A (2 loci), POC5, and SLC30A8. Thus far, the extent 

of our knowledge on the shared genetic overlap among microvascular complications 

includes some evidence for familial clustering123 and early linkage analyses with weakly 

suggestive signals that may affect more than one diabetes complication.64,182 A lookup of 

the three suggestive DR SNPs (rs9896052, rs3913535, rs142293996) in the recent DNCRI 

DKD GWAS yielded a P-value of 0.01 for SNP rs3913535 in NOX4 associated with 

macroalbuminuria, though this signal would not survive multiple testing across the full 

GWAS (10 correlated phenotypes and 2 covariate models). Whether shared associations 

represent a common mechanistic pathway for various microvascular complications or 

simply denote the co-occurrence of these complications in the same individual, where 

the associated allele is causal for only one of them, cannot be easily disentangled. Larger 

sample sizes, deeper phenotyping, more robust findings and functional experiments will be 

needed to conduct the stringent sensitivity, mediation and mechanistic analyses that will help 

determine which loci represent overlapping versus complication-specific biology.
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Conclusion

Overall there has been a recent surge of novel genetic findings for both diabetes and diabetes 

complications, largely due to massive sample size increases made possible only by the 

inclusion of large-scale biobanks, like UK Biobank, and the aggregation and meta-analysis 

of diabetes cohorts across the world. The most recent T2D GWAS identified twice as many 

loci (from 113 to 243 loci) as the previous effort in individuals of European ancestry,183 

primarily due to two key improvements. The latest GWAS increased the effective sample 

size by more than three-fold to nearly 900K individuals (9% cases), and also imputed 

all cohort-level data to a denser imputation panel with a focus on low-frequency variants 

in Europeans (Haplotype Reference Consortium).184 Even more recently, preliminary trans-

ethnic meta-analysis with 1.3M individuals reports hundreds of novel loci associated with 

T2D.49,50 Whole-exome sequencing analysis of T2D highlights key lessons for studying 

the genetics of diabetes, complications, and complex traits at large. Together with the latest 

exome-array association analysis conducted in T2D relatively few novel low-frequency 

coding variants appear to be detectable at our current sample sizes.48,53 The value of 

sequencing data lies in its ability to comprehensively characterize genetic variation in genes 

of interest, serving as an indispensable resource for downstream functional interrogation.

The successes of recent GWAS of diabetes complications have emphasized the need for 

both larger sample sizes and improved phenotyping. Both the tripling of sample size and 

the large expansion of phenotype definitions in the latest DNCRI DKD GWAS allowed 

for novel discovery of the most genome-wide significant loci associated with DKD to 

date.76 Even larger sample sizes were required to identify a genome-wide significant locus 

in SUMMIT, where individuals with T2D have a more heterogeneous mixture of kidney 

disease.63 Expanding analysis to both quantitative normal variation in individuals with 

diabetes as well as discrimination analysis when using non-diabetic controls has also aided 

in genetic discovery. Though recent DR GWAS have aggregated numerous cohorts, success 

came from phenotypic comparisons (e.g. PDR extremes) with relatively small sample sizes, 

emphasizing both a need for larger samples and thoughtful phenotypic comparisons. The 

state of GWAS for neuropathy emphasizes these research gaps even more.

Diabetes, which is diagnosed by the presence of hyperglycemia, arises from several distinct 

biological processes and genetic pathways. Furthermore, complications in patients with 

diabetes may not be solely related to their hyperglycemia, and attempts to study only 

individuals with diabetes-mediated complications using diabetes duration criteria subject 

the study to arbitrary binary cutoffs. Use of “diabetes duration” as a covariate only 

partially overcomes this, as the relationship with progression of diabetes complications 

is likely non-linear or not constant, as secular trends continue to escalate glycemic 

control. Contributing to this challenge is the progressive nature of diabetes complications 

and indirect diagnostic measures (e.g. pain medication use for neuropathy). Accurate 

phenotyping is also undermined by the effects of confounders or modifiers, such as co-

morbidities (e.g. hypertension and obesity), medication use and adherence, or preventive 

strategies. Assessing the effects of these confounders via post-hoc sensitivity analyses 

requires well-curated datasets, which is typically not the case among the largest cohorts; 

merely increasing sample size may not resolve the issue if the necessary additional variables 
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are not available for analysis. Diseases associated with mortality, like ESKD or CAD, pose 

an additional difficulty: the competing risk for death may hinder accurate collection of the 

event of interest. While methods such as competing risk analysis can take this into account 

when conducting survival comparisons, most genetic studies and large biobanks are biased 

towards healthier individuals, potentially affecting results and diminishing power. Finally, 

while studying diabetes complications together may point to shared biology, their high 

co-occurrence hinders teasing apart complication-specific processes, and only large datasets 

with deep phenotypic information will allow investigators to distinguish between shared and 

unique mechanisms.

The major research needs in studying the genetics of diabetes complications can be 

summarized into a few key areas of future research (Box 1). Larger sample sizes of 

diabetes complications datasets will be needed to overcome phenotypic heterogeneity 

and moderate heritability to make novel genetic discoveries. Improved phenotyping will 

assuredly also increase signal to noise. Future approaches could focus on more objective 

diagnostic measures to remove complications not due to hyperglycemia, more quantitative 

and morphometric measurements of the microvascular system, new phenotypic comparisons 

and groupings, and better use of longitudinal data. Furthermore, as both GWAS of T2D 

and CVD have been undertaken in hundreds of thousands of individuals, complementary 

approaches aimed at dissecting the genetic signals identified among the general population 

using previously defined genetic clusters may help characterize the biological differences 

between individuals. Finally, additional future progress should rely on complementary 

datasets. While most multi-ethnic datasets for diabetes have demonstrated limited 

heterogeneity across populations, population differences regarding diabetes complications 

is less clear. Furthermore, genetic studies using diverse populations will also enhance 

discovery of population-specific signals, aid in fine-mapping of known loci, and improve 

accuracy of risk prediction in the future of precision medicine. Sequencing datasets will 

also be of use when needed to explore the full spectrum of genetic variation contributing to 

disease, a key step for improving drug development. In light of a growing diabetes epidemic 

and a recent boom of novel genetic discoveries with diabetes complications, future work 

filling these research gaps is both highly promising and urgently needed.
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Key Points

1. There is a moderate genetic component and significant genetic overlap to 

diabetes and diabetes micro- and macrovascular complications.

2. Large biobanks and aggregation of diabetes cohorts have more than doubled 

the number of GWAS associations with diabetes and diabetes complications.

3. Sequencing studies remain limited by sample size, though recent work in T2D 

highlights their use in gene variant characterization

4. Future genetic discovery of diabetes and complications will rely on larger 

sample sizes, interrogation of sequencing datasets, diverse populations, and 

better phenotyping and sub-phenotyping.
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Box 1.

Genetics of diabetes complications research needs

1. Larger sample sizes for detection of common genetic variants in GWAS

2. Development of more sequencing datasets for interrogating rare variation

3. Genetic studies in diverse populations for fine-mapping and population-

specific associations

4. Improved phenotyping for studying heterogeneous diabetes complications

5. New research efforts aimed at the shared genetic component of diabetes 

complications

Cole and Florez Page 26

Nat Rev Nephrol. Author manuscript; available in PMC 2022 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Phenotype complexity to diabetic kidney disease.
A schematic depicting the complexity to diagnosing diabetic kidney disease based on 

two primary markers, albuminuria and estimated glomerular filtration rate (eGFR), with 

increasing diabetes duration. Complications to diagnosis include early increases in eGFR 

(hyperfiltration), regression of microalbuminuria to normal levels, and independence of the 

markers such that not all individuals with DKD have both high levels of albuminuria and low 

eGFR.
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Figure 2. Expansion of DKD phenotypes for GWAS genetic discovery.
A stylistic representation of the DKD case control phenotype definitions used in both 

GENIE (all 10 comparisons) and SUMMIT consortiums (those comparisons marked with an 

asterisk). Phenotype names are taken directly from the DNCRI 2019 GWAS (Salem et al. 
JASN 2019). All phenotype definitions with a significant genome-wide finding are bolded to 

highlight the benefit of using multiple definitions.
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Figure 3. DNCRI DKD GWAS Manhattan Plot from Salem et al.
Manhattan plot from Salem et al JASN 2019 publication, highlighting the value in using 

multiple phenotype definitions of DKD for genetic discovery. Each locus reaching genome-

wide significance is colored by its top phenotype. In addition, two distinct significance 

thresholds used in this study are highlighted.
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Figure 4. Visual representation of the COL4A3 gene and missense coding SNP rs55703767 
associated with DKD.
COL4A3 missense coding variant rs55703767 (G → T; Aspartic acid to Tyrosine) in exon 

17 in the collagenous domain of COL4A3 (between the triple-helical 7S domain and the 

non-collagenous NC1 domain).
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Figure 5. Association at COL4A3 SNP stratified by hyperglycemia status in the FinnDiane Study 
published in Salem et al.
Association of rs55703767 COL4A3 SNP with various DKD disease definitions from the 

DNCRI DKD GWAS stratified by HbA1c levels in the FinnDiane Study cohort. Though the 

confidence intervals overlap due to the small sample size, the effect of this SNP on DKD 

appears to be much stronger in a diabetic context.
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