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Introduction

Type 2 diabetes is among the most common chronic 
diseases globally, affecting around 5–10% of populations 
in both developed and developing nations worldwide. 
It leads to long-term reduction in quality of life and 
significantly decreases life expectancy by up to 10 years.1

Due to their severity and long-term nature, diabetes-
related complications impose one of the greatest 
economic and health burdens associated with any 
disease. In the UK, the cost of diabetes treatment 
corresponds to around £14 billion—10% of the National 
Health Service (NHS) budget. Around 80% of this is 
spent on the management of disease complications, 
corresponding to about 0.65% of UK GDP. These costs 
are expected to grow as a result of an increasingly 
overweight and ageing population.2, 3

Diabetes-related complications can broadly be split into 
several categories, including micro- and macrovascular 

complications, as well as peripheral neuropathies 
and renal, ophthalmic, and acute conditions such as 
ketoacidosis and coma. Such complications are one of 
the main causes of reduced quality of life, long-term care 
needs, and mortality in diabetic patients. Both the primary 
disease itself and, particularly, its complications are 
preventable with the appropriate management of blood 
glucose levels, lifestyle, and educational and therapeutic 
interventions.

In a previous study, we analyzed a cohort of White 
British type 2 diabetes cases found in the UK Biobank 
and compared them against BMI-matched healthy 
controls. We found that this White British type 2 diabetes 
population stratified into five distinct clusters based on 
their genotypes only. Adding phenotypic and clinical 
information revealed that two of the clusters were 
particularly associated with type 2 diabetes-related 
complications (see Figure 1). This indicates that subsets of 
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Type 2 diabetes-related complications create some of 
the most significant health and economic burdens in 
developed and developing countries. Complications 
associated with type 2 diabetes lead to high levels 
of expensive additional hospitalizations and more 
radical treatment interventions (including dialysis 
and amputations) as the disease progresses. They 
are directly responsible for poor quality of life for 
patients, with higher long-term social care costs and 
mortality rates. They are also predisposing features 
that can be associated with debilitating conditions 
such as cardiovascular disease and various forms  
of dementia.

PrecisionLife analyzed a dataset from the UK 
Biobank, comparing cases with a variety of type 2  
diabetes-associated complications (such as 
ketoacidosis, nephropathy, and retinopathy) 
against gender-matched controls who had also 
been diagnosed with diabetes and had similar BMI 
measurements, but had not (yet) developed any 
complications.

We found significant genetic differences between the 
two populations, indicating that there is a subset of 
diabetic patients with additional genetic features that 
predispose them to severe diabetes and diabetes-
related complications, independent of lifestyle and 
environmental factors.

Our analysis revealed several single nucleotide 
polymorphisms (SNPs) and genes that were highly 
associated with the development of specific diabetes-
related complications. These associations would 

not have been found using standard Genome-Wide 
Association Studies (GWAS) analysis techniques.

The diabetes complication subpopulations for which 
genetic signatures were identified included:

•	 general (five genes associated with an increase in 
all complications)

• 	 acute (five genes—three ketoacidosis, two coma)

• 	 neurological (six genes)

• 	 peripheral (eight genes)

• 	 renal (four genes)

• 	 ophthalmic (seven genes)

• 	 type 1 diabetes (four genes).

Having stratified this case population into distinct 
complication-specific subtypes, we identified 
individual genes and biological mechanisms 
associated with each. These high-resolution 
disease insights enable novel drug discovery, the 
development of combinatorial risk scores, and 
combinatorial biomarkers to distinguish the patient 
subgroups and evaluate individual risk.

These can be used to identify patients most at risk 
and inform development of targeted lifestyle and 
therapeutic interventions, in order to prevent the 
development of these complications. This could 
result in better patient outcomes with respect to 
disease progression, and reduction of the health and 
economic burden caused by diabetes complications.
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Study Design and Methods

We obtained genotype data from patients (cases) in  
the UK Biobank4 who have been diagnosed with  
type 2 diabetes (ICD-10 code E11), and who have gone 
on to develop at least one of the main complications 
associated with diabetes, including ketoacidosis, 
neurological complications, and kidney disease (see 
Appendix for more detail). After quality control and 
removal of samples with missing data, we identified 2,900 
cases (1,924 male, 976 female) who had been diagnosed 
with type 2 diabetes-related complications.

We performed a case-control study, comparing these 
cases against 5,800 gender-and BMI-matched controls 
who had been diagnosed with type 2 diabetes, but had 
not (yet) developed any of the associated complications. 
We selected the oldest possible controls who met these 
criteria in order to have a “supercontrol” population. This 
meant that the control age distribution was skewed more 
heavily to older age groups than the case population. This 
would not be appropriate for some studies, but for the 
purposes of this study it avoids, as far as possible, the 
potential for undiagnosed “controls” who might go on to 
develop a complication later.

Cohort Analysis

As obesity is one of the key drivers of insulin resistance 
and type 2 diabetes progression, we first compared 
the BMI measures from the diabetic cases and control 
populations. Although the mean BMI of cases was very 
slightly higher than controls, there was no significant 
difference between the two cohorts (see Figure 2). This 

indicates that any signals observed in the cases are 
unlikely simply to be products of greater adiposity and 
poor dietary lifestyle-related factors driving progression of 
diabetes complications.

The most common comorbidities seen in cases and 
controls were also very similar, with hypertensive disease, 
metabolic disorders, ischemic heart disease, and 
digestive health problems most frequently recorded for 
both (see Figure 3). However, the proportion of cases with 
these comorbidities was slightly higher than in the control 
non-complication diabetic population.

Figure 1  Heatmap showing the frequency of ICD-10 codes for diabetes-related complications for five type 2 diabetes case clusters 
identified from a White British population’s medical histories, as reported in UK Biobank. The relative incidence of a disease in the case 
clusters are colored from green (high) through to red (low). The case clusters were identified by clustering combinatorial disease signatures 
vs. case samples using a k-modes clustering method.

type 2 diabetes patients are at a higher risk of developing 
complications as a result of their genotype. In a separate 
study we have developed these insights into a highly 

predictive model that stratifies these  
patients into five classifications with respect  
to their degree and type of complication risk.

Figure 2  Boxplot showing the mean and range of BMI measures 
found in diabetic complications cases and controls

In this study, we analyzed a different dataset from the 
UK Biobank, comparing all cases (regardless of ethnicity) 
with a variety of type 2 diabetes complications against 
controls who had also been diagnosed with diabetes 
and had similar BMI measurements, but had not (yet) 
developed any complications. We aim to increase the 

understanding of the genetic risk factors and biological 
mechanisms underlying the development of diabetes-
related complications, in order to identify those diabetic  
patients who are at higher genetic risk of developing  
them, and to inform targeted prevention/treatment 
strategies.
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Figure 3  Incidence (percentage of patients) with comorbidities by ICD-10 code from the UK Biobank for diabetic  
cases (with complications) and controls (with no complications)

Finally, complications cases in the UK Biobank were, on 
average, diagnosed with diabetes earlier than the non-
complication controls (see Figure 4). This may indicate 
that these cases might be diagnosed earlier because 
they have more severe forms of diabetes, and so display 
symptoms earlier than the complication-free controls. 

This could indicate an additional genetic driver of disease, 
causing faster and earlier disease progression, while the 
disease in the control population may occur as result of a 
cumulation of lifestyle and environmental factors, and so 
develops later.

Figure 4  Distribution plot showing age of diabetes diagnosis for cases and controls
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Figure 5  Manhattan plot showing results of GWAS analysis of diabetes complications cases vs. controls

We analyzed this case-control dataset using the 
PrecisionLife® platform to identify risk-associated 
combinatorial signatures comprising multiple SNPs 
that, in combination, were strongly associated with 
complications arising from type 2 diabetes. The 
PrecisionLife platform identifies high-order, disease-
associated combinations of features at whole-genome 
resolution in large patient cohorts. These can be based 
on genotype only, phenotype only, or mixed (e.g. SNPs, 
transcriptomic, epidemiological, and/or clinical) datasets. 
The improved discovery and stratification performance of
PrecisionLife over techniques such as GWAS, Phe-WAS, 
etc. has been validated across multiple different disease
populations.5, 6, 7

When applied to genomic data, PrecisionLife finds 
high-order epistatic interactions (multi-SNP genotype 
signatures—typically of combinatorial order between 3 
and 8) that are significantly more predictive of patients’ 
phenotype than those identified using existing single 
SNP-based methods such as GWAS. Some of the 
individual SNPs making up these signatures may, if 
assessed individually across the whole population, fall 
below the GWAS significance thresholds. However, we 
have demonstrated that when evaluated in combination 
with each other using multiple statistical validation 
techniques, these SNPs can be highly predictive in 
delineating disease subpopulations. The combinatorial 
signatures encode non-linear additive effects from 

multiple SNPs, providing more  
predictive power than polygenic methods.

Case-associated SNP genotypes and their  
high-order combinations were validated in the  
PrecisionLife methodology using 1,000 cycles of fully 
random permutation, with a False Discovery Rate filter of 
1% in conjunction with a Benjamini-Hochberg correction. 
The validated SNPs were then scored using a Random 
Forest algorithm based on a five-fold cross-validation 
method to evaluate the accuracy with which the 
combinations predict the observed case-control split.

The SNP combinations were then mapped to the human 
reference genome8 to identify disease-associated and 
clinically relevant target genes. A semantic knowledge 
graph derived from multiple public and private data 
sources was used to annotate the SNP and gene targets, 
including relevant tissue expression, chemical activity/
tractability for gene targets, functional assignment, and 
disease-associated literature.

We then traced back all the significant disease signatures 
to the diabetic cases in which they were found, and 
associated them with ICD-10 codes relating to specific 
diabetes-associated complications. This generated high-
resolution patient stratification insights, allowing us to 
identify specific genetic signatures associated with each 
complication.

Results

GWAS analysis of this dataset using PLINK 1.99 yielded 
no significant results (below 5×10-8 p-value; see Figure 5).

The PrecisionLife platform identified 135 combinations 
of SNP genotypes (N-states) that were highly associated 

with the development of type 2 diabetes-specific 
complications (Table 1). All of the SNPs were found in 
combinations of three SNPs or more, and so could not 
have been discovered using standard GWAS analysis 
methods.
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Figure 6  Stacked bar plots showing the number of cases with different complications who are affected by the risk-associated genes 
identified by the PrecisionLife platform. The line plot shows the total unique number of cases who are affected for each gene.

Mapping the SNPs to genes revealed 20 protein-
coding genes that are highly associated with the risk 
of developing type 2 diabetes-related complications. 
Several of these genes are implicated in diabetes-related  
pathological mechanisms such as insulin resistance  
and angiogenesis, while others have already been 
associated with diabetes-specific complications such  
as diabetic retinopathy and end-stage renal disease.  

This provides validation for the  
combinatorial analytics approach, and  
indicates that there are significant genetic  
differences between individuals who develop  
diabetes-related complications and those who  
do not.

We can trace back the genetic variants that are 
particularly associated with patients developing specific 
diabetes-related complications, enabling higher-
resolution patient stratification insights (see Figure 6).  
We can use these insights to gain further understanding 
of the biological mechanisms underpinning each of these 
complications, and the genetic factors increasing the 
risks of developing them.

In separate studies, screening these gene targets 
allows us to find highly tractable targets for novel 
drug development. We have also used this analysis to 
identify combinatorial risk factors associated with five 
subpopulations of White British diabetics, and a sixth 
subgroup of mainly South Asian patients. The risk factors 
between these populations are quite different, with 
causative factors in White British being more phenotypic, 
and South Asian being more genetic.

Table 1  Summary of PrecisionLife diabetes disease study 
comparing complications cases vs. no complications controls

Diabetes Complications 
Study Results

Total N-states 135

Unique SNPs 35

Genes 20

Penetrance (cases  
represented by all signatures)

64%
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Discussion

The resolution of our insights into complication-specific 
patient stratification is slightly limited by the summary 
diagnostic ICD-10 codes that are assigned to patients in 
the UK Biobank.

Although several of the macrovascular complications 
such as coronary artery disease and stroke are 
listed in the UK Biobank, there is no indication of 
whether a patient developed them as a direct result of 
hyperglycemia/insulin resistance, or if the cardiovascular 
outcome occurred before the type 2 diabetes developed. 
For this reason, we are unable to analyze the genetic 
factors underlying major cardiovascular events that are a 
direct consequence of diabetes pathology.

Furthermore, the subcategories relating to diabetes-
specific complications (E11.x) are only split into general 
categories such as renal, ophthalmic, and peripheral 
complications. This means that we cannot refine the 
patient groups into more specific diseases, like diabetic 
ulcer or macular edema.

General Complication Risk Genes

Many of the biological processes underpinning these 
ICD-10 subcategories—such as renal, ophthalmic, and 
peripheral complications—are interconnected, and so it is 
unsurprising that a high proportion of patients have been 
diagnosed with multiple complications.

When performing a gene-wise stratification analysis, we 
identified five gene variants that were not particularly 
enriched for any specific complication, but were common 
among many patients who develop diabetes-related 
complications. Among these genes, we identified 
several that were involved in regulation of angiogenesis. 
Dysregulated angiogenesis is a major driver of several 
different diabetes-associated complications, including 
nephropathy, retinopathy, and vascular dementia.10

We also found several genes that are associated with 
insulin resistance, glucose oxidation, and hypertension 
risk. These genes may be predisposing patients to 
general diabetes disease severity, rather than the 
development of a particular complication, which is why 
they were not particularly enriched in specific patient 
subtypes, but common across the whole case population.

Acute Complications

Ketoacidosis and diabetic coma are two subtypes of 
complications associated with type 2 diabetes that are 
acute systemic conditions, rather than a chronic disease.

Ketoacidosis is caused by extreme insulin deficiency, 
often in combination with increased levels of 
counterregulatory hormones such as glucagon, resulting 
in ketonemia, hyperglycemia, and hyperosmolarity.11 The 
most common causes of ketoacidosis, such as infection, 
insulin omission, and new/misdiagnosis, are driven by 
non-genetic factors, which may explain why we identified 
few genetic variants that were significantly overexpressed 
in patients admitted with diabetic coma or ketoacidosis.12

However, the majority of the genes that were most 
enriched in patients with ketoacidosis and coma are 
implicated in processes such as insulin resistance and 

glucose homeostasis. This suggests that some  
patients who develop acute complications such  
as ketoacidosis may be genetically predisposed  
toward a more severe form of diabetes and poorer 
glucose control, rather than specific genetic drivers 
expressed in the tissues of localized complications.

Neurological Complications

The ICD-10 code for neurological complications (E11.4) 
includes conditions such as diabetic neuropathy. Diabetic 
neuropathy is characterized by nerve fiber degeneration, 
increased oxidative stress and inflammatory cytokines, 
and axonal loss. These are also hallmarks of 
neurogenerative diseases, and the link between type 2 
diabetes and dementia risk could be a result of shared 
risk-associated genes driving these shared pathological 
processes.13, 14 We found several genes enriched in 
patients with neurological complications that have 
been implicated in neurodegenerative diseases such 
as Alzheimer’s disease (AD) and amyotrophic lateral 
sclerosis (ALS).

One of these genes encodes a GABA-uptake transporter, 
limiting GABA neurotransmission and regulating 
GABAergic remodeling and neuro-inflammation in AD. 
Higher GABA concentrations have been observed in  
type 2 diabetes patients, with increased levels particularly 
associated with an increased rate of cognitive decline in 
patients with diabetic neuropathy.15

The same study observed that glutamate levels were 
simultaneously significantly raised in patients with 
neuropathy when compared against healthy controls. We 
also identified a genetic variant in a glutamate receptor 
subtype that was enriched in patients with neurological 
complications. This gene has been associated with both 
ALS and AD, and is hypothesized to drive disease both 
through excitotoxic and neuro-inflammatory processes, 
resulting in an “advance ageing” phenotype found in 
diseases such as AD and type 2 diabetes.

Additionally, we found three more genes that have 
been implicated in either AD or familial ALS, regulating 
processes such as neuronal function and development, 
and neuro-inflammation.

Peripheral Complications

The ICD-10 code for peripheral complications includes 
patients who develop type 2 diabetes-related circulatory 
complications and peripheral angiopathy.

Endothelial cell dysfunction plays a key role in the 
development of vascular disease in type 2 diabetes.16 
Dysfunction results in imbalances in vasoconstriction 
and vasodilation, and pro-inflammatory and anti-
inflammatory cytokines, as well as disrupting smooth 
muscle cell physiology. This contributes to the increased 
risk of developing atherosclerosis and other vascular 
complications that are associated with type 2 diabetes. 
It is also worth noting that we found similar significant 
signals associated with endothelial cell dysfunction 
in analysis of patients who had severe COVID-19 
infections.17 This study noted and controlled for type 2 
diabetes as a strong predisposing comorbidity for severe 
COVID-19.
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Although endothelial cell dysfunction is predominantly 
driven by insulin resistance and hyperglycemia, we found 
several variants in genes expressed in endothelial cells 
that may result in greater endothelial cell susceptibility to 
dysfunction.

We identified a transcription factor that is also expressed 
in microvascular endothelial cells and is required 
for TGF-β induced fibrosis. Fibrogenesis through 
this mechanism has been associated with diabetic 
cardiomyopathy and fibrosis,18 as well as diabetic 
nephropathy and retinopathy.19 The gene we identified 
was also upregulated in response to glucose, indicating 
a direct link between this gene and diabetes-induced 
vascular endothelial dysfunction.

Another gene that was particularly enriched in diabetic 
patients with peripheral vascular disease encodes a
transmembrane receptor that is highly expressed on the 
surface of vascular endothelial cells, playing a key role  
in processes such as endothelial cell capillary 
morphogenesis. Its function is regulated by several 
proteins that are protective against various pathological 
mechanisms in diabetes, including angiogenesis, fibrosis, 
and pro-inflammatory processes, and inhibits the 
development of vascular dysfunction and atherosclerosis. 
Therefore, variants in the gene we identified may be 
preventing the transduction of the protective effects 
of these signaling molecules, predisposing patients 
to endothelial dysfunction and development of 
cardiovascular complications.

Renal Complications

We find evidence of dysregulated mineralocorticoid 
receptor (MR) signaling in patients who developed 
diabetic nephropathy and chronic kidney disease. Over-
activation of the renin-angiotensin-aldosterone system 
(RAAS) is a key driver of renal fibrosis in diabetic kidney 
disease, and using RAAS inhibitors decreases expression 
of profibrotic markers and renal function in diabetic 
rats. Furthermore, MR antagonists have been shown 
to prevent the progression of diabetic nephropathy by 
improving insulin resistance and lowering blood pressure.

Ophthalmic Complications

Our analysis revealed several genes implicated  
in adherens junction formation, actin  
polymerization, extracellular matrix signaling,  
and basement membrane function. This could  
indicate a genetic predisposition to breakdown of  
retinal epithelial and endothelial barrier integrity and 
vascular leakage that has been observed in diabetic 
retinopathy.20

The strongest genetic variant in patients with ophthalmic 
complications such as diabetic retinopathy and macular 
edema is in a gene involved in the production of a 
proteoglycan. This family has been shown to contribute 
to the assembly of the retinal basement membrane, and 
knockout models demonstrate lack of proteoglycan 
expression results in hallmarks of retinopathy, such as 
hyaloid vessel persistence and disruption of the inner 
limiting membrane.21

Type 1 Diabetes

Finally, we found that 971 patients within our case 
population had also been diagnosed with type 1 diabetes. 
This could indicate a subset of type 1 diabetes patients 
who were misdiagnosed as having type 2 diabetes as 
a result of developing the disease at an age later than 
is often associated with type 1 diabetes.22 Incorrect 
diagnosis in these patients leads to ineffectual treatment 
strategies, resulting in poor glucose control and severe 
complications such as ketoacidosis and diabetic coma.23 
This could be why these patients were included in our 
complications case cohort.

The genetic variants found in this subcohort were found 
in as many as 53% of all cases with an additional  
type 1 diabetes diagnosis, showing that our hypothesis-
free approach can effectively stratify patients by their 
respective phenotypes using only genotype data. Many 
of the genes specific to this cohort are either established 
type 1 diabetes genes, regulate beta-cell function, or are 
located in regions associated with the disease, such as 
the HLA-block.

Conclusion

Our analysis revealed several genes that were highly 
associated with the development of diabetes-related 
complications that would not have been found using 
standard GWAS analysis techniques.

We have shown that there are significant genetic 
differences between patients with type 2 diabetes, and 
these different subpopulations are at greater risk of 
developing complications, independent of dietary and 
lifestyle influences.

We have stratified these patients with complications 
further, identifying complication-specific subgroups with 

distinct profiles of genetic variants that are more highly 
enriched in certain complications than others. A deeper 
analysis of these genes’ functions enabled us to form 
strong hypotheses as to why variants in these genes may 
predispose patients to developing specific complications.

We can use these high-resolution patient-stratification 
insights to identify patients most at risk, and form 
targeted educational and therapeutic interventions for 
them. This could result in greater prevention of disease 
progression and better patient outcomes, reducing 
the health and economic burden caused by diabetes 
complications.
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Appendix

Cases with type 2 diabetes were identified using the ICD-10 codes in Table 3.

Table 3  Relevant ICD-10 codes

Code Definition

E11.0 With coma

E11.1 With ketoacidosis

E11.2 With renal complications

E11.3 With ophthalmic complications

E11.4 With neurological complications

E11.5 With peripheral circulatory complications

E11.6 With other specified complications

E11.7 With multiple complications

E11.8 With unspecified complications
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