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Type 2 diabetes results from a complex interaction between genetic and environmental
factors. Precision medicine for type 2 diabetes using genetic data is expected to predict

the risk of developing diabetes and complications and to predict the effects of
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medications and life-style intervention more accurately for individuals. Genome-wide
association studies (GWAS) have been conducted in European and Asian populations and
new genetic loci have been identified that modulate the risk of developing type 2
diabetes. Novel loci were discovered by GWAS in diabetic complications with increasing
sample sizes. Large-scale genome-wide association analysis and polygenic risk scores using
biobank information is making it possible to predict the development of type 2 diabetes.

In the ADVANCE clinical trial of type 2 diabetes, a multi-polygenic risk score was useful to

doi: 10.1111/jdi.13970

predict diabetic complications and their response to treatment. Proteomics and

metabolomics studies have been conducted and have revealed the associations between
type 2 diabetes and inflammatory signals and amino acid synthesis. Using multi-omics
analysis, comprehensive molecular mechanisms have been elucidated to guide the
development of targeted therapy for type 2 diabetes and diabetic complications.

INTRODUCTION

Diabetes is rapidly increasing due to environmental factors such
as changes in diet and decreased exercise." Type 2 diabetes and
its complications are associated with premature mortality, caus-
ing a public health burden worldwide.” The impact of type 2
diabetes on communicable disease has been highlighted. People
with type 2 diabetes are at an increased risk of severe COVID-
19 infection.

In type 2 diabetes, both genetic and environmental factors
affect the onset of the disease, and although the proportion of
involvement of these factors varies from case to case, it is
thought to develop when the sum of the effects of both factors
exceeds a certain threshold. Type 2 diabetes is caused by a
combination of genetic factors that influence insulin secretion
and insulin resistance, lifestyle such as obesity, overeating,
and lack of exercise. It is estimated from twin family studies
that the heritability of type 2 diabetic complications is about
40%.>7 By elucidating the molecular mechanisms of genetic
factors, we could optimize prevention and treatment, and
achieve precision medicine tailored to the individual.
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In 2003, about 3 billion base pairs of the human genome
were sequenced. Comprehensive analysis methods for sequences
using microarrays of single nucleotide polymorphisms have
been developed, and disease susceptibility genetic loci have been
identified by genome-wide association study (GWAS) on age-
related macular degeneration first in 2005.° GWAS is a method
of testing the association between the allele frequency of a
single-nucleotide polymorphism genotype and disease. Highly
reproducible results have been obtained by analyzing a
sufficient number of cases and confirming significant
differences.””'* Recently, the number of participants for GWAS
has exceeded 1 million, and more disease susceptibility genes
have been identified using large-scale meta-analysis."> >
Genome-wide level associations with P-values under 5 x 107°
have been observed in more than 600 genetic loci for diabetes,
more than 1,100 loci for obesity.”.

In this review, we summarize genetic studies in type 2 dia-
betes and diabetic complications. We also consider how the
polygenic risk score has begun to decipher the mechanisms
related to diabetes and its complications. Finally, we explore the
multi-omics analysis that enhances genotype information into
biology and facilitates new avenues for treatment.
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DEVELOPMENT OF GWAS FOR TYPE 2 DIABETES
Genome-wide association study has shown statistically that the
frequency of disease susceptibility gene polymorphisms differs
between patient and control groups. It has been suggested that
type 2 diabetes differs in genetic factors and pathophysiology
depending on the ethnic population. While Europeans develop
type 2 diabetes only after becoming obese, East Asians develop
diabetes at a lower weight than Europeans due to the different
level of insulin secretion.’®*” To identify ethnically characteristic
type 2 diabetes genes, GWAS using large-scale, high-density
SNPs in each ethnic population is required.

An association study on chromosome 10g, which has been
mapped as the type 2 diabetes locus, identified variants in
TCF7L2 (T cell factor like 2).*° In 2007, the first GWAS for
type 2 diabetes included thousands of participants and identi-
fied 10 genomic loci.”***"** Now the GWAS of type 2 dia-
betes, mainly from European and Asian populations, has
identified more than 600 disease-susceptible loci (Figure 1).

KCNQI is a disease susceptibility locus with a relatively high
odds ratio of 1.4 identified in the Japanese population in 2008,
but it is highly reproducible, including in the European popula-
tion.'™! KCNQI protein is one of the voltage-dependent
potassium channels and has been reported to cause long QT

http://wileyonlinelibrary.com/journal/jdi

syndrome by altering repolarization in cardiomyocytes.”** In

2010, a large-scale GWAS was performed using 459,359 SNPs
in 4,470 people with diabetes. The GWAS identified UBE2E2
and C2CD4A/B as disease susceptibility loci for type 2 dia-
betes."> A ubiquitin-proteasome system has been reported to
play a pivotal role in insulin secretion.*” In addition, the genetic
score using 13 disease susceptibility loci of type 2 diabetes was
developed to explain the difference of the risk of diabetes."”.

A genome-wide association study identified five novel loci in
a Han Chinese population,'>"” and seven novel loci in a South
Asian population.'® One locus was newly identified by imputa-
tion with the sequencing information of the 1,000 Genome
Project and three new loci of disease susceptibility to type 2
diabetes were identified by large-scale GWAS in a Japanese
population.'”® A larger meta-analysis identified seven new
disease-susceptible loci of type 2 diabetes, two of which were
relatively characteristic of the East Asian population.”.

LARGE-SCALE GWAS FOR TYPE 2 DIABETES IN
JAPANESE POPULATION
To elucidate genetic and environmental factors of type 2
diabetes through the close collaboration of large cohorts of
Japan (Biobank Japan, J-MICC, JPHC-NEXT, Tohoku Medical
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Figure 1 | Timeline of key discoveries of type 2 diabetes genetics by genome-wide association study (GWAS). GWAS identified genetic loci for
type 2 diabetes at the genome-wide significance level (P < 50 x 107, Cumulative count of discovered loci per year are presented.
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Megabank) and researchers in the medical and information
sciences, it is important to propose a new standard for research
on multifactorial diseases. In the Japanese population, a large
GWAS meta-analysis was performed in 36,614 case and
155,150 control participants.*® GWAS was conducted on 12 mil-
lion variants using a reference panel of 1,000 Genomes Project
Phase 3 for imputation. Thus 88 regions and 115 independent
signals associated with type 2 diabetes were identified. Only
eight loci were common with the new loci reported by 900,000
participants in the European population, and the remaining 20
loci were specific to the Japanese population.®® This shows that
no matter how large the GWAS size of the European popula-
tion becomes, it is not possible to identify the disease suscepti-
bility loci specific to the Japanese population. Pathway analysis
revealed that a pathway of maturity-onset diabetes of the young
is common to Japanese and European populations. The path-
way of insulin secretion regulation was specific to the Japanese
population.

In the GWAS in the Japanese population, including Biobank
Japan, 15 new missense variants were identified.’® It was newly
reported that the variant of incretin-related drug target gene
GLPIR R131Q (rs3765467 GA/AA genotype) was associated
with the risk of developing type 2 diabetes.”® Healthy individu-
als with the GA/AA genotype had an increased incretin effect
and the genotype is expected to be a drug reactivity marker.*®
The frequency of the GA/AA genotype of rs3765467 is 32% in
the Japanese population, but it is extremely rare in the Euro-
pean population and difficult to identify even in GWAS with a
900,000 European population.”

EAST ASIAN AND TRANS-ETHNIC GWAS FOR TYPE 2
DIABETES
A meta-analysis of a large-scale GWAS of 400,000 people was
conducted to identify common type 2 diabetes loci in the East
Asian population.” The number of cases of type 2 diabetes sur-
passed that of the European GWAS at that time. The Japanese
population made the largest contribution to the number of
cases. In total, 183 risk loci were associated with type 2 diabetes
and 61 loci were novel. In addition to loci that are significant
in both European and East Asian populations, loci that are
specific to the East Asian population were identified. For exam-
ple, TCF7L2 had the same orientation and magnitude of effect
in both populations. On the other hand, DGKD and ZNF257
had an effect only in the East Asian population. The effect sizes
of the allele adjusted for BMI were highly correlated to those of
the allele unadjusted for BMI in the East Asian population. It
was speculated that changes in fat distribution may play a lar-
ger role in causing type 2 diabetes than BMI in the East Asian
population. In addition, the FTO region, which is known to be
most strongly related to BMI, was similarly attenuated by BMI
correction in both East Asian and European populations.
Regarding the KCNQI region that showed the most signifi-
cant correlation with type 2 diabetes, nine signals were identi-
fied in the KCNQI region.” In the previously reported ANK1/
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NKX6-3 region, three independent signals were found this
time.”> Of these, signal 1 (rs33981001) was adjacent to a variant
that regulates the gene expression of NKX6-3 on the islet of
Langerhans of the pancreas. On the other hand, signal 2
(rs62508166) was adjacent to a variant that regulates the gene
expression of ANKI in subcutaneous adipose tissue and skeletal
muscle. It is speculated that two different signals in the same
genetic region affect the risk of developing type 2 diabetes by
modulating the expression of different genes in different tissues.

Among the loci identified in this study, the locus where the
effect on the risk of developing type 2 diabetes differs between
men and women was the aldehyde dehydrogenase 2 (ALDH2)
locus (rs12231737).>> The ALDH2 locus was strongly associated
with the risk of developing type 2 diabetes in men, but not at
all in women. It has been reported that the ALDH2 locus is
related to adaptive evolution in the East Asian population.*”*®
In addition, ALDH2 protein is an enzyme that regulates alcohol
metabolism. The allele was associated with tolerance to alcohol,
a high risk of developing type 2 diabetes, obesity, blood pres-
sure, and serum triglycerides.

Trans-ethnic GWAS for type 2 diabetes and diabetic compli-
cations was conducted. Vujkovic et al** investigated type 2
diabetes genetic susceptibility via multi-ancestry meta-analysis
of 228,499 cases and 1,178,783 controls in the DIAMANTE
and Million Veteran Program (MVP), including Biobank Japan
and other studies. In total, 568 associations and 318 novel loci
for type 2 diabetes were identified. Novel loci in the diabetic
complications were reported. The polygenic risk score of dia-
betic retinopathy was shown to strongly associate with an
increased risk of diabetic retinopathy.”*

GENOMIC ANALYSIS OF DIABETIC KIDNEY DISEASE
Diabetic kidney disease is a multifactorial disease that develops
with the involvement of multiple genetic factors and environ-
mental factors.”” The elucidation of genetic factors has been
advanced, narrowing several related genetic regions by analysis
using family lineage.”® As a candidate gene, the erythropoietin
gene was associated with diabetic kidney disease. Disease sus-
ceptibility genetic loci have been identified in diabetic kidney
disease by GWAS. The functions of the identified genes have
been elucidated using human kidney, cultured cells, and model
mice.”!

In 2009, a GWAS of diabetic nephropathy in type 1 diabetes
in the European population reported four loci that did not
reach genome-wide levels. In the Japanese population with type
2 diabetes, GWAS identified the ACACB (acetyl coenzyme A
carboxylase B) locus with a P-value of over 5 x 107%°* In the
Genetics of Nephropathy an International Effort (GENIE) in
diabetic nephropathy of type 1 diabetes in European popula-
tion, AFF3 (AF4/FMR2 member 3) and RGMA/MCTP2 (RGM
domain family, member A/Multiple C2 domains, transmem-
brane 2) loci were significantly associated at the genome-wide
level® (Figure 2). AFF3 protein has been reported to be
involved in TGF-B signaling. The CDCA7/SP3 (cell division
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Figure 2 | Timeline of key discoveries of genetics of diabetic kidney disease by genome-wide association study (GWAS). GWAS identified genetic
loci for type 2 diabetes at the genome-wide significance level (P < 50 x 107®). Cumulative count of discovered loci per year are presented.

cycle associated 7/transcription factor Sp3) locus was signifi-
cantly associated with end-stage renal failure in women with
type 1 diabetes.”* The locus of GLRA3 (glycine receptor, alpha-
3 subunit) is identified to be associated with albuminuria in
type 1 diabetes.”® The protein encoded by GLRA3 is a ligand-
gated chloride channel responsible for mediating the inhibitory
effects of glycine.”® Glycine is the predominant amino acid
stimulator of glucagon secretion in pancreatic o-cells, acting
through the glycine receptors. In the European population,
intergenic locus of SCAF8/CNKSR3 (SR-like carboxyl-terminal
domain associated factor 8 gene/connector enhancer of KSR
family of scaffold proteins gene) was identified.”” The protein
encoded by CNKSR3 is related to aldosterone signals. The
UMOD locus showed a genome-wide significant association
with eGFR (estimated glomerular filtration ratio) among those
with diabetes.” Taira et al® identified the FTO locus and
found that it confers susceptibility to diabetic nephropathy. The
FTO locus has been reportedly associated with obesity.”” The
FTO variants confer susceptibility to chronic kidney disease
through the mechanisms mediated by obesity.

The Surrogate markers for Micro- and Macrovascular hard
endpoints for Innovative diabetes Tools (SUMMIT) consortium
has conducted an analysis of 40,000 individuals with diabetic
kidney disease and type 2 diabetes. Seven phenotypes of dia-
betic kidney disease were compared based on stage of the dis-
ease. In the comparison of individuals with microalbumin urine
and those without microalbumin urine, the GABRRI (Rhol
subunit of the GABA type A receptor) loci reached a genome-
wide significant level.®® For the association with glomerular

estimated filtration, five loci were significant at genome-wide
levels, including the APOLI and ENPP7 locus.”> APOLI
(apolipoprotein L1) G1 and G2 alleles gene contribute to 60%
of non-diabetic end-stage kidney disease in African Ameri-
cans.”’ The protein encoded by ENPP7 is an intestinal phos-
phodiesterase that converts sphingomyelin to ceramide and
phosphocholine. ENPP7 protein is reported to affect cholesterol
absorption.** Studies suggest that the high-density lipoprotein
cholesterol levels are risk factors for diabetic kidney disease.®”

A meta-analysis of GWAS including 19,406 individuals with
type 1 diabetes from the Diabetic Nephropathy Collaborative
Research Initiative (DNCRI) identified 16 novel loci including
COL4A3, COLEC11, DDRI, and BMP7. A common missense
variant in the COL4A3 gene showed the strongest association.*®
Variants in the COL4A3 gene are responsible for Alport syn-
drome, a progressive inherited nephropathy. The COLECII
gene encodes a collectin-11 protein. DDRI encodes the dis-
coidin domain-containing receptor 1. Collectin-11 protein has a
role in host defense against pathogens and DDRI protein binds
collagens. BMP7 (bone morphogenetic protein 7) is a member
of TGF-B superfamily and has a role in renal development and
fibrosis. TENM2 and TENM3 loci are reported to associate with
diabetic nephropathy.”*® TENM2 (teneurin transmembrane
protein 2) is involved in cell-cell adhesion. TENM3 has been
associated with kidney disorders in UK Biobank.*’

GENETICS OF DIABETIC RETINOPATHY
Diabetic retinopathy causes blindness among individuals with
diabetes.”””" Beside candidate gene analysis and linkage
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analysis, GWAS were performed in various populations. It was
reported that the locus of CAMK4 (calcium/calmodulin-
dependent protein kinase IV) was found to be associated with
diabetic retinopathy in a GWAS performed in a Mexican popu-
lation without reaching genome-wide significance.”” Huang
et al.”> conducted GWAS in a Taiwanese population and iden-
tified loci including ARHGAP22 reaching genome-wide signifi-
cance (Figure 3). ARHGAP22 (Rho GTPase-activating protein
22) is implicated in endothelial cell angiogenesis and increased
capillary permeability. Grassi et al. performed GWAS in indi-
viduals with severe diabetic retinopathy in two large cohorts of
type 1 diabetes: Genetics of Kidney in Diabetes (GoKinD) and
EDIC. The study included 973 cases and assessed them to iden-
tify an intergenic locus without reaching genome-wide signifi-
cance.”* Burdon et al.”” reported genetic variation near GRB2
(growth factor receptor bound-2) locus associated with sight-
threatening diabetic retinopathy. GRB2 protein was reported to
be expressed in all the retina layers, including blood vessels.
GRB2 binds phosphorylated IRS-1 (insulin receptor substrate
1) and activates the MAPK pathway by insulin stimulation.
GRB2 is involved in VEGF signaling. GWAS of severe diabetic
retinopathy suggested evidence for the involvement of the locus
of NOX4 (NADPH oxidase 4) in the European population.”®
NOX4 protein acts as an oxygen sensor and catalyzes the
reduction of molecular oxygen. In a GWAS in European and
African cohorts, the locus in an intron of NVL (nuclear
valosin-containing protein-like) was found to confer susceptibil-
ity to diabetic retinopathy in European population. NVL is
expressed widely in the retina and encodes the AAA (ATPases
associated with the cellular activities) superfamily.”

Four loci were found to have effects on diabetes retinopathy
in GWAS meta-analysis.>* The strongest signal for interaction

= | 2011 | HS6ST3, ARHGAP22 468x 1071 ~18x 107
= 12015 | GRB2 415x 108
= 12018 | NOX4 4.05x 10
= 12019 | NVL 2.1x10°
== | 2020 | GJAS, SVILP2, 12x101T ~21x 108
SLC18A2, TCF7L2
== 12021 | STI3B, PALM2 162x10°% ~ 419x 108
20 10 0
Cumulative Identified genetic loci P -value
number of
loci identified
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to retinopathy was observed for GJA8>* Deletion of GJAS gene
leads to eye abnormalities and retinopathy in premature infants,
inherited cataracts, and visual impairment.78’79 TCF7L2 is found
to be a locus associated with both type 2 diabetes and diabetic
retinopathy. The product of SLCI8A2 gene is involved in the
transport of monoamines. The protein encoded by SVILPI has
been reported to be associated with thiamine (vitamin B1)
metabolism. Imamura et al** conducted a GWAS in the Japa-
nese population and identified novel loci near STT3B (Oligosac-
charyl transferase Complex Catalytic Subunit B) and PALM2
(paralemin-2) to be associated with diabetic retinopathy. Dele-
tion of STT3B mRNA causes a congenital neurological disease
with a lack of visual tracking and the optic nerve hypoplasia.

GENETICS OF DIABETIC NEUROPATHY

Diabetic neuropathy is the most common complication and
increases the risk of foot ulcer and lower-extremity amputa-
tion.*’ Diabetic neuropathy is presented as peripheral and
autonomous neuropathy. Several gene polymorphisms in candi-
date gene have been studied including ACE (angiotensin con-
verting enzyme).”

Meng et al.*> conducted GWAS in 699 diabetic foot ulcers
in the Genetics of Diabetes Audit and Research in Tayside
Scotland (GoDARTS; Figure 4). The control was defined as an
individual with diabetes who had never been recorded as hav-
ing a foot ulcer but who had a positive monofilament test
result recorded in their e-health records. The MAPKI4
locus reached genome-wide significance with a P-value of
245 x 10, MAPK14 protein is one of the p38 MAPKs and
plays a role in the cellular response to proinflammatory cyto-
kines. Tang et al** performed GWAS in the Action to Control
Cardiovascular Risk in Diabetes (ACCORD) clinical trial

174 vs 575 Huang YCetal. Ophthalmology 2011 60)
336 vs 508 Burdon KP et al. Diabetologia 2015 62)
560 vs 4,106 Meng W et al. Acta Ophthalmol 2018 63)
187 vs 435 Pollack S et al. Diabetes 2019 64)
13881vs 123538  VujkovicMetal  ngt Genet 2020 35)
4,839 vs 4,041 Imamura M et al. Hum Mol Genet 2021 67)
Number of Author Journal Reference

participants

Figure 3 | Timeline of key discoveries of genetics of diabetic retinopathy by genome-wide association study (GWAS). GWAS identified genetic loci
for type 2 diabetes at the genome-wide significance level (P < 50 x 107%). Cumulative count of discovered loci per year are presented.
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4,384 vs 784 Tang Yetal. Diabetes 2019

40,475 vs 110,331 Vujkovic M et al. Nat Genet 2020
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Figure 4 | Timeline of key discoveries of genetics of diabetic neuropathy by genome-wide association study (GWAS). GWAS identified genetic loci
for type 2 diabetes at the genome-wide significance level (P < 50 x 107%). Cumulative count of discovered loci per year are presented.

including 4,384 individuals with diabetic peripheral neuropathy.
The minor allele of the rs13417782 decreased the odds of dia-
betic peripheral neuropathy by 36%. This protective allele was
associated with a higher expression of a gene SCN2A. The pro-
tein encoded by SCN2A is voltage-gated sodium channel
Navl.2. The NRP2 locus was identified in GWAS meta-analysis
of 40,475 individuals with diabetic neuropathy.*® NRP2 encodes
neuropilin-2 which is a receptor involved in angiogenesis and
neural regeneration. Recently, metagenomic sampling of dia-
betic ulcers was performed and microbial dynamics were
assessed to determine relationships to clinical events.*>* Larger
scale GWAS and a metagenomic study is clearly needed to fully
understand the mechanisms of the development of diabetic
neuropathy.

POLYGENIC RISK SCORE FOR PREDICTION OF THE
DEVELOPMENT OF DIABETES AND THE THERAPEUTIC
EFFECTS OF DIABETIC COMPLICATIONS

The polygenic risk score (PRS) is calculated by the weighted
sum of risk allele counts of the variants, using their effect sizes
from GWASs as their weights.”” The power of PRSs has
increased due to larger GWAS sample sizes and advanced com-
putational algorithms compared with classical genetic risk
score.®® The polygenic risk score can be constructed that identi-
fies clinically meaningful genetic predisposition for diseases and
the response to their treatments. Large-scale GWAS and bio-
bank information have been used to demonstrate the usefulness
of PRS with the significant variants and non-significant weakly
influential variants. It was reported that approximately 20% of
people with high PRS have a triplicate risk of cardiovascular
disease, atrial fibrillation, type 2 diabetes, Crohn’s disease, and
breast cancer.® It is estimated that the risk in the high-risk
group is similar to the risks of developing monogenic diseases
with positive genetic testing. The clinical application of PRS for

the prediction of the development of diabetes and diabetic
complications is expected (Figure 5).

Genome-wide association studies have been mainly con-
ducted in the European population, and about 80% of the par-
ticipants are Europeans.”® > In type 2 diabetes, PRS created
from data in a cohort of the European population have been
reported to be less predictable when adapted to the Japanese
population.”® Since the frequency of variants involved in the
onset and progression of the disease and the linkage around
the causative variants differ among ethnic groups, it might not
be possible to calculate the effect of the causative variant using
GWAS data from different ethnic groups. For the clinical appli-
cation of research results of genomic medicine and precision
medicine, data obtained from large-scale cohorts of each popu-
lation are important.

In the ACCORD trial about diabetic complications, a subtype
with an increased effect of intensive therapy was identified.”
GWAS has been performed in the subtype classified by cluster
HbAIc trajectory analysis. PRS using GWAS data were created
to identify subtypes. In subtypes classified by PRS, it was
reported that intensive therapy inhibited the development of
coronary artery disease. In addition, in the ADVANCE (The
Action in Diabetes and Vascular Disease: Preterax and Diami-
cron Modified Release Controlled Evaluation) trial, a multi-PRS
combining 10 PRS such as diabetes, obesity, and albuminuria
with 598 single-nucleotide polymorphisms was created. Multi-
PRS was useful for predicting the development of diabetic com-
plications. In the high-risk group, cardiovascular death was 4.4-
fold higher compared with the low-risk group (HR 0.61 [95%
CI 0.40, 0.93] for 4.5 year follow-up). In the high-risk group,
intensive therapy that strictly lowers plasma glucose levels and
blood pressure was shown to have a larger effect of decreasing
complications compared with the low-risk group.”* The num-
ber needed to treat (NNT) was 12 in the high-risk group.
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Figure 5 | Predicting diabetes and diabetic complications using polygenic risk score. Intensive therapy and/or life-style intervention for high-risk
group reduces the development of diabetes and diabetic complications compared with standard therapy and/or life-style intervention for all

groups.

MULTI-OMICS ANALYSIS FOR DIABETES AND DIABETIC
COMPLICATIONS

We could now integrate information across multiple data types
to gain a comprehensive molecular understanding to guide
development of targeted therapy.” In relation to environmental
factors, the role of genetic predisposition will be clarified by
integrating information at each level of cells and tissues through
multi-omics analysis. Multi-omics profiling is an important step
toward precision medicine in metabolic diseases.”>”” Multi-
omics techniques, in particular proteomics and metabolomics
together with genomics, have the potential to enhance our
understanding of the molecular process that develops type 2
diabetes and influences disease progression (Table 1). Ninty-
nine plasma proteins were associated with the incidence of
developing type 2 diabetes in 2,940 participants.”® Four plasma
proteins were associated with pre-diabetes in 439 participants.
The biological process concerning these proteins were inflam-
matory signals, and lipoprotein metabolism.”

The progression of diabetic kidney disease and diabetic
retinopathy is variable, and little is known about the factors
that protect against functional decline. Using targeted pro-
teomics profiling, Niewczas et al. identified a kidney risk
inflammatory signature consisting of 17 proteins enriched in
tumor necrosis factor-receptor superfamily members using

plasma from cohorts with type 1 and type 2. The signature was
associated with a 10-year risk of end-stage renal disease.'”
Using untargeted proteomic profiling, Kobayashi et al. mea-
sured 1,129 proteins by an affinity-based method in the serum
of individuals from two cohorts, the Joslin Kidney Study and
the Pima Indian Kidney Study. Eleven candidate proteins were
identified. The biological process concerning these proteins
were a neuron development-related process, organic acid bind-
ing, and cellcell junction assembly.'”" Md Dom and colleagues
identified plasma proteins associated with protection against
diabetic kidney disease progression in individuals with type 1
and type 2 diabetes.'”” It is reported that three plasma proteins,
fibroblast growth factor 20, angiopoietin-1, and tumor necrosis
factor ligand super family member 12, were elevated.'” In
1,775 participants with type 2 diabetes, the combined score
from the data of 273 urinary proteins measured by mass spec-
trometry has a high accuracy in predicting the new onset of
albuminuria, after adjustments for HbAlc, blood pressure, base-
line albuminuria, and eGFR.'” Wu et al'™ constructed
machine learning-assisted models to identify a biomarker signa-
ture that predicts high risk participants with diabetes develop-
ing diabetic kidney disease based on clinical information,
metabolomics, lipidomics, and single nucleotide polymorphism
datasets. The biomarker signature of 10 features was useful

© 2023 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

509

J Diabetes Investig Vol. 14 No. 4 April 2023



REVIEW

brary.com/journal/jdi

//wileyonlineli

http:

=
]
3
©
§
>
T
<
<
©
£
)
£
7]

"92URUOSDI JBUBRW Je3jpnu ‘YN ‘Uonesedss dydeiborewoiyd pinby) yum Answondads
ssewl ‘ST ‘uiRioldodi Aususp ybly “IaH ‘Apnis UOReIDOSSe apim-awousb ‘SyYAND ‘uoneredas diydelbolewlolyd seb yum Anauwondads sseul ‘SO0 ‘pioe oullle uleyd-paypuelq vy g

3|nJ3jow 196481 aY1 13RS 03 Bulules| aUIYde)
uonebiIssAUl Paseg-anssi Jo uoneiodiodu
10YoD Juspuadapul Ul uonediday

uon3|0d 3dwies ujod aw [eulpnibuoT
ubisap Apnis uoneziwopuey

10YoD Juspuadapul Ul uonediday

3|nJ3jow 196481 aY1 13RS 03 Bulules| auIydep
uonebiIssAUl paseg-anssi Jo uoneiodiodu|

Ayredoiydau dnagelp Ul sapiued JQH paseiy
SISOUIUAS PR OUjWe Paseasnu|

SISOUIUAS pidi| paseasny|
SISOUIUAS yDg Paseainuy
35easip ASupp dagelp
10} sauneubis uRioid auun pue wnias

SN-DD ‘SW-DT YN
sayoeoidde pajabiei-uou pue pajebie|

SINFDD ‘SIW-DT AN

sayoeoidde parabiel-uou pue payabie]
Kesse paseq-AlUY

SINFDD 'SW-DTT

SIILLO|OGRIDN

SIILO|OGRIDN

suonedduwod
Jhegeld

sa1qeI]

suoneddwod

10YoD Juspuadapul Ul uonedidsy Sjeubis Alojeudweyul Paseadu| sayoeoidde pajabiei-uou pue parebie| SDILIO04d onRgelq
uond3||02 3jdules ujod awin [euipnybuo $9120eIp o} Sanjeubls uR1oid WnIas Kesse paseq-AlUY
ubisap Apnis uoneziwopuey wisijogesw uioidod) passyy SIN-DD ‘SO
10yod 1uspuadapul uj uopediday sleubis Alojewluelul pasealdu| sayoeoidde paisbier-uou pue parabie] SDILIOS10Ud sa1egeld
1UBLIRA DJBJ JO UONEDIUSP) suonedliduod el 10 21035 XSl DIUSBA|0d
9dUaNbas swouab 3jOYM SS211S SAIBPIXO Pseadu| suoied|idulod
UoyoD Jobie| Ul uopedydsy sjeubis Alojeululelul pasealdu| SYMD SOILIOUSD) opegelg
1UBLIRA DJBJ JO UOIEDYUSP) $919GeIp ¢ 9dA1 40} 21025 3sU DJUIBA|Od
9dUaNbas swouab oYM 9DUBISISa) UlNSU|
sisAjeue sabie| djuL-suel| UOoNaII3s UlNsu| SYMD SOJUIOUSD) sa1egeld
SPaauU YDIeasal aInin4 sbulpul4 2Jeasal Jualnd siskjeue sJJWO aseasig

suoiedlidwod diagelp pue s31agelp Inoge abpajmous| Juaund ul sdeb bunybiybly ‘siskjeue sowo-ninuw Aq sbulpuld | | sjqel

© 2023 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

J Diabetes Investig Vol. 14 No. 4 April 2023

510



http://wileyonlinelibrary.com/journal/jdi

when identifying subjects at high risk of renal impairment in
type 2 diabetes (AUC (area under the curve) 0.76)."%*

Concerning metabolomics analysis, many studies have been
conducted and identified the associations between type 2 dia-
betes and branched-chain amino acid (BCAA), and aromatic
amino acid.'” BCAA was found to be associated with an
increased risk of type 2 diabetes during a 12-year follow-up in
the Malmo diet and Cancer study.'® Blood metabolites related
to amino acid metabolism and fatty acid metabolism have been
reported to be associated with diabetic kidney disease.'” High-
density lipoprotein (HDL) particles and their composition have
been associated with higher eGFR in type 2 diabetes.'””'*®
Yoshioka et al.'"” performed an untargeted metabolomic analy-
sis of patients with stage G3 diabetic kidney disease and identi-
fied increased urinary lysophosphatidylcholine in fast functional
decline. It has been reported that blood metabolites related to
amino acid metabolism, and fatty acid metabolism were associ-
ated with diabetic retinopathy.''"" These metabolites could
serve as biomarkers to stratify individuals according to their
risk of disease progression. However, the number of partici-
pants was small in these studies, which resulted in less consis-
tent findings.

PROSPECTS FOR THE REALIZATION OF PRECISION
MEDICINE

Genome-wide association studies have identified genetic predis-
position in each stage of kidney damage with indicators of kid-
ney function. Comprehensive analysis of genetic predisposition
is shifting from GWAS centered on polymorphism analysis to
whole-genome sequencing using next-generation sequencers
(Table 1)."">' In diabetes and diabetic complications, more
variants specific to race are thought to be found in variants
with an allele frequency of <5% and a low frequency of 1% or
more. Because rare variants have a strong effect on the onset of
disease, they are less frequent due to negative selection pres-
sures, some of which are difficult to identify, and a larger num-
ber of cases is considered necessary.

Proteomics and metabolomics studies have been conducted
and they have identified the association between type 2 diabetes
and inflammatory signals and amino acid synthesis. For a com-
prehensive understanding of type 2 diabetes, replication in an
independent cohort, a randomization study design, and longitu-
dinal sample collection are needed. In addition, proteomics and
metabolomics studies showed that inflammatory signals and
amino acid synthesis are increased in diabetic complications.
To elucidate the genetic predisposition of diabetic kidney dis-
ease, it is important to increase the number of cases to be ana-
lyzed and to obtain information on phenotypes with high
accuracy. Wu et al'® developed machine learning-assisted
models to identify a biomarker signature which was useful
when identifying subjects at high risk of renal impairment in
type 2 diabetes. Replication in independent cohort and the
incorporation of tissue-based investigation, and utilization of
machine learning to select the target molecule will elucidate the

REVIEW
Progress in genetics of diabetes

mechanistic implications of biomarkers. It is expected that poly-
genic risk scores and biomarkers developed from multi-omics
analysis will improve the predictability of the disease onset, and
that the disease can be overcome by the development of new
therapeutic drugs utilizing these data.''*'"®

An atlas of disease risk genes has been created in 180,000
people from Biobank Japan, 360,000 from the UK Biobank,
and 140,000 from FinnGen."'® The utilization of a gene atlas
will enable the precise classification of diseases. In addition to
the optimization and repositioning of existing treatments, new
drug discovery such as Adiporon, an agonist of the adiponectin
receptor that is greatly involved in the pathophysiology of type
2 diabetes and diabetic complications, is important for the real-
ization of genomic medicine suitable for the lifestyle of individ-
uals.""”

CONCLUSION

Many genetic loci related to diabetes and diabetic complications
have been discovered, and it is expected that the mechanism of
disease onset will be elucidated and its implementation in med-
ical care will progress by utilizing the polygenic risk score and
multi-omics analysis. For this challenge to succeed and sustain,
it is important to communicate with society."'® Ethical consid-
erations should be addressed so that participants’ right to know
and not know are adequately protected, and genomic research
is truly beneficial.
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