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Abstract

Diabetic retinopathy (DR) is a microvascular disease of the retina and the leading cause of visual disability in diabetic
patients. Genetic factors have shown to play a pivotal role in DR onset, and several candidate genes have been associated
with its progression. A literature search was performed to identify the genes known to be associated with DR through linkage
analysis, candidate gene association, and genome-wide association studies (GWAS). A further literature search was
performed to discover their potential connection with various biological pathways. A total of 65 genes were found and
several of these genes belong to major signaling pathways known to play a significant role in DR, including systemic
inflammation, angiogenesis, and neurogenesis. A comprehensive analysis presented in this review will be helpful in

unraveling the role of genetics in the pathogenesis of DR.

Background

Diabetic retinopathy (DR) is one of the major microvascular
complications of diabetes [1]. According to its severity, DR
can be classified into non-proliferative diabetic retinopathy
(NPDR) and proliferative diabetic retinopathy (PDR). Hall-
marks of NPDR include microaneurysms, hard exudates,
cotton wool spots, intra-retinal micro-vascular abnormalities,
and venous beading [2]. This condition can either remain
stable or progressively develop into PDR which is char-
acterized by neovascularization, pre-retinal hemorrhage, and
vitreous hemorrhage [3]. The precise mechanisms underlying
DR etiology have not been fully elucidated, and consequently,
the currently available therapies are insufficient to reverse or
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prevent diabetic complications of the eye [1, 4-6]. Several
genetic studies including linkage analysis, candidate gene
association, and genome-wide association studies (GWAS)
have identified a total of 65 genes associated with DR
(Fig. 1). Most of the genes associated with DR have been
identified through candidate gene-based association studies
and GWAS (Table 1) [7-19].

To improve our understanding of the functional role of
these genetic factors in DR pathogenesis, we mapped
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Fig. 1 Chronological list of genes associated with diabetic retinopathy.
A comprehensive search of published literature was performed to
generate a list of all the genes associated with diabetic retinopathy.
Before 2007, most of the genes were discovered using linkage analysis
or candidate gene approach. After 2007, the evolution of genome wide
association studies (GWAS) led to the discovery of a large number of
genes
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these genes to biological processes and pathways. Our
analyses revealed that majority of these genes belong to
various biological pathways known to have a significant
contribution to the DR pathology including insulin sig-
naling, angiogenesis (HIF-1 signaling, regulation of blood
vessel size, VEGF signaling), inflammation (IL-6 signal-
ing, leukocyte adhesion, TGF-f and TNF signaling), lipid
metabolic process, neurogenesis (neural cells differentia-
tion, neurotrophin signaling), protein kinase signaling
(Jak-STAT, PI3K-Akt, MAPK, Ras and mTOR signaling)
and regulation of endothelial cell / leukocytes interaction
(cell adhesion molecules, cell migration) (Table 2).

Insulin signaling

A total of 9 genes (AKT3, GRB2, SLC2A1, KCNJIlI,
TBCID4, CEP135, UCHL3, INSR, and HNMT) were
mapped to insulin signaling pathway. Insulin activates the
insulin receptor (INSR) tyrosine kinase which phosphor-
ylates numerous signaling partners. In the retina, dis-
rupted INSR signaling has been shown to produce cellular
dysfunction [20]. Among the INSR phosphorylated sig-
naling partners, the activation of the AKT3/PKB and the
PKCC cascade regulates diverse biochemical responses
including glycogen synthesis, protein synthesis, and
autophagy. One such biochemical response is mediated by
GRB2 activation, which forms a stable complex with
phosphorylated insulin receptor substrate (IRS-1) and the
SH2 domain-containing oncogenic protein, SHC. CEP135
(Centrosomal protein 135kDa), expressed in the retina,
encodes a centrosomal protein required for centriole-
centriole cohesion during the interphase of the cell cycle
[21]. CEPI135 interacts with SMAD?9, a critical compo-
nent in the TGF-p signaling pathway which is also upre-
gulated in diabetes and diabetic retinopathy [21]. KCNJ11
(Potassium voltage-gated channel subfamily J mem-
ber 11) encodes for a potassium channel controlled by
G-proteins and was found to be associated with the sul-
fonylurea receptor. The common variant of KCNJII
(rs5219) has a strong association with DR [22, 23].
SLC2A1 (Solute carrier family 2, member 1 also known as
GLUT]I) is expressed in endothelial and epithelial barriers
including the retinal capillary endothelium, retinal pig-
ment epithelium, and the basal cells of the corneal epi-
thelium in the eye [24]. SLC2A1 is an important target for
DR as it is the only glucose transporter between the blood
and retina [24]. The knockdown by intraocular injections
of a pool of siRNAs directed against SLC2A] mRNA
significantly reduced retinal glucose levels in diabetic
mice. TBCID4 (TBC1 domain family, member 4) is
known to play a role in insulin signaling in the retina and
DR pathogenesis [25]. UCHL3 (Ubiquitin carboxyl-



Unraveling the role of genetics in the pathogenesis of diabetic retinopathy

537

Table 2 Candidate genes and important signaling pathways associated

with diabetic retinopathy

Signaling pathways

Candidate genes

Insulin signaling

Angiogenesis

Blood vessel development
HIF-1 signaling

Patterning of blood vessels
Regulation of blood vessel
size

Response to hypoxia
VEGF signaling
Inflammation:

IL-6 signaling

Leukocyte adhesion
NF-kappa B activation
NF-kappa B inhibition
TGF-beta signaling

TNF signaling

Lipid metabolic process
Neurogenesis:

Apoptotic process

Neural cells differentiation

Neuroactive ligand-receptor
interaction

Neurotrophin signaling
Jak-STAT signaling
PI3K-Akt signaling

Protein kinase cascade
MAPK signaling
Ras signaling

mTOR signaling

AKT3,GRB2,SLC2A1,KCNJ11,
TBC1D4,CEP135,UCHL3, HNMT,
INSR

EDIL3,NOS3,SERPINEI,PLXDC2

ACE,AGT,EDN1,NOS3,SELP,
TCF7L2

AKT3,EDNI, SLC2A1,NOS3,
SERPINEI,VEGFA

EDNI,VEGFA, GRAMD3
ADRB3,AGT,AGTRI,EDNI,NOS3

ACE,EDNI, MTHFR,NOS3,TGFB1
AKT3,GRB2,NOS3,VEGFA

AKT3,GRB2,ICAM1, CRP
ICAM1,ITGBI1,SELP,TNF,
AGT,ICAM1,PARP1, TGFBI1,TNF
COMMDG6

TGFBI,TNF
AKT3,EDNI1,ICAM1,PARPI,TNF
LRP2,PON1,ARL4C,COLECI2

API5,GORAB
ZBTBI18,ZNRF1
ADRB3,AGTR,NPY,NPY2R

AKT3,CAMK4,GRB2
AKT3, GRB2

AKT3,COL4A4, GRB2,ITGBI,NOS3,
VEGFA

ADRB3,AGT,EDNI, TGFBI1,TNF
AKT3,GRB2,TGFBI,TNF
AKT3,GRB2,VEGFA
AKT3,TNF,VEGFA

Regulation of endothelial cell / leukocytes interaction

Cell adhesion molecules
(CAMs)

ECM-receptor interaction

Regulation of endothelial
cell migration

Regulation of cellular
localization

Regulation of cell migration

FMNI1,ICAM1,ITGBI1, SELP,
COLA4A4,ITGBI

ACE,AGT,NOS3,TGFB1
AGT,EDNI1,TGFBI

AGT,EDNI,KCNJ11,TCF7L2,
TGFBI,TNF

ACE,AGT,EDNI1,ICAM1,ITGBI,
NOS3,SELP,TGFBI

terminal esterase L3) is a deubiquitinating enzyme play-
ing a role in the maintenance of ubiquitin levels within the
cell through processing of ubiquitin precursors and ubi-
quitinated proteins. Several studies have shown the role of

UCHLS3 in insulin signaling and retinal maintenance in
stress conditions [26, 27].

Angiogenesis

The crucial role of angiogenesis in DR has been recognized
since 1985 when Rand et al. reported how changes in retinal
venular caliber could predict vision loss [28]. VEGF is a
heparin-binding homodimeric glycoprotein that acts via
endothelial-specific receptor tyrosine kinases, among which
VEGFR?2 is the main VEGF receptor regulating angiogen-
esis. VEGF is one of the targets of the HIF (Hypoxia-
Inducible Factor), a basic helix-loop-helix transcription
factor that regulates the response to hypoxia. HIF induces
expression of proteins controlling glucose metabolism, cell
proliferation, vascularization, and blood vessel development
such as SELP (P-selectin), EDN1 (Endothelin 1), LDHA
(Lactate dehydrogenase-A), TGFpl, and b-FGF (basic
fibroblast growth factor) [29]. VEGF was amongst the first
factors known to regulate retinal neovascularization and
blood-retinal barrier (BRB) breakdown in DR [30]. The
absence of the SLC2A1 carrier in neovascular tissue of
PDR is a sign of the loss of glucose selective permeability
[31] and GRB2 participates in the MAPK pathway via Ras
in response to vascular endothelial growth factor
signaling [32].

ACE, AGT and AGTR belong to the renin-angiotensin
system, a crucial pathway which regulates blood pressure.
The production of Ang II within the retina leads to a series
of hemodynamic and growth promoting effects that trigger
DR development [33]. Ang-II induces capillary growth,
vascular permeability, and an increase in oxidative stress via
stimulation of growth factors such as TGF-p, VEGF, and
PDGF [34]. Furthermore, the increase of Ang-II has been
shown in diabetic patients, particularly with microangio-
pathy and microvascular damage [35]. EDIL3 (EGF-like
repeats and discoidin domains 3) encodes for an integrin
ligand which plays an important role in mediating angio-
genesis and vessel wall remodeling. It also influences retinal
endothelial cell behavior [36]. The EDNI (Endothelin 1)
gene encodes a protein that is primarily produced in vas-
cular endothelium, vascular smooth muscle cells, macro-
phages, leukocytes, cardiomyocytes, and fibroblasts [37].
Endothelin 1 plays a pivotal role in endothelial dysfunction,
one of the significant elements in the pathogenesis of DR
[38]. Studies have shown high EDN1 expression in vascular
and extravascular sites in the retina and its contribution to
abnormal retinal hemodynamics in DR [39].

Endothelial nitric oxide synthase (eNOS) plays an
essential role in maintaining vascular homeostasis. Defi-
ciency in eNOS expression coupled with concomitant
activation of inducible nitric oxide synthase (iNOS) triggers

SPRINGER NATURE
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highly reactive nitrogen species (RNS) formation, thus,
leading to oxidative stress and accelerated retinopathy [40].
PLXDC?2 (Plexin domain-containing protein 2), also known
as TEM7R (tumor endothelial marker seven-related pro-
tein), has been implicated in neurogenesis and angiogenesis
[19, 41]. PDR results in part from the formation of fibro-
vascular membranes (FVMs) in the posterior fundus. Tumor
endothelial marker 7 (TEM7) is a protein that is highly
expressed in the endothelial cells of tumors. TEM7 has been
shown to play a significant role in the proliferation and
maintenance of neovascular endothelial cells in the FVMs
[42]. TCF7L2 (Transcription factor 7-like 2) participates in
the WNT signaling pathway and regulates MYC expression
by binding to its promoter in a sequence-specific manner
[43]. ARHGAP22 encodes a Rho family GTPase protein,
which is a component in the regulation of endothelial cell
capillary tube development during angiogenesis [44].
Similar to PLXDC2, ARHGAP22 has been implicated in
PDR and is involved in endothelial cell angiogenesis.

Inflammation

Eleven genes associated with DR (CRP, AKT3, GRB2,
ICAM1, ITGBI, SELP, TNF, AGT, PARP1, COMMD6, and
EDNI) were mapped to pathways involved in inflammation.
Several studies have shown that patients exhibit higher
blood levels of inflammatory markers such as C-reactive
protein (CRP), interleukin-6 (IL-6), transforming growth
factor (TGF-f), tumor necrosis factor-alpha (TNF-a) [27],
cyclooxygenase-2 (COX-2), and interleukin-1 (IL-1)
[45, 46]. Moreover, soluble TNF-receptor levels have been
associated with an increased risk of severe DR [25]. IL-6 is
a cytokine that provokes a broad range of cellular and
physiological responses including the immune response,
inflammation, hematopoiesis, and oncogenesis by regulat-
ing cell growth, gene activation, proliferation, survival, and
differentiation. AKT3, CRP, ICAM1 and GRB2 are known
to be involved in the IL-6 signaling. AKT3, a member of
the AKT (or PKB) serine/threonine-protein kinase family,
regulates many processes including metabolism, prolifera-
tion, cell survival, growth and angiogenesis. In particular,
AKTS3 has been shown to be stimulated by platelet-derived
growth factor (PDGF), insulin, and insulin-like growth
factor 1 (IGF1), both implicated in proliferative retinopathy
[21, 47]. The GRB2 gene codes for an adapter protein that is
involved in the Ras-mediated pathway which leads to the
activation of transcription factors such as EIKI and NF-IL-6
(C/EBP-Beta). Burton et al. [32]. recently described GRB2
as a promising candidate for DR susceptibility because
increase of this protein in mouse retina was correlated to
retinal stress leading to DR. Also, GRB2 protein is
expressed in all layers of the human retina. The COMMD6

SPRINGER NATURE

(COMM domain containing 6) gene belongs to a family of
NF-kB inhibiting proteins characterized by the presence of a
COMM domain and down-regulates TNF-induced NF-kB
activation [48]. PARP1 (poly(ADP-ribose) polymerase), a
DNA repair enzyme activated by oxidative damage, med-
iates the hyperglycemia-induced activation of NF-kB,
pro-inflammatory molecules, cytokines, and iNOS. Its
overexpression leading to a depletion of ATP, NAD+ and
NADH [49]. The loss of these cofactors cause an impair-
ment in glycolysis and mitochondrial respiration that affect
cellular viability. The TNF gene encodes for a pro-
inflammatory cytokine which is member of the tumor
necrosis factor superfamily. Studies have described the
involvement of TNF-a in diabetic retinal microvascular
damage and drugs that target TNF-o have been shown to
reduce leukostasis, retinal vascular leakage, and retinal cell
death in animal models [50] . TGF-p, a cytokine implicated
in multiple cellular functions including proliferation, dif-
ferentiation, adhesion, and migration, has been shown to be
involved in the basement membrane thickening and matrix
accumulation in the blood vessels [51]. The gene expression
profile of retinal vessels isolated from streptozotocin- trea-
ted rats revealed an increased expression in 20 genes of the
TGF-f signaling pathways [52]. ICAM1, ITGBI and SELP
are particularly important in leukocyte adhesion, one of the
earliest signs of retinal complications. ICAM1 (Intercellular
adhesion molecule 1 or CD18) is a member of the ICAM
proteins that act as ligands for the leukocyte adhesion
protein, LFA-1. This gene encodes for a cell surface gly-
coprotein, typically on endothelial cells, whose expression
is induced by increased levels of VEGF. Specific inhibition
of ICAMI in diabetic animals leads to reduction of leu-
kostasis and BRB breakdown [53]. The ITGBI (Integrin,
beta 1) belongs to the integrins family and plays a pivotal
role in PDR and proliferative vitreo-retinopathy due to its
contribution to the terminal event of tractional retinal
detachment [54].

Neurogenesis

Several DR associated genes (API5, GORAB, ZBTBIS,
ZNRF1, ADRB3, AGTR, NPY, NPY2R, AKT3, CAMK4, and
GRB2) belong to the neurological processes. Despite the
retina’s peripheral localization, it is actually part of the
central nervous system. DR is a multifactorial disease
involving not only the vasculature, but also the neurons and
glia and studies have suggested that neuronal changes in the
retina may occur before vascular alterations [55, 56]. There
is sufficient evidence of neurodegenerative changes in DR
including increased apoptosis of ganglion cells, glial cell
reactivity, microglial activation, and altered glutamate
metabolism [57].
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Neurotrophins (NTs) are a family of growth factors that
mediate the growth, differentiation, and survival of developing
neurons. A significant increase was observed in the expression
of NT-3 and NT-4 in vitreous samples from PDR patients
compared to non-diabetic controls [58]. Interestingly, AKT3
and GRB2 have been shown to participate in NT signaling.
APIS (Apoptosis inhibitor 5) is an anti-apoptotic factor which
acts as a suppressor of the transcription factor E2F1 which
induces apoptosis and also interacts with, and negatively
regulates, Acinus, a nuclear factor involved in apoptotic DNA
fragmentation. CAMK4  (Calcium/calmodulin-dependent
protein kinase IV) acts in the calcium-triggered CaMKK-
CaMK4 signaling cascade. This kinase is expressed in the
brain, spleen, thymus, and regulates the activity of several
transcription factors implicated in the immune response,
inflammation, and memory consolidation [59]. Neuropeptide
Y (NPY) and its receptor (NPY2R) play a pivotal role in the
central nervous system regulating many physiological pro-
cesses. The Leu7Pro (codon 7) polymorphism in NPY was
identified as a risk factor for DR development in a well-
characterized cohort of patients with Type 2 diabetes [16].
ZBTBI8 (Zinc finger and BTB domain containing 18) encodes
a C2H2-type zinc finger protein which acts as a transcriptional
repressor of key pro-neurogenic genes such as Neurogenin2
and NeuroD1[60]. ZBTBI8 is also involved in various
developmental processes such as myogenesis and other
aspects of brain development [61]. ZNRF1 (Zinc and ring
finger 1, E3 ubiquitin protein ligase) is an E3 ubiquitin-protein
ligase that mediates the ubiquitination of AKT1 and
glutamate-ammonia ligase (GLUL), playing a role in neuronal
cell differentiation. ZNRF1 regulates neurodegeneration,
maintenance of neuronal transmission, plasticity, and
Schwann cell differentiation in DR [62].

Regulation of endothelial cell / leukocytes
interaction

An important cause of damage in the vascular endothelium in
DR is leukocyte activation and migration that is mediated by
the specific adhesion molecules expressed on the cell surface
of leukocytes and the endothelium. A significant correlation
between the number of leukocytes accumulated within the
vessel and capillary damage in the retina has been identified
in post-mortem DR patients [63]. Moreover, pre-clinical
animal studies of early DR have also highlighted the disrup-
tion of the retinal endothelium caused by adhering leukocytes
and the subsequent increase of the vascular permeability [64].
Thirteen genes (ACE, AGT, COL4A4, EDNI, FMNI, ICAM1,
ITGBI, KCNJ11, NOS3, SELP, TCF7L2, TGFBI, TNF) were
mapped to this pathway. ICAMI1, EDNI, and SELP are
important markers of endothelial dysfunction that have been
linked with the development of DR [65]. ICAM-1 level

increases in the diabetic retina, even in the early stages of DR.
Endothelial complications in DR are dramatically reduced in
animals treated with anti-ICAM-1 antibodies [64]. EDN-1 is
known to be a potent vasoconstrictor molecule, implicated in
the disruption of retinal hemodynamics and DR progres-
sion [39]. COL4A4 (Collagen, type IV, alpha 4) encodes one
of the six subunits of type IV collagen, the major structural
component of basement membranes and modification of
collagen metabolism in the basement membrane is associated
with DR [66]. FMN1 (Formin 1) is involved in cell adhesion
and morphogenesis [36].

Conclusions

In this review, we compiled a comprehensive list of genetic
factors associated with DR. Further analyses revealed the
biological functions of these genes in DR pathogenesis. The
identification of genetic factors and their contribution to DR
etiology will allow for tailored pharmacogenomics
approaches for the treatment of DR.

Summary

¢ Diabetic retinopathy (DR) is a microvascular disease of
the retina and the leading cause of visual disability in
diabetic patients.

e Genetic factors have shown to play a pivotal role in DR
onset, and several candidate genes have been associated
with its progression.

e This review presents an insight into genes associated
with DR and their role in various biological functions
and signaling pathways.
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