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Abstract

The incidence of diabetes continues to rise among all ages and ethnic groups worldwide. Diabetic
retinopathy is a complication of diabetes that affects the retinal neurovasculature causing serious
vision problems, including blindness. Its pathogenesis and severity is directly linked to the chronic
exposure to high glucose conditions. No treatments are currently available to stop the development
and progression of diabetic retinopathy. To develop new and effective therapeutic approaches, it is
critical to better understand how hyperglycemia contributes to the pathogenesis of diabetic
retinopathy at the cellular and molecular levels. We propose alterations in O-GIcNAc modification
of target proteins during diabetes contribute to the development and progression of diabetic
retinopathy. The O-GIcNAc modification is regulated through hexosamine biosynthetic pathway.
We showed this pathway is differentially activated in various retinal vascular cells under high
glucose conditions perhaps due to their selective metabolic activity. O-GIcNAc modification can
alter protein stability, activity, interactions, and localization. By targeting the same amino acid
residues (serine and threonine) as phosphorylation, O-GIcNAc modification can either compete or
cooperate with phosphorylation. Here we will summarize the effects of hyperglycemia-induced O-
GIcNAc modification on the retinal neurovasculature in a cell-specific manner, providing new
insight into the role of O-GIcNAc modification in early loss of retinal pericytes and the
pathogenesis of diabetic retinopathy.
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Introduction

O-GIcNAc

The worldwide prevalence of diabetes mellitus continues to rise and its complications
continue to impact human health. Diabetic Retinopathy (DR) is a complication of diabetes,
and remains the leading cause of vision loss in many developed countries [1]. In the US, an
estimated 40% of people with Type 1 diabetes mellitus (TLDM) and 86% with Type 2
diabetes mellitus (T2DM) have DR. Of the affected diabetic individuals, 8% with T2DM
and 42% with T1DM have a vision-threatening form of DR [2, 3]. Vision loss primarily
occurs from either proliferation of new retinal blood vessels (proliferative diabetic
retinopathy), or from increased permeability of retinal vessels (diabetic macular edema) [4].

Several processes are linked to the pathogenesis of DR, including imbalance in the retinal
production of neuroprotective factors and extracellular glutamate accumulation [5],
activation of protein kinase C [6], oxidative stress [7], polyol pathway activation [8],
accumulation of advanced glycation end products (AGEs) [9], inflammation [10],
mitochondrial dysfunction, and endoplasmic reticulum stress (ER) [11]. These processes are
interrelated, and increased O-GIcNAc modification may be involved in the pathogenesis of
DR by contributing to these mechanisms as discussed below.

O-GIcNAc modification is a unique type of post-translational modification (PTM), first
described over 30 years ago [12]. Research on O-GIcNAc modification is increasing in
parallel with the studies that link its dysregulation to various diseases including, cancer [13],
Alzheimer [14], Parkinson [15], systemic lupus erythematosus [16], diabetes mellitus [17],
and obesity [18]. O-GIcNAc modification is a protein glycosylation, yet this modification is
unique from all other common forms of protein glycosylation due to its highly dynamic
cycle, its specificity for Ser/Thr residues, and its ability to bind cytoplasmic and nuclear
proteins. In this manner, O-GIcNAc modification has dynamics that are similar to
phosphorylation. These PTMs may compete or cooperate, and regulate the function of
various target proteins [19]. Thus, like phosphorylation O-GIcNAcylation is directly
involved in the regulation of many cellular processes by modulating activity, interaction,
degradation, and subcellular localization of target proteins [19].

In order to decode the pathogenesis of most diseases, the involvement of PTM must be taken
into consideration. Imbalanced O-GIcNAc modification may involve the etiology of diabetes
and the pathogenesis of various diabetes complications. In this review, we will further
discuss the impact of increased O-GIcNAcylation on retinal vascular cell function, and its
contribution to progression of DR. However, the mechanisms of how O-GIcNAcylation
affects the pathogenesis of DR may be shared by other diabetes complications.

Modification and Its Impact in Diabetes

Hyperglycemia is a hallmark symptom of TLDM and T2DM. Overtime, the hyperglycemic
environment becomes toxic and contributes to pancreatic B cell destruction and various
systemic complications of diabetes, including diabetic retinopathy, nephropathy, neuropathy,
cardiomyopathy, and atherosclerosis [20]. Hyperglycemia impairs retinal neurovasculature
and initiates the pathogenesis of DR that can eventually progress to blindness [11]. Glucose
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also reacts non-enzymatically with various molecules and generates glycated products,
which contribute to oxidative stress and inflammatory phenotypes associated with diabetes
[21]. 1t is the accumulation of such products, coupled with chronic inflammation, that drives
the pathogenesis of diabetes complications. Unfortunately, there are no efficient treatments
available to counteract these hyperglycemia-mediated changes, beyond decreasing the
systemic levels of glucose by insulin replacement, drugs, changing diet and/or life style. At
best, it is a challenging task to achieve normal glucose levels during didabetes and mitigate
the pathogenesis of DR.

O-GIcNAc modification is induced under various cellular stress conditions, including
hyperglycemia. Increased O-GIcNAc modification is associated with the pathogenesis of
diabetes and its complications, and involves the progress of insulin resistance and
hyperglycemia-induced glucose toxicity. Pancreatic p-cells express abundant amounts of
both O-linked B-N-acetylglucosamine transferase (OGT) and O-GIcNAcase (OGA),
suggesting O-GIcNAc cycling is important in pancreatic f-cell function and survival under
normal glucose conditions [22]. Increased O-GIcNAc modification contributes to increased
apoptosis of p-cells under prolonged hyperglycemia [23]. This negative effect on B-cell
survival appears to be due to dysregulation of key elements in the insulin signaling pathway
including O-GIcNAc modification.

Glucosamine-induced O-GIcNAc modification results in the inhibition of tyrosine-
phosphorylation of the insulin receptor (IR), insulin receptor substare-1 (IRS-1) and IRS-2,
followed by impaired activation of the phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K) and protein kinase B (PKB)/Akt survival signaling. PI3K/AKkt inactivation results in
reduced glycogen synthase kinase 3 (GSK-3) and forkhead box protein Ola (FOXO1la)
inactivation and expression of the pro-apoptotic protein Bim. Furthermore, inhibition of O-
GIcNAc modification by using specific OGT inhibitors prevented the inhibition of tyrosine-
phosphorylation of IRS-1/IRS-2 and glucosamine induced apoptosis in B-cells [23]. In a
similar manner, it has been reported that increased O-GIcNAc modification inhibits Aktl
activation by preventing its phosphorylation at Ser473 leading to the apoptosis of mouse
pancreatic p-cells [24].

Hyperglycemia-induced O-GIcNAc modification is linked to insulin resistance in insulin
sensitive tissues, such as skeletal muscle and adipose tissue [25, 26]. Key insulin signaling
proteins, including IRS-1, IRS-2, Akt, pancreatic duodenal homeobox-1 (PDK1), and the
p110 subunit of PI3K, are all targets of O-GlcNAcylation [27, 28]. Increased flux through
the hexosamine biosynthetic pathway (HBP) and higher O-GIcNAcylation results in
impairment of the PTM of insulin signaling proteins and inhibition of the glucose transporter
4 (GLUT-4) mediated glucose uptake in these tissues [26, 29]. Multiple studies support the
role of increased O-GIcNAc modification in insulin resistance by using transgenic mouse
models or cell lines overexpressing glutamine fructose-6-phosphate amidotransferase
(GFAT) and OGT, glucosamine exposure, and pharmacological approach with inhibitors [28,
30-32]. However, a few studies that used specific OGA inhibitors were unable to confirm
the induction of insulin resistance by increased O-GIcNAc modification [33, 34]. These data
suggest that caution should be used when evaluating increased O-GIcNAc modification
using different approaches. Substrate abundancy, genetic modifications of the regulator
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genes, and the selected pharmacological inhibitions may have other effects creating different
outcomes. Ongoing studies to improve our understanding of the effects of O-GIcNAc
modification are needed. However, there is considerable evidence to suggest a link between
hyperglycemia-induced O-GIlcNAc modification in pancreatic f-cell loss and insulin
resistance in various tissues. In this manner, increased O-GIcNAc modification contributes
to the worsening of hyperglycemia during diabetes.

Molecular Aspects and Regulation of O-GIcNAc Modification

O-GIcNAc modification forms by the transfer of an uncharged acetylated hexosamine sugar,
N-acetylglucosamine (GIcNAC) through a glycosyl-linkage to the hydroxyl group of serine
and threonine residues of various proteins. Unlike other glycosylation modifications, O-
GIcNAc modification does not continue to elongate. This modification is dynamically
regulated by OGT and OGA [35-37]. OGT catalyzes the transfer of GICNAc from a high-
energy sugar donor, UDP-GIcNAC to Ser/Thr residues, and OGA hydrolyzes the GIcNAc
from proteins. UDP-GIcNACc is the final product of HBP, which is further regulated by
several metabolic pathways (Figure 1).

HBP shares the first two-steps involved in the glycolysis pathway. Glucose is
phosphorylated to glucose-6-phosphate, and then metabolized to fructose-6-phosphate after
entering the cell [38, 39]. Most of the fructose-6-phosphate is diverted to glycolysis, with
only 2-3% of it used in the HBP. GFAT transfers an amino group from glutamine to
fructose-6-phosphate and produces glucosamine-6-phosphate (Figure 1). Next, acetylation
by glucosamine 6-phosphate N-acetyltransferase (Gnpnatl) is followed by the isomerization
to N-acetyl-1-phosphate glucosamine. The final product of HBP, UDP-GIcNAC, is produced
by adding the nucleoside to the sugar by UDP-N-acetylhexosamine pyrophosphorylase
(UAP1) [38]. OGT catalyzes the addition of N-acetylglucosamine from UDP-GIcNAc to
specific serine or threonine residues to form a p-glycosidic linkage [40]. OGA has hydrolase
activity that removes N-acetylglucosamine from serine or threonine residues [35].

Phosphorylation and O-GIcNAc modification both regulate protein activity by targeting
serine and threonine residues. More than 500 kinases phosphorylate their target proteins
with distinct sequence specificity [91]. In contrast, only a single enzyme (OGT) governs the
addition and another enzyme (OGA) the removing O-GIcNAc modification in mammalian
cells [92]. Furthermore, O-GIcNAcylation does not display a strict amino acid consensus
sequence, although serine or threonine residues flanked by proline and valine are the
preferred sites of O-GIcNAcylation [93]. In this manner, it is important to understand the
structure and target selectivity of OGT and OGA to unlock their possible therapeutic
potentials.

The OGT gene is localized on the X chromosome, and its protein product is expressed in all
mammalian tissues. OGT expression is higher in certain tissues including o/p pancreatic
cells and brain neurons. O-GIcNAc modification and OGT expression is necessary for
murine embryogenesis, such that germ line deletion of OGT is embryonic lethal [94]. Three
alternative spliced variants of OGT have been identified: nucleocytoplasmic (nc),
mitochondrial (m), and short (s) isoforms. These isoforms differ by the number of N-
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terminal 34 amino acid tetratricopeptide repeats (TPR). The longest and most abundant
human ncOGT isoform (115 kDa) contains 13.5 TPR, and is encoded by all 23 exons of the
OGT gene, whereas mOGT (103 kDa) has 9.5 and is encoded by exons 5 to 23, and sSOGT
(76 kDa) has only 2.5 TPR and encoded by exons 10 to 23 [38, 92]. The N-terminal TPR
domain of OGT controls its interaction with both target and regulator proteins [95]. The C-
terminus of OGT contains its catalytic domain, and this region of the protein is identical in
all three OGT isoforms. However, sSOGT may lack transferase activity [96-98]. Furthermore,
sOGT may inhibit the activity of the other isoforms [99, 100], and this isoform protects
against apoptosis under some stress conditions [100, 101]. In addition to these OGT
isoforms, a novel extracellular/luminal glycosyltransferase, eOGT, has recently been
reported [102], but this isoform has no apparent homology to any of other OGT isoforms.
The function of eOGT is to catalyze the addition of O-B-GIcNAc monosaccharide residues
to the extracellular domains of the Notch receptor [102].

A few mechanisms have been reported for the regulation of OGT binding and activity. OGT
forms various substrate specific holoenzymes by dynamically interacting with many binding
partners, such as mSin3A [103], Sp1 [104], TET2/3 [105], p38 MAPK [106], Trakl
(OIP106) [107], and MYPT1 [108]. These proteins interact with OGT through its TPR
domain, and serve as adaptor or bridging proteins to recruit OGT directly to its targets. The
concentration of UDP-GIcNAc regulates OGT affinity and activity as well [109]. OGT
demonstrates differential affinity for specific target proteins, even on different Ser/Thr
residues on the same peptide, dependent on variations in UDP-GIcNAc concentration [109,
110]. These findings highlight the importance of the intracellular location of UDP-GIcNAc
production, and its transportation to specific locations in the cell, in the regulation of OGT.
Moreover, the affinity of OGT for target proteins is further governed by its own
posttranslational modifications [111].

O-GIcNAcase (OGA), previously called hexosaminidase C, is the only enzyme that cleaves
O-GlIcNAcylation [112-114]. Like OGT, OGA is highly conserved and ubiquitously present
in tissues, with more abundancy in the pancreas, brain and skeletal muscle [35, 113, 115].
Two splice variants of OGA are identified in humans: long OGA (OGA-L) and short OGA
(OGA-S). The OGA-L isoform is a 916-amino acid protein and has an acidic isoelectric
point [113]. OGA-L is a bifunctional enzyme with two active domains; the N-terminal
catalytic domain removes O-GIcNAc modification from its targets and the C-terminal
Histone Acetyl Transferase (HAT) domain may be involved in histone regulation [116].
However, there is not yet a consensus on the role of the HAT domain in OGA-L [117], and it
is commonly termed as a pseudo HAT domain [118]. The linker site in between N- and C-
terminus carries caspase-3 target sequences, and this site is cleaved during programmed cell
death by caspase-3 [117, 119]. These cleavage products appear at the same time as the
cleavage of Poly (ADP-ribose) polymerase (PARP), which is a known caspase-3 substrate
[117]. However, the caspase-3 cleavage of OGA-L has no effect on its O-GIcNAcase activity
[117, 119]. The OGA-S isoform is a 677-amino acid protein, which differs from OGA-L in
that it lacks the pseudo HAT domain [115]. OGA-S has lower hexosaminidase activity, and it
localizes to the endoplasmic reticulum and lipid droplets, whereas OGA-L acts as a
nucleocytoplasmic enzyme [120].
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The regulation of OGA activity and substrate targeting are not well understood. Some
possible mechanisms involved in OGA regulation include, post-translational modifications,
the divergent subcellular localization of OGA isoforms, and its interaction with OGT and
other proteins [121]. Despite current studies providing some information regarding target
selection and regulation of OGT and OGA, we are far from understanding any specificity
regarding the activation and targeting of OGA and OGT. Furthermore, progress is still
needed in the methods to purify and identify O-GlcNAcylated proteins. Using conventional
methods, such as pulling-down with wheat germ agglutinin (WGA\) or specific antibodies
against O-GIcNAc, requires a caution due to rapid cycling rate of this modification and that
need to be protected from O-GIcNAcase and lysosomal hexosaminidases activities during
enrichment steps. More advanced techniques are utilizing the specific labelling of O-
GIcNAc sites with unnatural components, such as azide-modified GICNAc [128, 129]. Using
these chemical handles and “click-It chemistry” have increased the number of identified
proteins as O-GIcNAcylation target. However, exposing cells to these modified components
are not ideal in terms of biological relevance. Moreover, these components are in
competition with natural glucose and determining the alteration in O-GIcNAc modification
under different glucose conditions is not possible with these techniques. Thus, new robust
techniques to enrich and analyze O-GIcNAc modification without chemical derivatization
such as top down proteomics are needed.

Cell-Specific Effects of O-GIcNAc Modifications in DR

DR affects the retinal neurovasculature, a highly-organized network of retinal neurons,
Mdiller cells, astrocytes (AC), endothelial cells (EC) and pericytes (PC) (Figure 2). These
cells constitute the inner retinal blood-retinal barrier (BRB), and regulate nutrient flow and
the tissue microenvironment to allow proper functions. Hyperglycemic conditions result in
dysfunction of retinal neurovasculature, perhaps due to loss of retinal neurons, thickening of
the retinal blood vessel basement membrane, loss of PC, disruption of the tight junctions,
formation of non-perfused capillaries, ischemia, and stimulation of neovascular growth [4,
41]. Unfortunately, the newly formed blood vessels are abnormal, leaky, and interfere with
vision, and if left untreated result in retina traction detachment and loss of vision [41,42].
Studies have indicated that the sensitivity of retinal vascular cells to hyperglycemia varies
[43-45], and alterations in O-GIcNAc modification levels may regulate the fate of retinal
vascular cells under high glucose conditions [46,47].

O-GIcNAc Modification and Retinal Neuronal Cell Function

New imaging technologies indicated that loss of retinal neurons appears at least during the
same period or even earlier than microvascular defects in the onset of DR [48]. Neural
apoptosis is accompanied by glial dysfunction (reactive gliosis) and results in thinning of the
retinal nerve fiber layer [49-51]. O-GIcNAcylation enzymes (OGT and OGA) are highly
expressed in neuronal cells [52], and impaired O-GIcNAc cycling is involved in the
pathogenesis of neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease
[53]. Notably, high glucose and glucosamine-induced HBP increase apoptosis in rat retina
originated neuronal cells possibly via blocking the neuroprotective effect of insulin/Akt
signaling pathways [54]. Another study reported retinal ganglion cell loss with increased O-
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GlcNAcylation of NF-xB p65 subunit in a diabetic mouse model [55]. According to
preliminary studies and established contribution of impaired O-GIcNAc modification in
neurodegenerative diseases, one can speculate that increased O-GIcNAc modification
contributes to glucose toxicity in retinal neurons, as it does in pancreatic p-cell, another cell
type with high levels of OGT and OGA as discussed above.

O-GIcNAc Modification and Retinal Astrocyte Function

Astrocytes (AC) and Muller cells are macroglia members of retinal neurovascular unit.
Retinal AC originate from the optic nerve head and migrate into the retina along the optic
nerve during vascular development [55]. Retinal AC provide mechanical and trophic support
to retinal neurovasculature and to the inner BRB. Retinal AC are involved in neuro-
protective processes, called reactive gliosis, which becomes activated under trauma events or
neurodegeneration [56]. Upon dysfunction or excessive activation of the gliosis process,
reactive gliosis itself may cause worsening of the primary pathology and is linked to
activation of microglial cells and production of inflammatory mediators [57].

Reactive AC also secrete pro-inflammatory factors such as monocyte chemotactic protein-1
(MCP-1), macrophage inflammatory protein-2 alpha (MIP-2a.), interleukin-1 beta (IL-1/),
IL-6 and IL-8 [58]. These inflammatory factors secreted by AC also contribute to the
inflammation that occurs during diabetes complications [59]. Incubation of AC with IL-1p
promotes a proinflammatory and oxidative stress condition [60]. Notably, hyperglycemic
conditions have no or minimal effects on the survival of retinal AC, however hyperglycemia
does have a significant impact on AC proliferation, adhesion, and migration, as well as
increases in their production of inflammatory cytokines and oxidative stress [46, 59].
Altered AC localization and secretion impair the homeostasis of the retina and inner BRB
during diabetes.

In a recent study, we confirmed that high glucose does not affect the rate of apoptosis in
retinal AC in culture [46]. Interestingly, total O-GIcNAc modification levels also did not
change dramatically in retinal AC under high glucose conditions [47]. Thus, glucose uptake
and/or fructose-6-phosphate enterance to HBP must be tightly controlled in retinal AC.
However, Matthews and colleagues reported that glucosamine-induced HBP flux caused
short-term phosphorylation of Akt and its activation likely leads to increased ER stress in a
human astroglial cell line [61]. Furthermore, Mao et al. found that O-GlcNAc modification
of p27 (Kipl) competes with its phosphorylation and inhibits AC migration and functional
recovery after spinal cord injury [62]. Thus,

O-GIcNAc Modification and Retinal Endothelial Cell Function

Retinal EC constitute the lining of retinal vasculature, aligning as a single layer to form the
retinal capillary wall (endothelium), just as in any other capillary or vessel. Retinal EC are
the main component of the inner BRB. As a first cell layer in contact with blood, EC are
responsible for the homeostasis of retina by controlling the transport of nutrients,
metabolites, ions, fluids and many other exchanges in between blood and retina.
Furthermore, EC are involved in angiogenesis, vasoregulation, fibrinolysis and coagulation
[63].
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Retinal EC are the first retinal cell types to encounter hyperglycemic conditions, however
retinal EC are structurally stable during mild to moderate non-proliferative DR. As
hyperglycemia prolongs and DR progresses to a more severe non-proliferative stage, the
effects on retinal EC become detectable. During this stage, retinal EC loss is apparent and is
accompanied by a thickened basement membrane, capillary occlusion and vasoconstriction.
Subsequently, dilated capillaries and shunts between arteries and veins can also be
identified. Upon the final stage of proliferative DR, retinal EC migrate, proliferate and new
capillaries form from existing vessels. However, most of these new vessels are not properly
reinforced and are prone to leakage. Angiogenesis can also extend to the vitreous body and
form fibrotic tissue. Eventually, retinal detachment and vitreous hemorrhage cause severe
vision impairment [42].

The dysfunction of retinal EC contributes to all of the later stages of DR. Thus, it is still
unclear whether hyperglycemia directly affects retinal EC function. A few studies reported
that high glucose may induce apoptosis in retinal EC by disrupting mitochondrial
morphology [64] or a caspase-independent pathway [65]. However, others, including us,
have been unable to detect any direct apoptotic effect of high glucose on retinal EC in
culture [45, 46]. We showed O-GIcNAc modification was increased only moderately in
retinal EC compared with retinal PC [47]. However, high glucose conditions did result in
enhanced migration of retinal EC with minimal effect on their survival [46, 66].
Furthermore, the protective effect of increased O-GIcNAc modification against reactive
oxygen species (ROS) was reported in human retinal EC [67] and cardiac cells [68]. Further
studies are required to understand possible direct effects of hyperglycemia and induced O-
GIcNAc modification on retinal EC function. However, impairment of the surrounding cells
and microenvironment may have adverse effects on retinal EC as DR progresses, coupled
with both hyperglycemia and increased O-GIcNAcylation.

During neovascularization, the basal lamina is digested by proteases that are released by
other cells, including leukocytes. Moreover, hypoxia plays an important role and causes an
imbalance between pro-angiogenic factors such as vascular endothelial growth factor
(VEGF) and anti-angiogenic proteins including pigment epithelium-derived factor and
thrombospondin-1. Increased hypoxia-inducible factor 1 (HIF-1) expression stimulates the
production of VEGF in surrounding cells. Thus, hypoxia induces the formation of new blood
vessels by retinal EC migration and proliferation through the VEGF rich regions [68, 69].

To assess the impact of hypoxia on O-GIcNAc modification levels in the retina, we
determined O-GIcNAc madification levels in retinas from mice subjected to oxygen-induced
ischemic retinopathy (OIR). The mouse OIR model is commonly used to evaluate hypoxia-
induced changes in the retinal vasculature and during proliferative retinal neovascularization.
These studies demonstrated that O-GIcNAc modification is increased rapidly as a
cytoprotective mechanism at the early stages of hypoxic conditions. Under strong and
persisting hypoxia, elevated O-GlcNAc modification may contribute to release of angiogenic
factors and lead to retinal EC proliferation and migration [47, 70].

EC also regulate vascular tone by secreting vasoactive factors, such as nitric oxide (NO). EC
cannot produce enough NO and vasodilation is impaired under diabetic conditions [71-73].
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Recent studies have linked O-GIcNAc modification to the inactivation of endothelial nitric
oxide synthase (eNOS). eNOS activation requires phosphorylation of serine 1177 by the
protein kinase Akt/PKB. Glucosamine, or high glucose-induced eNOS O-GIcNAc
modification, resulted in decreased phosphorylation of serine 1177, leading to inhibited
eNOS activity in bovine aortic EC [74], rat aorta [74], and human coronary artery EC [75].
Interestingly, reduction in NO enhances 26S proteasome functionality, which is associated
with a reduction in O-GIcNAcylation of 26S proteasome regulatory subunit 4 homolog
(Rpt2) and an increase in proteasome chymotrypsin-like activity [76]. This negative
feedback loop may worsen the situation and create stress for EC survival during diabetes. In
fact, 26S proteasome-mediated OGT reduction and its contribution to hypoxia-induced
vascular endothelial inflammatory response has been reported [77]. Furthermore,
hyperglycemia-induced intracellular adhesion molecule 1 (ICAM-1) expression is linked to
O-GIcNAc modification of transcription factor specificity protein 1 (Sp1) in human
umbilical vein endothelial cells and rat retinal capillary endothelial cells [78]. Increased O-
GlcNAcylation of SP1 is associated with other pathways in DR, such as inducing VEGF-A
production in retinal endothelium and pigment epithelium [79].

O-GIcNAc Modification and Retinal Pericyte Function

Pericytes envelop the capillary wall formed by EC and play an essential role in homeostasis,
stability and contractility of capillaries in the retina [80, 81]. They are also important for
maintaining inner BRB [81, 82]. The ratio of EC:PC is around 1:1 in the retinal vasculature,
which is higher than any other organ [83, 84]. This high PC coverage provides strength to
the vascular integrity in the retina and to the tight junctions in modulating the inner BRB
[84]. Besides providing physical strength, PC produce important trophic factors for EC
survival, such as VEGF [85] and angiopoietin-1 [86]. Moreover, PC and EC interaction is
important in control of vascular growth by transforming growth factor-p1 (TGF-B1)
mediated regulation of EC apoptosis [87, 88]. In this manner, PC integrity is crucial for the
maintenance of retinal vasculature and its barrier characteristics.

Loss of retinal PC has been recognized as one of the earliest sign of DR [43, 44]. Pericyte
loss is followed by capillary dilation, the formation of acellular capillaries and
microaneurysms, thickening of the vascular basement membrane, finally neovascularization,
vascular leakage and macular edema [89]. These cascades of events are linked to the loss
and/or dysfunction of PC. However, the lack of successful treatments to prevent retinal PC
loss in diabetes indicates that a better understanding of the selective sensitivity of PC to
hyperglycemia is required.

We recently showed that retinal PC, but not retinal EC or AC, undergo apoptosis in response
to chronic exposure to high glucose conditions in culture [46]. Glucose uptake studies
indicated that only retinal PC show a significant increase in the level of intracellular glucose
levels when exposed to high glucose conditions with a dramatic increase in their level of O-
GIcNAc modification. O-GIcNAc levels increased only moderately in retinal EC, but not in
retinal AC in the same study [47]. Furthermore, we showed that increased levels of O-
GIcNAc modification using pharmacological agents, under normal glucose conditions,
increased apoptosis of retinal PC, but not retinal EC or AC. Thus, increased O-GIcNAc
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modification in retinal PC under high glucose conditions may drive the apoptosis of retinal
PC, contributing to the early vascular dysfunction and neovascularization during diabetes
[47].

A key protein in modulation of apoptosis is p53, which is also a target of O-GIcNAc
modification [46, 90]. Phosphorylation of p53 regulates its half-life in cells (Figure 3).
Phosphorylation at Thr155 residue promotes p53 interaction with Mdm2 and thus, increases
its degradation. However, O-GIcNAc modification at Ser149 increases p53 stabilization by
preventing phosphorylation of Thr155 [90]. Recently, we reported that high glucose
conditions resulted in increased levels of p53 protein in PC cultured under high glucose
conditions, which was O-GIcNAc modified. Thus, no significant changes in mRNA level of
p53 suggested that post-translational mechanisms impact the stability of p53 in PC cultured
under high glucose conditions [46].

We proposed that O-GIcNAc modification at Ser149 affects p53 phosphorylation and
turnover through the ubiquitin mediated degradation pathway in retinal PC (Figure 3). Thus,
we believe increased O-GIcNAc modification of p53 under high glucose conditions is
responsible for increased levels of p53 and PC loss by apoptosis [46]. This is further
supported with increased apoptosis of PC incubated with OGA inhibitor under normal
glucose conditions. However, the importance of O-GIcNAc modification in p53 stabilization
and retinal PC loss during diabetes awaits further confirmation.

Conclusions and Future Directions

There is accumulating data that indicate altered O-GIcNAc modifications are involved in
etiology and complications of diabetes. Pancreatic -cell and neuronal cells have a higher O-
GIcNAc cycling rate, and any impairment in O-GIcNAcylation negatively affects their
functions and survival [22, 49]. In addition, increased O-GIcNAc modification also has
negative effects on these cells and contribute to glucotoxicity [23, 53]. Elevated O-GIcNAc
modification also is linked to insulin resistance in insulin target tissues [28, 30].
Furthermore, hyperglycemia induced O-GIcNAc modification may be important in retinal
neurovascular damage during diabetes [46, 47].

We are at the early stages of understanding the impact of O-GIcNAc modification on various
biological functions and its contribution to various diseases. It is still unclear how O-
GIcNAc modification is regulated in both target-specific as well as cell-specific manners.
Recent studies on retinal vascular cells provided important insight regarding how the
regulation of O-GIcNAc modification may differ in various cell types, even though they are
all components of the same tissue. Under normal glucose conditions, retinal PC have the
lowest total O-GIcNAcylation levels in comparison to retinal EC and AC, but only the PC O-
GIcNAcylation level increases significantly under high glucose conditions [47]. Ongoing
studies indicate that retinal PC and EC show differences in their glucose metabolism, such as
glucose uptake, glycolysis rate and citrate levels. Thus, it is important to simultaneously
evaluate O-GIcNAc modification and glucose metabolism in a particular cell type.
Understanding the details of these pathways together may explain the differences in
sensitivity of various target cells and/or tissues to hyperglycemia.
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The O-GIcNAc modification-mediate p53 stabilization and its possible involvement in loss
of PC in DR, is a good example of how ubiquitin-proteasome pathway may be involved in
the pathogenesis of diabetes complications [46]. The O-GIcNAc modification may facilitate
or compete with phosphorylation on Ser/Thr residues and alters protein targeting by
ubiquitin-proteasome pathway, such as p53 [90], casein kinase 11 [122], Snaill [123], delta-
lactoferrin [124], keratins 8 and 18 [125]. In addition, O-GIcNAcylation also directly
regulates proteins that are the members of ubiquitin-proteasome pathway such as 19S-
regulatory subunit [126] and ubiquitin-activating enzyme E1 [127]. Interestingly, we
identified 431 O-GIcNAc modified proteins in retinal PC by using a click-1t chemistry/LC-
MS approach and more than 100 of them have functions in protein synthesis and
degradation, including E3 ubiquitin-protein ligase NEDD4, proteasome activator complex
subunit 2, proteasome subunit beta type-8 and ubiquitin-conjugating enzyme E2 L3-like
[46]. These findings give us an introduction to how closely O-GIcNAcylation and protein
turnover are linked, and further studies are needed to understand the extent of this
relationship.

The contribution of altered O-GIcNAc modification in diabetes and its complications cannot
be ignored, and further studies are required to decode the full process. Further identification
of O-GIcNAcylation targets and analyzing the effects of O-GIcNAc modification on their
functions will help to understand the molecular signatures of DR, and will provide novel
insight into distinct, but physiologically relevant, disease associated pathways including
apoptosis, inflammation and metabolism. This knowledge can be extended to other target
organs in diabetes including pancreas, kidney and cardiovascular system. Together these
studies will generate important data for therapeutic translation and development of new
therapies for diabetes and its complications.
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Figure 1. The hexosamine biosynthesis pathway and protein O-GIcNAcylation
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Hexosamine Biosynthetic Pathway (HBP) shares first two steps with glycolysis. Only 2-3%
of Fructose-6-P enters to HBP, 97-98% to glycolysis. HBP requires glucose, glutamine,
acetyl-CoA, and UTP. End-product of HBP, UDP-GIcNAc used by O-GIcNAc transferase

(OGT). O-GIlcNAc modification dynamically added to Ser/Thr residues by OGT and

removed by O-GlcNAcase (OGA).
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Figure 2. Schematic diagram of the retinal neurovasculature indicatesthe major cell types
Single endothelial cell layer forms capillary lumen and constitutes the blood-retina barrier

together with pericytes and astrocytes. This unit interacts with other cells and layers of
retina.
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Figure 3. Modulation of p53 by O-GIcNAcylation and phosphorylation
A: Normal glucose and no stress conditions, p53 phosphorylated at Thr155 and interacts

with Mdmz2, enters to proteasomal degradation.

B: Hyperglycemia activates HBP, p53 get O-GIcNAcylated at Ser149. This modification
prevents Thr155 phosphorylation, weakens p53 — Mdmz2 interaction, p53 stabilized and
activates its target proteins and apoptotic processes.
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