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Abstract

Diabetic retinopathy is a leading cause of blindness worldwide. Despite laser and surgical
treatments, anti-angiogenic and other therapies, and strict metabolic control, many patients
progress to visual impairment and blindness. New insights are needed into the pathophysiology of
diabetic retinopathy in order to develop new methods to improve the detection and treatment of
disease and the prevention of blindness. Hyperglycemia and diabetes result in increased flux
through the hexosamine biosynthetic pathway, which, in turn, results in increased post-
translational modification of Ser/Thr residues of proteins by O-linked B-N-acetylglucosamine (O-
GIcNACc). O-GlIcNAcylation is involved in regulation of many nuclear and cytoplasmic proteins in
a manner similar to protein phosphorylation. Altered O-GIcNAc signaling has been implicated in
the pathogenesis of diabetes and may play an important role in the pathogenesis of diabetic
retinopathy. The goal of this review is to summarize the biology of the hexosamine biosynthesis
pathway and O-GIcNAc signaling, to present the current evidence for the role of OGICNAc
signaling in diabetes and diabetic retinopathy, and to discuss future directions for research on O-
GIcNACc in the pathogenesis of diabetic retinopathy.
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1 Introduction

O-GIcNACc

Diabetic retinopathy is the leading cause of visual impairment and blindness. Worldwide,
there are an estimated 93 million people with diabetic retinopathy, of whom 17 million have
proliferative diabetic retinopathy and 21 million have diabetic macular edema [1]. The
number of people with diabetes is growing worldwide due to the rising prevalence of obesity
[2]. Diabetic retinopathy has a wide spectrum of lesions including microaneurysms, dot-blot
hemorrhages, occlusion and leakage of retinal blood vessels, small microinfarcts of the
neuroretina (cotton-wool spots), and macular edema that characterize nonproliferative
diabetic retinopathy. The proliferative phase of diabetic retinopathy is characterized by new
blood vessel formation in the retina and vitreous, vitreous hemorrhage, and tractional retinal
detachment. Diabetic macular edema, a major cause of visual loss in diabetes, can occur
during both the nonproliferative and proliferative phases of diabetic retinopathy.

Although laser photocoagulation, anti-angiogenic drugs, and vitreo-retinal surgery are
available for the treatment of diabetic retinopathy, many people with diabetic retinopathy
progress to visual loss and blindness. Current treatments to prevent or treat diabetic
retinopathy include the peroxisome proliferator-activated receptor a (PPAR-a) agonist,
fenofibrate [3,4], inhibitors of vascular endothelial growth factor (VEGF) such as
bevacizumab [5,6] and ranibizumab [7] that are injected directly into the eye to treat macular
edema, and reninangiotensin system blockers lisinopril [8] and candesartan [9,10]. Intensive
glucose control can delay the onset and progression of diabetic retinopathy [11]. Even
among diabetic patients with intensive metabolic control, over 20% develop proliferative
diabetic retinopathy after thirty years [11]. For the last five decades, the mainstay of
treatment for proliferative diabetic retinopathy remains pan-retinal photocoagulation, a
destructive ablation of the peripheral retina with laser, in order to suppress pro-angiogenic
factors and reduce retinal neovascularization. The procedure is expensive, uncomfortable for
the patient, and has permanent side effects of reduced peripheral vision and decreased night
vision. As noted by Gariano and Gardner, “it is the ocular equivalent of lower-extremity
amputation and, so far, there is no clinically proven non-surgical alternative.” [12].

The hexosamine biosynthesis pathway and altered O-GIcNAc signaling are implicated in the
pathogenesis of diabetic cardiomyopathy and nephropathy. Recent evidence now suggests a
similar role for O-GIcNAc in diabetic retinopathy. The goal of this review is to summarize
the biology of the hexosamine biosynthesis pathway and O-GIcNAc signaling, to present the
current evidence for the role of O-GIcNAc signaling in diabetes and diabetic retinopathy,
and to discuss future directions for research on O-GIcNAc in the pathogenesis of diabetic
retinopathy.

modification of proteins

O-GIcNAcylation is an important protein post-translational modification that involves the
addition of a single O-linked p-N-acetylglucosamine (O-GIcNAc) moiety to the hydroxyl
groups of serine and/or threonine residues of proteins (Figure 1). O-GlcNAcylation is
distinct from classical glycosylation because the sugar moiety is not further modified or
elongated, and OGIcNAcylation occurs primarily in the nucleus and cytoplasm, rather than
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in extracellular or luminal domains of membrane or secreted glycoproteins [13]. O-
GlcNAcylation is a dynamic and reversible post-translational modification that involves
interplay with phosphorylation. Since the discovery of O-GIcNAc in 1984 by Torres and
Hart [14], over one thousand O-GIcNAcylated proteins have been identified [15-18]. O-
GIcNAcylation is analogous to phosphorylation in that it is inducible and reversible, but
unlike protein phosphorylation — which involves hundreds of distinct phosphatases and
kinases — the dynamic turnover of O-GIcNAc is catalyzed by only two distinct polypeptides:
uridine diphospho-N-acetylglucosamine:polypeptide p-N-acetyl-glucosaminyltransfase (O-
GIcNAc transferase; OGT), and B-N-acetylglucosaminidase (O-GlcNAcase; OGA). O-
GIcNAcylation is characterized by the rapid attachment and removal of O-GIcNAc to a
polypeptide, multiple times during the life of a polypeptide, and at different rates on
different sites [19]. O-GIcNAc signaling is fundamental to many biological processes
including the cell cycle, immune activation, apoptosis, stress response pathways,
inflammation, protein trafficking, transcriptional regulation, and nutrient sensing [20].

The OGT gene has been mapped to Xq13. OGT is a 1066-amino-acid protein with two
domains, an N-terminal tetratricopeptide repeat (TPR) domain and a multidomain catalytic
region [21]. OGT is located predominantly in the nucleus and cytoplasm [22]. Three splice
forms of OGT are known: full length OGT with 13.5 TPRs, found in the nucleus and
cytoplasm (ncOGT), mitochondrial OGT (mOGT) with 9 TPRs, and soluble OGT (sOGT)
with 3 TPRs [23]. OGT catalyzes the addition of N-acetylglucosamine from UDP-GIcNAc
to serine or threonine residues to form a p-glycosidic linkage.

The gene for OGA (MGEAS5; Meningioma Express Antigen 5) has been mapped to 10g24.
O-GIcNAcase is a 916-amino-acid protein with two domains, an N-terminal hexosaminidase
domain and a C-terminal histone acetyltransferase (HAT) domain linked by a region
containing a caspase C cleavage site [24]. OGA is widely expressed in all tissues. There are
two splice variants of OGA, a full-length protein (OGA-L) that is predominantly located in
the cytoplasm, and a variant that lacks the C-terminal domain (OGA-S) that is
predominantly located in the nucleus [25]. OGA-S accumulates on the surface of nascent
lipid droplets and may play a role in an O-GlcNAc-dependent feedback loop that regulates
lipid droplet surface remodeling [26]. OGA appears to act on different protein substrates
through a peptide binding groove on the protein surface [27,28] and by interacting with a
large number of different targeting proteins. How OGT and OGA can act upon different
binding sites in hundreds of different proteins to regulate O-GIcNAc is currently unresolved
and an area of intense investigation.

3 Relationship of O-GIcNAc signaling with glucose metabolism

The hexosamine biosynthesis pathway is a nutrient sensing pathway that plays an important
role in the development of glucose-induced insulin resistance [13,29]. Under normal
conditions, the hexosamine biosynthesis pathway is a minor metabolic pathway that
accounts for 2-5% of glucose metabolism (Figure 1) [30]. Glucose that enters the cell is
converted by hexokinase into glucose-6-phosphate, which can then enter the pentose
phosphate pathway or enter the glycolytic pathway via fructose-6-phosphate. The largest
proportion of fructose-6-phosphate enters the glycolytic pathway and then the tricarboxylic
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acid cycle. The rate limiting enzyme for the entry of fructose-6-phosphate into the
hexosamine biosynthesis pathway is glutamine:fructose-6-phosphate aminotransferase
(GFAT). The major end product of the pathway is uridine diphosphate N-acetylglucosamine
(UDP-GIcNAC), which catalyzes the addition of O-GIcNAC to serine and threonine residues
of proteins as noted earlier (Figure 1). All of the glycolytic enzymes are modified by O-
GIcNAc, and recently, O-GIcNAcylation was shown to be a key regulator of flux through
the pathway [31].

Insulin resistance is a state in which tissues — especially adipose tissue and skeletal muscle —
become desensitized to the normal action of insulin in stimulating glucose uptake by the
cell. Under normal conditions in insulin-responsive tissues such as adipocytes and skeletal
muscle, glucose uptake occurs through glucose transporter-4 (GLUT4) in response to
insulin. The vertebrate retina, with its extremely high metabolic rate, also expresses GLUT4
[32]. In the absence of insulin, GLUT4 is located predominantly in the cytoplasm and is
inactive. Glucose levels in the retina are also influenced by glucose transporter-1 (GLUT1)
which is responsive to blood glucose concentrations [33].

Under conditions of sustained hyperglycemia that occur in diabetes, GFAT is upregulated,
flux increases through the hexosamine biosynthesis pathway, and there is an increase in O-
GIcNAc-modified proteins [30]. For example, adults with type 2 diabetes had higher GFAT
activity in skeletal muscle biopsies compared with controls [34]. Even in the early stages of
type 2 diabetes, so-called “pre-diabetes”, O-GlcNAcylation and OGA are increased in
patients’ blood cells [35,36]. Increased flux through the hexosamine biosynthetic pathway
has been linked with insulin resistance. Glucose-induced insulin resistance can be blocked
by inhibiting GFAT [29] or increased by direct glucosamine infusion [37] and greater free
fatty acid availability [38]. By inhibiting OGA, a global increase in O-GIcNAcylated
proteins can cause insulin resistance in the absence of hyperglycemia [39]. Recent work
shows that abnormal increases in O-GIcNAc disrupt phosphorylation-mediated insulin
signaling of insulin receptor substrate protein 1 [40]. Another mechanism by which the
hexosamine biosynthetic pathway contributes to insulin resistance may be through
modulation of cholesterol synthesis. OGIcNAcylation of specificity protein 1 (Spl), a
transcription factor involved in cholesterol synthesis, increases the binding of Sp1 to 3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGR). Sp1 binding of the HMGR
promoter leads to elevated cholesterol synthesis and altered cytoskeletal structure that
impairs insulin-mediated glucose transport [41].

4 Pathogenesis of diabetic retinopathy

The retina is a thin, delicate, transparent layer of neural tissue that lines the inner surface of
the eye between the vitreous humor and the retinal pigment epithelium. The main function
of the retina is to detect photons and convert photochemical energy into neural signals and
transmit them to the visual cortex of the brain. Light traverses the layers of the retina from
the inner limiting membrane through the inner nuclear layer, inner plexiform layer, outer
nuclear layer, and outer plexiform layer to the photoreceptors. The retina is largely
transparent because the nerve fibers between cells are not myelinated and the density of
blood vessels is low. The inner retina, supplied by a sparse vasculature, is relatively hypoxic
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with a pO, of ~25 mm Hg and relies heavily on glycolysis, whereas the outer retina,
supplied by a more generous network of choroidal vessels, has a pO5 of ~80 mm Hg and
relies heavily on oxidative phosphorylation to generate cellular ATP [42].

The retinal neurovascular unit has been considered the key to understanding the retinal
dysfunction that occurs in diabetic retinopathy [42]. This unit consists of the close
interrelationship of neurons, glia, and specialized vasculature (Figure 2). The neurovascular
unit includes endothelial cells and pericytes, astrocytes, Miiller cells, and retinal neurons that
comprise the blood-retina barrier and regulate nutrient flow. The photoreceptor cells, upon
stimulation with light, transmit signals to the brain via bipolar, amacrine, horizontal, and
ganglion cells. Under normal conditions, nutrients provide energy balance and maintain
retinal microenvironment of ionic balance for neural signaling, synaptic transmission, and
other processes that allow vision [42]. There are two blood-retinal barriers involved in the
retinal neurovascular unit, one formed by the intra-retinal vasculature in the neuroretina, and
a second outer one formed by the barrier between the retinal pigment epithelium and blood
vessels of the choriocapillaris.

In diabetic retinopathy, one of the earliest events is the breakdown of the blood-retina barrier
with leakage of retinal vessels in the inner retina. Several pathways have been implicated,
including VEGF, tumor necrosis factor (TNF)-a., platelet-derived growth factor (PDGF) B,
the kallikrein kinin system, advanced glycation end products, oxidative stress/inflammation,
and the polyol pathway. Many of these pathways are inter-related, and some of the pathways
may potentially involve altered O-GIcNAc signaling. Current knowledge regarding altered
O-GIcNAc signaling in the eye and the hexosamine biosynthetic pathway is presented in a
separate section that follows the presentation of these other pathways.

VEGF plays an important role in the induction of vascular permeability and angiogenesis. In
the retina, VEGF is secreted by many cell types, including pericytes, endothelial cells,
Muiller cells, astrocytes, glial cells, and retinal pigment epithelial cells. VEGF is produced in
response to hypoxia through upregulation by hypoxia-inducible factor (HIF)-1 [43]. VEGF
affects tight junctions by altering occludin, an integral membrane protein that is a
component of tight junctions [44]. Using a mass spectrometry and bioinformatics approach,
Antonetti and colleagues identified five putative VEGF-induced phosphorylation sites on
occludin, including Ser490, as validated by protein interaction studies [45]. VEGF activates
protein kinase C B, which phosphorylates occludin [46]. In studies of hepatitis C viral entry
and replication, the VEGF pathway is activated, and PKC phosphorylates occludin at Ser490
[47]. The Ser490 site of occludin has also been identified as a site for O-GIcNAcylation
[48]. Whether there is interplay of phosphorylation and O-GIcNAcylation of occludin in the
early vascular permeability of diabetic retinopathy is not known.

The effects of VEGF on vascular permeability are also partially mediated by TNF-a [49].
TNF-a plays a role in diabetes-related leukostasis, inflammation, and apoptosis [49-51]. In
the TNF-a signaling pathway, TNF binds with TNF receptors 1 and 2, with activation of
nuclear factor (NF)-xB and a resulting increase in genes involved in vascular inflammation.
TNF-a-mediated signaling involves phosphorylation of the p65 subunit of NF-xB at Ser536,
and recently it has been shown that the Ser536 is reciprocally modified by O-GIcNAc [52].

Proteomics Clin Appl. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Semba et al.

Page 6

Thus, Ser536 on the p65 subunit of NF-xB could be another possible site for interplay
between phosphorylation and O-GlcNAcylation in TNF-a-mediated signaling in diabetic
retinopathy.

An early feature of diabetic retinopathy is loss of pericytes, which play an important role in
maintaining the blood-retina barrier. Pericyte loss can result in endothelial cell proliferation
and microaneurysm formation. PDGF-B and its receptor PDGF-f are essential for the
recruitment of pericytes in the retinal vasculature. Hyperglycemia activates protein kinase C
(PKC) delta to increase a protein tyrosine phosphatase, Src homology-2 domain-containing
phosphatase (SHP-1). SHP-1 signaling leads to dephosphorylation of PDGF-$ and
subsequent pericyte apoptosis [53]. All PKC isozymes have been shown to be dynamically
modified by O-linked beta-N-acetylglycosamine [54,55].

Recent work by Feener and colleagues has implicated carbonic anhydrase and the kallikrein
kinin system in the increased vascular permeability that occurs in diabetic retinopathy
[56,57]. Carbonic anhydrase is component of the vitreous humor that catalyzes the
conversion of CO, + H,0 to H* and HCOj3™, thus increasing the pH of the vitreous.
Carbonic anhydrase is O-GlcNAcylated in red blood cells of diabetic patients, but its
modification in retina has not yet been studied [35]. Increased pH in the vitreous humor
activates kallikrein, a serine protease, and the kallikrein kinin pathway that involves both
tissue and plasma kallikrein acting upon bradykinin (1-9), a peptide hormone that, in turn,
activates two G-protein-coupled bradykinin receptors. Proteomic analysis of the vitreous
humor in patients with advanced diabetic retinopathy revealed relatively high levels of
plasma kallikrein, factor XIlI, and high molecular weight kininogen [56]. Intravitreal
injection of extracellular carbonic anhydrase in rats increased retinal vascular leakage and
caused retinal edema [56]. Complement 1 inhibitor (which inhibits prekallikrein activation
and the classical complement pathway), neutralizing antibodies to prekallikrein, and
bradykinin receptor antagonism reduced the retinal edema induced by carbonic anhydrase.

Advanced glycation end products (AGEs) arise from the non-enzymatic chemical reaction of
reducing sugars with protein amine groups or with reactive dicarbonyls such as
methylglyoxal [58]. Hyperglycemia contributes to the elevated formation of AGEs in the
retina during diabetes [58]. In animal models of diabetes, treatment with glyoxalase 1, which
detoxifies methylglyoxal, or the AGE-inhibitor aminoguanidine, reduced AGE deposition in
the retina [59,60]. AGEs interact with the receptor for AGEs (RAGE) to upregulate
inflammation and the generation of reactive oxygen species [61]. AGEs have been
implicated in pericyte death through RAGE signaling [62] and induction of oxidative stress
[63]. AGEs have been linked with increased O-GIcNAc signaling. Treatment of fetal human
cardiac myocytes with methylglyoxal and AGEs resulted in increased O-GIcNAc-modified
proteins in the nucleus [64]. In mouse kidney cells, high glucose levels increased
methylglyoxal modification of the corepressor mSin3A, recruitment of OGT, O-
GIcNAcylation of the transcription factor Sp3, with resulting increase in angiopoietin 2
expression [65].

Increased oxidative stress and inflammation are characteristic of diabetic retinopathy [66].
Inflammatory cell infiltration, edema, and increased expression of cytokines and
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chemokines accompany the increased leukostasis, pericyte loss, vascular occlusion, and
increased vascular permeability in the early stages of diabetic retinopathy. In addition to
TNF-a, other growth factors, cytokines, and chemokines, such as insulin-like growth factor
(IGF)-1, interleukin-1p, and monocyte chemoattractant protein-1, are expressed in the retina
and accompany vascular damage [2,66]. The polyol pathway, by which excess intracellular
glucose is metabolized to sorbitol by aldose reductase, requires NADPH as a cofactor. The
conversion of fructose to sorbitol by sorbitol dehydrogenase requires NAD™ as a cofactor,
which is reduced to NADH. An increase in the NADH/NAD* ratio can lead to the
production of reactive oxygen species, while the accumulation of sorbitol and fructose
impairs the function of astrocytes and Miiller cells [66].

5 Altered O-GIcNAc signaling in the eye

O-GIcNAcylated proteins have been described in the lens, cornea, retinal pigment
epithelium, and neuroretina of the eye. aA-crystallins and aB-crystallins, members of the
small heat-shock protein family, comprise a major part of the proteins in the vertebrate lens.
OGIcNAcylated aA-crystallin and aB-crystallin have been described in the lens [67], and a
major site of O-GIcNAcylation of aB-crystallin was identified at Thr 170 [68]. a.B-
crystallins also occur in heart, nervous system, skeletal muscle, and liver. In the heart, aB-
crystallin is considered to play a role in cardioprotection through stress-induced
translocation and binding to cytoskeletal elements, and O-GIcNAcylation appears to be an
important regulator of this function [69]. In a transgenic mouse model that overexpresses
GK-NCAT, a dominant-negative form of O-GIcNAcase, increased O-GIcNAcylation of lens
proteins was associated with disrupted lens fiber cell differentiation and the formation of
cataracts [70].

Diabetic keratopathy, a condition that is estimated to affect about half of diabetic patients, is
characterized by decreased corneal sensitivity, increased risk of corneal epithelial defects,
abnormal corneal wound healing, and elevated risk of corneal ulceration [71]. Corneal
nerves, which are affected by diabetic neuropathy, have a trophic effect upon the corneal
epithelium through the release of neurotrophins and other nerve-derived factors [72]. In a
study of Wistar (control) and Goko-Kakizaki (diabetic) rats, diabetic corneas had much
greater immunohistochemical staining for both O-GIcNAc-modified proteins and O-GIcNAc
transferase in the epithelial, stromal, and endothelial layers of the cornea compared with
control corneas [73]. Immunoreactivity for O-GIcNAc transferase was limited mainly to the
nuclei of epithelial, stromal, and endothelial cells of control corneas, whereas diabetic
corneas showed immunoreactivity in both the nucleus and cytoplasm. There were no
differences in immunoreactivity for O-GIcNAc transferase in the stroma and endothelium of
control and diabetic corneas [73]. In control cornea epithelial cells that were cultured with
PUGNAC (1,5-hydroxyimolactone), an inhibitor of O-GIcNAcase, there was an increase in
O-GIcNAcylated proteins with an accompanying disruption of hemidesmosome
development, enlargement of intercellular spaces between epithelial cells, and localized
detachment of epithelial cells from the basement membrane [73]. These findings suggest
that increased O-GIcNAc signaling reduced cell-to-cell adhesion. However, the specific
proteins that are O-GIcNAcylated in the cornea have not been identified. Akimoto and
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colleagues hypothesized that certain keratins may have been modified, since keratin-8, -13,
and -18 have already been shown to be O-GIcNAcylated [73].

The clinical spectrum of proliferative diabetic retinopathy includes the formation of fibrotic
epiretinal membranes on the surface of the retina or within the vitreous. Traction of the
membranes can subsequently lead to retinal detachment and loss of vision. Transforming
growth factor (TGF)- has been implicated in the pathogenesis of proliferative vitreoretinal
disease. Elevated TGF-p concentrations have been described in the vitreous of patients with
advanced diabetic retinopathy [74]. Tubulins are small proteins that make up microtubules,
and six p-tubulin isotypes occur in mammalian cells. The normal retinal pigment epithelium
does not contain class 111 p-tubulin (By;), which is usually expressed in neurons, but By has
been described in abnormal retinal pigment epithelial cells found in epiretinal membranes
[75]. In cultured retinal pigment epithelial cells, TGF-f stimulation led to the production of
OGIcNAcylated By [76]. O-GlcNAcylation of tubulin has been shown to inhibit tubulin
polymerization [77]. Several key microtubule regulatory proteins are modified by O-
GIcNACc [78-80].

Two murine models have been used to study the role of O-GIcNAc-modified proteins in the
retina: the Akita mouse model (Ins2Ai®&/*) and oxygen-induced ischemic retinopathy model
[81]. The Akita mouse model is useful for investigating early retinal changes in diabetic
retinopathy [82-84] while the oxygen-induced ischemic retinopathy model facilitates the
study of the later proliferative stage of diabetic retinopathy [85]. Increased O-
GlcNAcylation of retinal proteins was noted by Western blots after six weeks of age in
diabetic Akita mice and in oxygen-induced ischemic mice during the phase of active
neovascularization [81]. Immunohistochemical studies showed that high concentrations of
O-GIcNAcylated proteins co-localized with the retinal vascular plexus in both mouse
models. Retinal endothelial cells, pericytes, and astrocytes were cultured under various
glucose concentrations. The level of O-GIcNAcylation of proteins increased with higher
glucose concentrations in retinal endothelial cells and pericytes but not in retinal astrocytes
[81]. Migration of retinal pericytes is important in establishing healthy capillaries in the
retina. Further studies of cultured retinal pericytes showed that high glucose levels mediated
an increase in O-GIcNAcylation and impaired migration of retinal pericytes [81]. The
regulation of GFAT in the diabetic retina has not been well studied. However, total levels of
O-GIcNAc modified proteins in retinal pericytes cultured with high glucose concentrations
was decreased by addition of the GFAT inhibitor, DON [81].

Our immunohistochemical studies in the diabetic Akita mouse model show that staining for
OGA and OGT is increased in the retina (Figure 3). Three 5- to 6-month old Akita mice
(with diabetes of 4-5 mos duration) and three age-matched, non-diabetic control mice were
used for the examination of OGT and OGA protein expression and localization in the retina
cells. Anti-OGT (AL25) and anti-OGA (345) (provided by Gerald W. Hart), were used for
immunofluorescence staining. The OGT-positive cells localize predominantly in the inner
nuclear layer (INL) with some in the inner plexiform layer (IPL), ganglion cell layer (GCL)
and photoreceptor inner segment (PIS). The immunofluorescence intensity of OGT was
dramatically increased in all the OGT-positive cells of diabetic retinas compared to non-
diabetic controls. The OGA-positive cells were only detected in the INL of diabetic retina
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but not in the non-diabetic control. Compared to OGT, the staining intensity of OGA was
much weaker. These staining patterns suggest that diabetes induce the increased protein
expression of OGT and OGA in the retina.

The changes in O-GIcNAc signaling that have been reported in the eye above are
summarized in Table 1. Although investigations into specific O-GIcNAcylated proteins in
the human eye have been limited, the potential number of functional groups and proteins in
the eye that are modified by O-GIcNAc is large. For example, over sixty proteins in the
human retina that have been identified using mass spectrometry have also been identified in
non-retinal tissues as O-GIcNAc-modified proteins (Table 2) [86-88]. It is interesting to
note that many of the proteins are involved in glucose metabolism.

6 Altered O-GIcNAc signaling in the kidney and heart in diabetes

Diabetic retinopathy and diabetic nephropathy are two common microvascular
complications of diabetes. Similar to the eye, diabetic nephropathy is characterized by
increased production of TGF-f [89,90]. Increased O-GlcNAc-modified proteins have been
demonstrated in the nucleus and cytosol of renal glomeruli and tubules of kidney biopsy
specimens from diabetic nephropathy patients [91]. Increased O-GIcNAcylation enhanced
profibrotic signaling in rat mesangial cells, suggesting a role for the accumulation of
extracellular matrix that occurs in diabetic nephropathy [92].

Altered O-GIcNAC signaling has also been implicated in heart failure and in diabetic
cardiomyopathy [93,94]. Increased global O-GIcNAcylation has been shown in left
ventricular tissue from patients with aortic stenosis and in hearts of hypertensive rats with
hypertrophic and failing hearts [93]. In cardiomyocytes isolated from type 2 diabetic (db/db)
and control mice, increased O-GIcNAc levels were found in diabetic compared with control
cardiomyocytes [95]. Impaired agonist-induced hypertrophic and cell signaling responses
were seen in diabetic compared to control cardiomyocytes [95]. These findings suggest that
increased flux through the hexosamine biosynthesis pathway and altered O-GIcCNAc
signaling occur in the heart in type 2 diabetes.

7 Analytical Considerations

Although O-GIcNAcylation was discovered nearly thirty years ago [14,96], and despite the
fact that it is abundant and wide-spread throughout the nucleus and cytoplasm and is
involved in most essential cellular processes, our knowledge about the specific roles of this
ubiquitous post-translational modification is still limited [97]. O-GIcNAc remained
undiscovered for decades, and progress has been slow for several reasons: (1) O-
GIcNAcylation does not generally affect the migration of proteins upon gel electrophoresis,
even when proteins are separated on high-resolution 2D-gels [98]; (2) Early studies of
protein glycosylation used radiolabeled sugars and proteolysis or chemical methods to
release glycans. Many earlier researchers likely concluded that the released O-GICNAc was
unincorporated radioactive sugar. (3); If precautions are not taken, O-GIcNAc is rapidly
removed by both lysosomal hexosaminidases and by O-GIcNAcase when cells are damaged
or homogenized; (4) Detection and analysis of O-GIcNAc by standard collision-induced
dissociation (CID) mass spectrometry simply does not work effectively. O-GIcNAc is an
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mass spectrometry-labile modification and thus is severely under-detected to due ion
suppression when unmodified peptides are also present, and site mapping by CID is limited
as the glycosidic bond is much more labile in the gas-phase than the peptide bond [99]. Even
with matrix-assisted laser desorption mass spectrometry (MALDI), O-GIcNAcylated
peptides are typically not detected in mixtures of unmodified peptides due to lower surface
activity; (5) Unlike other PTMs, such as phosphorylation and ubiquitination, proteomic tools
such as site-specific O-GlcNAc-dependent antibodies, pan-specific antibodies and kits for
detection and study of O-GIcNAcylation have only recently become available [98]; (6) Even
so, most tools for altering O-GIcNAcylation do so on a global scale. The only significant
tool currently available to study protein or site-specific functions of O-GIcNACc is site-
directed mutagenesis of the O-GIcNAc site to alanine or other non-hydroxyl containing
amino acid. No O-GIcNAc mimic exists, like glutamic acid is used to mimic
phosphorylation.

Nonetheless, in recent years, substantial progress has been made in approaches to elucidate
the functions of O-GIcNAcylation. Several pan-specific [100-102] and a handful of site-
specific antibodies [36,103-105] to O-GIcNAc have been generated and are readily
available. The development of electron capture dissociation (ECD) and electron transfer
dissociation (ETD) mass spectrometry have improved our ability to site-map O-GIcNAc
sites of individual purified proteins (or very simple mixtures) [106]. However, these
powerful methods still do not solve the ion-suppression and lability issues described above.
Since the biological functions of PTMs are not only protein-specific but also site-specific on
a protein, site-mapping and quantification of stoichiometry at a site are critical toward
elucidating the functions of the modification.

Fortunately, two approaches have proven highly useful in enriching O-GlcNAcylated
peptides away from other peptides to allow for site mapping by ETD-MS/MS. Enrichment
of OGIcNAc peptides using long columns of a GIcNAc-binding lectin, wheat germ
agglutinin (WGA), has allowed site mapping of over seventeen hundred O-GIcNAC sites in
proteins from brain [107,108]. Enzymatically tagging O-GIcNAc peptides using a mutant
galactosyltransferase [99,109] and UDP-GalNAz as the donor has also proven a powerful
method to attach biotin or other molecules to O-GIcNAc peptides via ‘Click chemistry” for
enrichment via affinity chromatography [110]. When a mass spectrometer capable of ETD
or ECD is not available, beta-elimination Michael Addition using dithiothreitol (BEMAD) is
also a useful enrich OGIcNAcylated peptides using thio-affinity chromatography and
standard CID MS/MS to map the location of the added dithiothreitol moiety [111].
However, the major drawback to BEMAD is the potential for false positives due to other
Ser(Thr) modifications. Since BEMAD site mapping is indirect, this approach requires pre-
treatment with phosphatases and many controls and confirmation of the mapped sites by
other methods. Highly specific O-GIcNAcase inhibitors have proven to be very useful in
evaluating OGIcNACc’s functions [112]. Amongst the most specific and useful are thiamet-G
(TMG) [113] and GIcNAcstatin [114]. PUGNACc, while somewhat less selective than TMG
or GIcNAcstatin, has also proven useful in many studies [115,116]. The drawback — not only
to these OGIcNAcase inhibitors but also to genetic approaches, such as RNAI or gene
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knockouts — is that O-GIcNAcylation is elevated on thousands of proteins, making it
difficult to sort out site-specific functions.

Some studies have used OGT inhibitors to globally lower O-GIcNAcylation. Unfortunately,
the more specific inhibitors, such as those developed by Suzanne Walker's group [117],
generally don't work well in most living cells or animals. Ac5-thio-GIcNAc has proven to be
a highly useful inhibitor of OGT in living cells [118], but its off-target affects have yet to be
systematically investigated. A uridine analog, alloxan has also been used to inhibit OGT in
cells [119], but it is known to be fairly non-specific, affecting many enzymes that use
uridine nucleotides [120]. As with any inhibitors, careful controls and alternative approaches
are required to validate the significance of any findings. Again, the problem with all of these
OGT inhibitors, is that they affect O-GIcNAcylation globally, making the determination of
protein or site specific functions of the PTM very difficult.

The use of inhibitors or genetic approaches to reduce the activity of GFAT, the rate limiting
enzyme of the hexosamine biosynthetic pathway (HBP) is a powerful way to determine if
the conversion of glucose to glucosamine is required for a biological process [121,122].
Studies have used deoxynorleucine (DON) or azaserine to inhibit GFAT and prevent
glucose conversion to glucosamine [123,124]. In both inhibitor studies and in knockout
studies of GFAT, it is an essential control to show that the addition of exogenous
glucosamine by-passes the block in the pathway. GFAT inhibition would most rapidly affect
O-GIcNAc, as O-GIcNAcylation is sensitive across the range of intracellular UDP-GIcNAc
concentrations. For luminal glycosylation, such as classical N-glycans and O-glycans, UDP-
GIcNAc antiporters are saturated in the low micromolar range and N-glycan lipid-linked
precursors are in excess, thus it would take longer and more severe GFAT inhibition to
affect other glycoproteins and glycolipids. Since O-GIcNAcylation is the major intracellular
endpoint of the HBP, biological affects in nucleocytoplasmic functions caused by GFAT
inhibition are generally the result of defective OGIcNAcylation.

8 Future Directions

Current data would suggest that a limited global reduction of OGT activity in diabetic
tissues would like ameliorate glucose toxicity, however if OGT is inhibited by more than
50-60%, it would likely be toxic. Lowering flux through the HBP by preventing the
biosynthesis of UDP-GIcNAc would also appear to ameliorate glucose toxicity, but would
also likely produce unexpected side effects. While OGT is highly sensitive to UDP-GICNAc
concentrations in cells, it is targeted to its specific substrates by myriad cell type specific
binding proteins [125-131]. The most specific therapeutic agents will likely be small
molecules that block the protein:protein interactions between OGT and its targeting partners.
For example, we have proposed that blocking PGC-1a's interaction with OGT in
hyperglycemic individuals would prevent OGT from O-GlcNAcylating the FOXO
transcription factors in the liver that drive inappropriate gluconeogenesis in the liver of
diabetic individuals [127]. Blocking the OGT:PGC-1a interaction should lower blood
glucose in diabetic individuals.
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Before the study of O-GIcNAcylation in disease — including diabetic retinopathy — can make
rapid progress, more facile tools need to become available. Most laboratories do not have
access to high-end mass spectrometry, for example. Clearly, a great tool that would advance
the field would be a large number site-specific antibodies, as are now available for protein
phosphorylation [129]. Tools to artificially target OGT or OGA to specific substrates or
even sites, would allow the rapid advance of our understanding of the roles of this
modification. Even the ability to prepare site-specific O-GIcNAcylated proteins, either using
methods similar to that employed to introduce artificial amino acids [130] or by chemical
ligation methods [131], when combined with protein transfection, would prove to be more
specific and powerful tool than the global approaches now used in the field. Some methods
to study O-GIcNACc signaling in real-time in living cells have been developed [132,133].
However, much more work in this area will be needed to understand the dynamics of O-
GIcNAcylation and its relationships to other PTMs.

Thus, while it is clear that O-GIcNAcylation is fundamentally important to glucose toxicity
in diabetes, and indeed increased O-GIcNAcylation might be the major molecular cause of
myriad dysfunctions seen in hyperglycemia, we need much more effort by more people to
develop better tools and to apply them to specific biological processes in order to realize the
promise of the unexpected avenue for future development of drugs to treat diabetes and
diabetic retinopathy.
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Relationship of the hexosamine pathway with O-GIcNAcylation of proteins. The rate-
limiting enzyme for entry into the pathway is GFAT. The major end product of the pathway
is UDP-GIcNAC, which catalyzes the addition of O-GIcNACc to serine and threonine

residues of proteins.
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The neurovascular unit of the retina, consisting of the close relationship of neurons, glia, and
specialized vasculature.
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Non-diab Akita-diab

Akita-diab

Figure 3.
OGA and OGT in diabetic Akita mouse retina. Retinal cryo-sections were prepared from the

5~6-month-old Akita diabetic mice or non-diabetic control mice. Immunofluorescence
images of OGA in non-diabetic (A) and control (B) mice. Arrows indicate OGA-positive
cells. Immunofluorescence images of OGT in non-diabetic (C) and control (D) mice. GCL:
Ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer
plexiform layer; ONL: outer nuclear layer. Counterstaining with diamidino-2-phenylindole
(DAPI) was used to highlight the three nuclear layers in the retina: ONL, INL, and GCL.
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Table 1
O-GIcNAc Signaling Reported in the Eye
Tissue O-GIcNAcylated proteins OGA staining OGT staining References
Lens a-A-crystallins 2? ?? 67, 68
a-B-crystallins
Cornea increased in epithelial cells cultured with 7 nuclei in epithelium, 73

PUGNAC; keratins-8, -13, -18

stroma, endothelium

Neuroretina

increased total proteins in diabetic mice,
especially retinal vascular plexus

inner nuclear layer

inner nuclear layer;
inner plexiform layer;
ganglion cell layer;
photoreceptor inner
segments

81, present study

Retinal pigment epithelium

class Il beta tubulin in cells cultured with

”?

?7?

76

Proteomics Clin Appl. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Semba et al.

Page 26

Examples of Proteins Found in the Human Retina That Are Reported to be O-GlcNAcylated in Non-Retinal

Table 2
Tissues”

UniProt ID Description
P14618 pyruvate kinase isozymes M1/M2
P40926 malate dehydrogenase, mitochondrial
P40925 malate dehydrogenase, cytoplasmic
Q00610 clathrin heavy chain 1
P49411 elongation factor Tu, mitochondrial
P38671 phosphoglucomutase-1
P04075 fructose-bisphosphate aldolase A
P23528 cofilin-1
P11137 microtubule-associated protein 2
P12814 alpha-actinin-1
Q14204 cytoplasmic dynein 1 heavy chain 1
P09972 fructose-bisphosphate aldolase C
P63261 actin, cytoplasmic 2
P06744 glucose-6-phosphate isomerase
P08237 6-phosphofructokinase, muscle type
Q92945 far upstream element-binding protein 2
P06748 nucleophosmin
Q15366 poly(rC)-binding protein 2
P07355 annexin A2
P52209 6-phosphogluconate dehydrogenase, decarboxylating
P35579 myosin-9
P27797 calreticulin
Q15233 non-POU domain-containing octamer-binding protein
P13010 X-ray repair cross-complementing protein 5
P50990 T-complex protein 1 subunit theta
Q01082 spectrin beta chain, non-erythrocytic 1
Q06830 peroxiredoxin-1
P51991 heterogeneous nuclear ribonucleoprotein A3
P68104 elongation factor 1-alpha 1
P50991 T-complex protein 1 subunit delta
P32119 peroxiredoxin-2
P07737 profilin-1
P06733 alpha-enolase
Q96AE4 far upstream element-binding protein 1
P35613 basigin
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P40227 T-complex protein 1 subunit zeta
P49368 T-complex protein 1 subunit gamma
P26639 threonine-tRNA ligase, cytoplasmic
P61604 10 kDa heat shock protein, mitochondrial
P22314 ubiquitin-like modifier-activating enzyme 1
075376 nuclear receptor corepressor 1

P23526 adenosylhomocysteinase

P38646 stress-70 protein, mitochondrial

Q13838 splicesome RNA helicase DDX39B
P63244 guanine nucleotide-binding protein subunit beta-2-like 1
Q9P2J5 leucine-tRNA ligase, cytoplasmic
P68371 tubulin beta-4B chain

Q8WWM7 ataxin-2-like protein

Q04637 eukaryotic translation initiation factor 4 gamma 1
P27816 microtubule-associated protein 4
QIUPNG protein SCAF8

Q6XRS2 helicase SRCAP

Q14980 nuclear mitotic apparatus protein 1
P12270 nucleoprotein TPR

Q9P2N6 KATS8 regulatory NSL complex subunit 3
Q14157 ubiquitin-associated protein 2-like
Q09666 neuroblast differentation-associated protein AHNAK
Q96HC4 PDZ and LIM domain protein 5

P49792 E3 SUMO-protein ligase RanBP2
Q9Y520 protein PRRC2C

P02545 prelamin-A/C
Q8WWI1 LIM domain only protein 7

P18583 protein SON

Page 27

LI'his list was compiled by comparison of the UniProt IDs of known proteins in the human retina [86] with documented O-GIcNAcylated proteins
reported by the Hu Lab, Georgetown University website (http://cbsb.lombardi.georgetown.edu/hulab/OGAP.html, accessed July 4, 2013) and [88].
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