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O-linked N-acetylglucosamine (O-GIcNAc) is a posttranslational modification that is increasingly recognized as a signal
transduction mechanism. Unlike other glycans, O-GIcNAc is a highly dynamic and reversible process that involves the addition
and removal of a single N-acetylglucosamine molecule to Ser/Thr residues of proteins. UDP-GlcNAc—the direct substrate for
O-GIcNAc modification—is controlled by the rate of cellular metabolism, and thus O-GIcNAc is dependent on substrate
availability. Serving as a feedback mechanism, O-GlcNAc influences the regulation of insulin signaling and glucose transport.
Besides nutrient sensing, O-GIcNAc was also implicated in the regulation of various physiological and pathophysiological
processes. Due to improvements of mass spectrometry techniques, more than one thousand proteins were detected to carry the
O-GIcNAc moiety; many of them are known to participate in the regulation of metabolites, ions, or protein transport across
biological membranes. Recent studies also indicated that O-GIcNAc is involved in stress adaptation; overwhelming evidences
suggest that O-GlcNAc levels increase upon stress. O-GIcNAc elevation is generally considered to be beneficial during stress,
although the exact nature of its protective effect is not understood. In this review, we summarize the current data regarding the

oxidative stress-related changes of O-GlcNAc levels and discuss the implications related to membrane trafficking.

1. Introduction

The function and impact of protein O-linked N-
acetylglucosamine (O-GIcNAc) modification are very
complex and only partially discovered despite almost 1300
scientific studies were published in the last 30 years.
Although a relatively simple molecular mechanism (the
addition and removal of N-acetylglucosamine on Ser/Thr
residues), it is a focal point of numerous converging and
diverging cellular events. One of the most profound proper-
ties of O-GIcNAc is that it is directly embedded in the
metabolic regulation of the cells [1]. Since metabolism is
basically required for and influences every other cellular
function, the role of O-GIcNAc to mediate signals to and
from metabolic systems seems to be an obvious choice
for nature. Indeed, several studies showed that both
increased (e.g., in diabetes) and decreased (fasting) glucose
metabolism have an impact on O-GIcNAc [2-6]. Conse-
quently, O-GIcNAc directly influences various regulatory

systems, such as the transcriptional machinery, protein
synthesis, trafficking and degradation, and regulation of
glucose uptake [7, 8]. Glucose metabolism was the most
studied element in this respect, but the involvement of
other metabolic pathways (nucleotide synthesis, amino
acid, and lipid metabolism) was also proposed [1].
Despite difficulties in discerning cause and effect (e.g.,
malignant cells may develop altered metabolic rate and/or
O-GIcNAc levels independently), it appears that besides met-
abolic challenges, regular cellular events such as mitosis, cell
differentiation, and response to a hormonal signal or cell-cell
adhesion may also directly influence O-GlcNAc modifica-
tions on proteins [9-13]. Moreover, a wide variety of
stressors, including osmotic challenge, hyperthermia, heavy
ion toxicity, hypoxia, and oxidative stress, was also shown
to impact O-GlcNAc [14-17]. The most comprehensive data
available were provided by studies done on cardiomyocytes
under ischemic or oxidative conditions. The majority of these
studies showed that elevation of O-GlcNAc prevented or at
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least ameliorated the damage caused by the stress. Several
mechanisms were proposed to explain the protective effect
of O-GIcNAc under stress situation, such as increased heat
shock protein synthesis, inhibition of protein degradation,
inhibition of apoptosis, and modulation of calcium homeo-
stasis [18]. Although membrane transport is involved in
many of these mechanisms and several studies demonstrated
evidences concerning O-GIcNAC’s influence on membrane
trafficking (Table 1), a comprehensive understanding of this
interaction is missing. In this review, we summarize our cur-
rent understanding of the intracellular process called O-
GlcNAc modification, its adaptive response regarding oxida-
tive stress, and its influence on membrane traffic, including
glucose and ion transport and also synaptic, nuclear, and
mitochondrial transport.

2. Regulation of Proteins by O-GIcNAc

O-linked N-acetylglucosamine (or O-GlcNAc) is a reversible,
dynamic posttranslational modification (PTM) affecting ser-
ine and threonine residues of proteins. It was first discovered
in 1984 by Torres and Hart [19]. The set of O-GIcNAc targets
includes around 1500 proteins which are located both in the
nucleus, the cytoplasm, and the mitochondria of the cells
[20]. Likewise, several membrane proteins were found to be
O-GlcNAcylated on their intracellular domain, for example,
inositol 1,4,5-trisphosphate (InsP3) receptor type I, beta-
amyloid precursor protein (APP), or epidermal growth factor
receptor (EGFR) [21-23]. Interestingly, recent discoveries
showed that even extracellular domains can carry the O-
GlcNAc modification [24]; however, the latter seems to be
irreversible and controlled by a different enzyme (EGF
repeat-specific O-GIcNAc transferase termed EOGT) than
cytoplasmic O-GlcNAc modification.

O-GlIcNAc cycling is controlled by the action of O-
GlcNAc transferase (OGT) and O-GIcNAcase (OGA), the
enzymes that add and remove O-GIcNAc, respectively. The
substrate of the transferase reaction is the uridine diphos-
phate N-acetylglucosamine (UDP-GIcNAc), the product of
the nutrient-sensitive hexosamine biosynthetic pathway
(HBP). Approximately, 1-3% of total glucose is entering this
pathway which integrates glucose, amino acid, fatty acid, and
nucleotide metabolism [1]. Using UDP-GIcNAc, OGT
attaches a single O-linked N-acetylglucosamine (O-GlcNAc)
moiety to Ser or Thr residues of proteins (Figure 1).

O-GlcNAc modification may influence the proteins’
functions [7, 25, 26], protect from degradation [27, 28], influ-
ence protein-protein interaction or localization [29-32], and
possibly alter protein hydrophobicity [17]. The most studied
effect is its competition with phosphorylation, since O-
GIcNAc can occupy the same residues as phosphorylation.
However, other interactions such as proximal site competi-
tion and proximal site occupation were also proposed [25].
O-GIcNAc also influences protein synthesis via modulation
of the action of transcription factors such as c-myc, NF«B,
and p53 [33-37]. It is estimated that around 25% of the O-
GlcNAc-modified proteins are involved in transcriptional
regulation [38]. Mechanistically, O-GlcNAcylation can affect
the translocation, DNA binding, transactivation and stability

Oxidative Medicine and Cellular Longevity

of transcription factors. Moreover, O-GlcNAcylation regu-
lates protein synthesis also by cotranslational glycosylation
which protects nascent polypeptide chains from ubiquiti-
nation [28]. This interplay with ubiquitination also has a
general impact on protein stability and turnover by reduc-
ing proteasome degradation [27, 39]. O-GlcNAc plays a
role in protein folding and unfolded protein response as
well [40, 41].

O-GlcNAc modification is abundantly present in higher
eukaryotes, and it is required for the normal functions of
the cells [42, 43]. It influences several cellular processes,
including nutrient sensing, cell cycle regulation, transcrip-
tional regulation, Ca** handling, cytoskeletal organization,
or nuclear translocation [1, 7, 25, 44-48]. Naturally, O-
GIcNAC’s involvement in pathophysiological processes was
soon proposed. Its reciprocal relationship with phosphoryla-
tion was best characterized in Alzheimer’s models; abnormal
low level of O-GIcNAc may give a way for hyperphosphory-
lation on tau proteins which are prone to form neuron-
damaging neurofibrillary tangles [49, 50]. Elevated level of
O-GIcNAc can also cause deleterious effects: in diabetes,
long-term hyperglycemia will inevitably lead to increased
flux through the HBP and increased O-GlcNAc [51, 52].
Chronic imbalance of O-GlcNAc could lead to disturbed
transcriptional factor activation, reactive oxygen species
production, altered signal transductions, or inhibition of
eNOS activity [53, 54]. Surprisingly, a few studies found that
short-term hypoglycemia also elevated O-GlcNAc levels [6].
This paradox may be resolved if O-GlcNAc is considered as
a stress adaptation mechanism that is triggered by acute chal-
lenges, such as hypoglycemia. Indeed, a large number of data
suggest that protein O-GIcNAc modification dynamically
increases after the cells are exposed to various type of envi-
ronmental challenges [15, 16].

3. Oxidative Stress and O-GIcNAc

Disruption of redox regulation has been implicated in many
conditions, such as aging, neurodegenerative diseases, ische-
mic events, arterial hypertension, and diabetes. Recent
advances in O-GlcNAc-related studies suggest that disturbed
O-GlcNAc regulation is involved in the development of these
conditions. It also seems to be that stress response and
O-GIcNAc are connected [14, 55]. Increasing number of
evidences suggest that oxidative stress may stimulate the
hexosamine biosynthetic pathway and consequently O-
GlcNAcylation [16, 51]. Reactive oxygen species (ROS)
can modify protein functions by oxidation of cysteine
residues [56]. Within the glycolytic metabolic pathway,
the activity of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) is particularly sensitive to inhibition by ROS
[57]. GAPDH is a key enzyme controlling the metabolic flux
through glycolysis and Krebs cycle; thus, its inhibition results
in diverting glucose to bypass pathways, such as the pentose
phosphate shunt and the HBP [14, 51]. It has also been
shown that inhibition of GAPDH by mitochondrial superox-
ide is an important factor in increased O-GlcNAcylation
associated with hyperglycemia [54, 58]. Jones et al. have
shown in myocytes that incubation with hydrogen peroxide
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F1Gurk 1: The hexosamine biosynthesis pathway (HBP) and the O-GlcNAc posttranslational modification. (a) An estimated 1-3% of the total
glucose enters HBP. The key enzymatic reaction of this pathway is the addition of an amino group from glutamine to fructose-6-phosphate by
the rate-limiting enzyme glutamine-fructose-6-phosphate amidotransferase (GFAT). Following subsequent steps (addition of an acetyl
group, converting 6-phosphate to 1-phosphate and finally the transfer to UDP), the end product of HBP is uridine diphosphate N-
acetylglucosamine (UDP-GIcNAc). (b) The majority of UDP-GIcNAc is utilized in the endoplasmic reticulum and the Golgi apparatus for
various glycolipid, glycoprotein, and glycan synthesis. A small, but significant, percentage of UDP-GIcNAc serves as a substrate pool for
the dynamic, reversible posttranslational modification termed O-GlcNAc. A single N-acetylglucosamine group is attached to the Ser/Thr
residues of target proteins by O-GIcNAc transferase, while the removal of this group is managed by the enzyme O-GlcNAcase. O-GIcNAc
modification occurs predominantly in the cytoplasm and in the nucleus, and it is strongly dependent on substrate availability (i.e., the

metabolic flux through HBP).

caused an early increase of O-GIcNAc levels followed by a
gradual decrease after 45min [59]. Similarly, ROS-induced
O-GlcNAcylation has been reported in cultured 3T3-L1
adipocytes. In these cells, urea induced ROS production
which increased O-GlcNAc modification of insulin signaling
molecule IRS-1 [60]. Katai et al. demonstrated that protein
O-GlcNAcylation was transiently elevated in a neuroblas-
toma cell line following oxidative stress [16]. The expres-
sional level or the activity of OGT after various stresses,
including hypoxia/reperfusion and oxidative stress, has been
also found to be increased [15, 16, 61]. Interestingly, in some
of the studies, the activity and expression of OGA also
increased following stress [62].

O-GIcNAc can in turn modulate the response to oxida-
tive stress: however, data are contradictory in this field [14].
It has been shown that increased O-glycosylation by either
elevated OGT activity or OGA inhibition attenuated ROS
generation induced by H,O, or hypoxia [63-65]. However,
Goldberg et al. demonstrated that high-glucose-induced
ROS production was prevented by O-GlcNAc depletion in
mesangial cells, which was speculated to be caused by
the influence of O-GlcNAc on NADPH oxidase phosphor-
ylation [66]. Nevertheless, the majority of the data shows
that O-GIcNAc either directly or indirectly influences
enzymes participating in the redox regulation [67]. For exam-
ple, in various tissues, hyperglycemia induces an increase in
mitochondrial superoxide production in association with
elevated O-GlcNAcylation and a reciprocal decrease in phos-
phorylation of eNOS at the primary positive regulatory site,
Ser-1177 [54, 68, 69]. Inducible NOS (iNOS) production is

mediated by the NF«B pathway, of which stimulation by TNFa«
or LPS has been reported to be affected by O-GlcNAc. TNFa-
induced iNOS expression was shown to be drastically
decreased by high O-GlcNAc [70, 71], while LPS-induced
NEF-«B activation is suggested to be inhibited by OGT [72].
Expression of endogenous enzymatic antioxidants like super-
oxide dismutase, glutathione peroxidase, and catalase is
increased in the case of OGA inhibition, while reduction of
O-GlcNAc decreases expressional level of these genes [63, 73].

An important mediator of response to oxidative stress is
the heat shock protein (HSP) family. HSP expression is at a
low level under normal physiological conditions, but in
response to stress such as heat, oxidative damage, or heavy
metal poisoning, it dramatically increases [74]. Zachara
et al. found that elevating O-GlcNAc by blocking OGA prior
to heat shock increased the thermotolerance and sped up the
increase of HSP70 and HSP40 [15]. In a later article, the same
research group also showed that O-GIcNAc modification
might compete with glycogen synthase kinase 33-dependent
phosphorylation (GSK3f) on HSP90p proteins [75]. Using
an inducible OGT null cell line, Kazemi et al. have screened
the expression of 84 molecular chaperones and have shown
that 18 HSP proteins have reduced mRNA expression. The
authors found that O-GIcNAc may also influence HSP
expression by promoting the phosphorylation and inhibition
of GSK-3p [76].

In general, augmentation of O-glycosylation seems
to attenuate oxidative damage. The connection between
O-GlcNAc and oxidative stress was extensively studied in
neural, retinal cells and cardiomyocytes due to its clinical



significance in neurodegenerative disorders and ischemic
organ damages [16, 63, 77, 78]. In response to ischemia-
reperfusion injury, the amount of O-GlcNAc dramatically
increases [64, 79, 80]. The role of O-GlcNAc in myocardial
protection against oxidative stress is associated with calcium
paradox. It is suggested that elevated HBP flux and O-
GlcNAc inhibit Ca** influx [45]. Changes in intracellular
Ca”" play a critical role in initiating cardiomyocyte apoptosis
and necrosis resulting from Ca’" overload [79].

4. O-GIlcNAc and Ion Channels

4.1. Ca®* Channels. While intracellular free calcium ([Ca®*],)
concentration remains usually below 100nM [81], in extra-
cellular space and in compartmentalized intracellular stores,
the calcium concentration is 10000 times higher, up in the
millimolar range. [Ca*']; is regulated by a multitude of
mechanisms, specific channels allowing Ca®" to enter the
cells from the extracellular space such as voltage-gated chan-
nels, ligand-gated channels, and the elusive store-operated
channels. Ryanodine receptors and IP3 receptors present on
the endoplasmic reticulum or sarcoplasmic reticulum can
also quickly release a large amount of Ca**. The removal
of [Ca*"]; is managed mostly by SERCA, the plasma mem-
brane Ca®*-ATPase (PMCA), and Na'/Ca®* exchanger
(NCX) [82, 83]. Calcium-binding proteins, such as calmodu-
lin, calcineurin, and also the actin-myosin-troponin com-
plex, are not only downstream elements of the [Ca®'],
signaling but also serve as intracellular buffer to bind Ca**
[84]. Intracellular calcium signaling is similarly versatile
compared to O-GIcNAc regulation; [Ca*']; is a central
messenger in several signaling pathways, influencing tran-
scriptional factors, calcium-dependent phospholipase A2,
protein kinase C, and various proteases [85]. It is a significant
contributor to the deleterious effects of ischemia/reperfusion
injuries, that is, abnormal elevation of [Caz*]i will lead to
apoptosis and hypertrophy [63, 86, 87].

O-GIcNAc and [Ca*']; regulation can intercept each
other at several levels. Many of the downstream elements of
[Ca®"]; signaling are influenced by O-GlcNAc modification,
including calmodulin-dependent kinase IV, myosin, actin,
and PKC [88-90]. More importantly, O-GIcNAc seems to
be influencing [Ca2+]i as well [45]. The most studied models
in this respect were cardiac ischemia/reperfusion and cal-
cium paradox experiments [65, 79]. Based on these studies,
it seems to be that artificially elevating O-GIcNAc levels are
a prosurvival mechanism [91]. Moreover, it was found that
stress itself will elevate O-GlcNAc and that preconditioning
protects the cells at least partially via increased O-GlcNAc
levels [92]. One of the mediators of this protection was
[Ca**],. O-GIcNAc was shown to suppress calcium elevation
and calcium overload elicited by agonists, oxidative stress.
Liu et al. showed that increased O-GlcNAc is also effective
to decrease calcium overload in calcium-paradox experi-
ments when a short perfusion with Ca®*-free medium
followed by perfusion with a normal amount of Ca** would
lead to rapid calcium overload and cellular damage [79].

Which of the [Ca®*]; regulatory elements are affected by
O-GIcNAc? Regarding voltage-dependent calcium channels,
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detailed functional information is not yet available but
Trinidad et al. identified calcium voltage-gated channel sub-
unit beta 3 (CACNB3), gamma 3 (CACNGS3), alpha 1B
(CACNAI1B), alpha 1A subunit (CACNAI1A), and alpha 1G
subunit (CACNA1G) as O-GIcNAc modified proteins of
murine synapse [93]. SERCA itself has been described to be
O-GlcNAc modified [94], while O-GlcNAcylation of phos-
pholamban (SERCA repressor) also modulates its inhibitory
effects on SERCA, correlating with reduced cardiac function
in diabetic cardiomyopathy [95]. A frequently studied
nonvoltage-gated calcium entry pathway is the store-
operated calcium entry (SOCE) which is an extracellular
Ca’" influx into the cytoplasm in response to intracellular
Ca’" store depletion. Nagy et al. demonstrated that the latter
process is blocked by O-GlcNAc elevation in cardiomyocytes
[45]. Although the exact mechanism of SOCE still needs to be
clarified, another important mediator protein of SOCE,
stromal interaction molecule 1 (STIM1), has been proved to
be influenced by O-GIcNAc [96]. During ER Ca>" depletion
induced by thapsigargin or EGTA, STIMI proteins form
puncta in ER/SR membrane which was inhibited in a dose-
dependent manner by elevating O-GIcNAc levels. Moreover,
it has been shown that STIM1 itself is a target for O-GlcNAc
and that increasing STIM1 O-GlcNAcylation significantly
modified its phosphorylation [96].

4.2. Other Ion Channels. Given that calcium is an important
intracellular messenger, it is no surprise that its interaction
with O-GlcNAc modification attracted significant research
interest. In contrast to calcium, the influence of O-GlcNAc
on the regulation of other ions and ion channels is less docu-
mented yet. Nevertheless, the data available at present does
suggest that O-GlcNAc—and consequently O-GIcNAc-
related cellular mechanisms such as carbohydrate metabo-
lism and/or stress response—might have an impact on
several elements of sodium, potassium, and chloride trans-
port. For example, Ruan et al. have shown that voltage-
dependent K" channel KCNQ3 (Kv7.3) interacts with OGT
and it is probably O-GlcNAc modified at threonine 655 in
neurons [97]. This protein functions in the regulation of neu-
ronal excitability by associating with the related KCNQ2 or
KCNQ5 thus forming an M-channel [98]. Defects in this
gene are a cause of benign familial neonatal convulsions
(BENC) [99]. KCNN2, KCNN3, KCNMA1, and KCNA4
were also identified by mass spectrometry screening as
potential O-GlcNAc proteins [93].

To our knowledge, no direct evidence was published yet
on the potential O-GlcNAc modification of sodium channels.
However, indirect data shows that sodium pumps still might
be influenced by O-GlcNAc. The same study that probed
murine synapses for O-GIcNAc-modified proteins and
identified potassium channels also found HexNAc peptide
characteristic for voltage-gated sodium channels and for
sodium/potassium-transporting ATPases [93]. Indirect
influence by O-GIcNAc on sodium transport has been
speculated by other authors. Namely, isoforms of ankyrin
G at nodes of Ranvier have been shown to be modified
by O-GlcNAc. Ankyrins are spectrin-binding proteins that
link the cytoplasmic domains of membrane proteins to the
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spectrin/actin network, in particular, ankyrin G binds
voltage-gated sodium channels. The authors speculate that
O-GlcNAcylated serine-rich domain of ankyrin G may be
involved in targeting voltage-dependent sodium channels
to specific locations [100].

Among voltage-dependent anion channels (VDACs),
VDACI seems to be O-GlcNAc modified [59, 93]. VDACI1
is extensively studied because of its clinical significance. It
was shown to be overexpressed in many cancer types, and
silencing of its gene inhibits tumor growth [101]. VDAC
plays a critical role in the transport of small, negatively
charged molecules across the mitochondrial membrane.
Considering that this function is an important part of the cel-
lular metabolism, it is plausible that O-GlcNAc modification
could regulate mitochondrial activity through VDAC. Indi-
rect evidence shows that CI” channels might be also regulated
by O-GIcNAc. For example, the expression of chloride
channel-2 (CIC-2) is dependent on the Sp1 transcription fac-
tor. Vij and Zeitlin published that O-GlcNAcylation of Sp1 is
required for proper CIC-2 gene expression [102]. On the
other hand, our recent publication [17] showed that
osmotic resistance and volume regulation are influenced
by O-GlcNAc. Since osmotic regulation (under hypotonic
conditions) is controlled in a large part by a mechanism
called regulatory volume decrease and carried out by the
activation of a chloride conductance upon cell swelling
(IClIswell). Based on bioinformatics analysis of the ICIn
protein, which is responsible for IClswell, the presence of
various O-GlcNAcylation sites on ICln is likely [103].

4.3. Glucose Transport. There is plenty of evidence that
O-GlcNAc may regulate glucose transport. In fact, one of
the first functions proposed for O-GlcNAc was nutrient sens-
ing and O-GlcNAc is considered a key participant in insulin
resistance [1]. As mentioned earlier, substrate production
for O-GlcNAc is provided by the HBP. Since O-GlcNAc
formation is dependent on the metabolic flux through
HBP, which in turn is dependent on glucose (and subse-
quent fructose-6-phosphate) availability, metabolic changes
can influence O-GIcNAc levels. Increased O-GlcNAc is
thought to regulate glycogen synthesis, glucose metabo-
lism, and glucose transport [5, 75, 104]. Several intermedi-
ate messengers of the insulin receptor signaling cascade
have been identified as target for O-GIcNAc modulation
such as IRS-1 and Akt [105-107].

The principal glucose transporter protein that mediates
glucose uptake is glucose transporter type 4 (GLUT4), which
plays a key role in regulating glucose homeostasis. GLUT4 is
one of 13 sugar transporter proteins (GLUTI to GLUT12
and HMIT) in humans. It is mainly expressed in skeletal
muscle and adipose tissues. In an unstimulated state, it is
mostly located in intracellular vesicles but a rapid transloca-
tion into the plasma membrane occurs after insulin stimula-
tion to increase glucose uptake [108]. There is a growing
evidence that increased O-GlcNAcylation of GLUT4 vesicle
proteins such as Muncl18c and others has a role in the inhi-
bition of glucose transport in diabetes [109] and GLUT4
itself is suspected to be an O-GlcNAc target [110]. In cancer
cells, the transcription factor HIF-la (hypoxia-inducible

factor la) induces a metabolic shift to aerobic glycolysis
through the upregulation of various glycolytic proteins,
including GLUT1 [111]. Ferrer et al. showed that OGT and
O-GIcNAc modification are required to prevent HIF-la
proteasomal degradation in breast cancer cells thus enabling
GLUTI1 expression, glucose uptake, and survival in breast
cancer cells [111].

4.4. Synaptic Transport. Nerve terminals are especially
enriched in O-GlcNAcylation [112]. According to the recent
data of Lagerlof et al., OGT is present not only in presynaptic,
but also in postsynaptic density and they proposed that O-
GlcNAc is an important regulator of the synaptic maturation
and plasticity [113]. One of the more abundant phosphopro-
teins in the brain is synapsin I. It belongs to the synapsin
family that anchors synaptic vesicles to the cytoskeleton thus
playing a role in neurotransmitter release control [114].
Synapsin I controls the size and release of residual pool of
synaptic vesicles, and disruption of synapsin I function
causes reduced size of the synaptic vesicle pool, defects in
synaptic plasticity, memory deficits, and epileptic seizures.
Synapsin I was among the first proteins that were found to
be heavily O-GlcNAc modified [115]. Skorobogatko et al.
have also found that synapsin I is O-GlcNAcylated during
hippocampal synaptogenesis in rats. The authors identified
three novel O-GlcNAc sites on the protein; two of them are
also known as Ca**/calmodulin-dependent protein kinase IT
phosphorylation sites. They also showed that the O-GlcNAc
site of Thr-87—which is located within an amphipathic
lipid-packing sensor motif—interferes with the binding of
synapsin I to synaptic vesicles. When O-GIcNAc modifica-
tion is impossible due to mutation of Thr-87, synapsin I tends
to localize to synapses. Lacking O-GlcNAc on Thr-87 also led
to increased density and size of synaptic vesicles [32].
Among with synapsin I, the protein Piccolo was also
found to be heavily O-GIcNAc modified [116]. Both pro-
teins are involved in the regulation of synaptic vesicles,
and both are known to be phosphorylated, suggesting that
interaction between O-GIcNAc and phosphorylation might
have a mutual regulatory role.

Alpha-synuclein, a small protein consisting of 140 amino
acids, is also implicated to take part in regulating neurotrans-
mitter release. The protein is specifically enriched in presyn-
aptic nerve terminals and is likely to play a role in the
development of Parkinson’s disease [117]. Its potential impli-
cation is suggested in exocytic processes and in the recycling
of synaptic vesicles through association with the cell
membrane [118]. In vivo, endogenous O-GlcNAcylation of
alpha-synuclein at threonine 64 and 72 in mice and serine
87 in humans has been identified. Available data suggest that
the presence of these modifications reduces the chance for
aggregation and the toxicity of the protein but likely has no
or little effect on its binding or remodeling membranes [118].

In a proteome-wide identification of O-GlcNAc-
modified proteins, synergin gamma has also been detected
as a target [37]. Through interaction with adaptor protein
1 (AP-1) complex, synergin gamma is involved in the traf-
ficking of clathrin-coated vesicles to different directions
like the trans-Golgi network or the plasma membrane



[119, 120]. Perez-Cervera et al. have shown a connection
between O-GIcNAc and lipid rafts. They demonstrated
that OGT is present in lipid microdomains and that its
localization at the raft is regulated by insulin signaling
[121]. Although the role of O-GIcNAc is not clarified
yet, it is noteworthy to mention that lipid rafts seem to
play an important role in synaptic signaling and plasticity
and, moreover, are involved in endocytic and exocytic
transport routes [122, 123].

The O-GlcNAc modification of amyloid precursor pro-
tein (APP) carries special importance; inadequate proteol-
ysis of APP produces amyloid-beta, which is a hydrophobic
peptide and the major hallmark of Alzheimer’s disease
(AD) [22, 124]. APP is an integral membrane protein
involved in synaptic formation and repair. While it is not
known whether O-GIcNAc directly regulates the normal
function of APP, its role in the normal processing and
trafficking to the plasma membrane has been studied by
several researchers [125-127]. Apparently, increased O-
GlcNAc modification on APP will facilitate its traffic to the
membrane and decrease its endocytosis, resulting in reduced
formation of the pathological amyloid-beta products. This
process could be a promising therapeutic target to be
exploited. On the other hand, O-GIcNAc modification of
APP has interesting implications regarding AD and carbohy-
drate metabolism. Type 2 diabetes is associated with a higher
risk of AD, some even use the term “type 3 diabetes” for
AD [128]. It seems to be that similarly to other tissues,
neuronal cells develop insulin resistance and decrease glu-
cose uptake—or in a more severe case almost completely
switch to keton and fatty acid metabolism [129].
Amyloid-beta accumulation contributes to this metabolic
switch by causing mitochondrial dysfunction and oxidative
stress. Taken together, decreased O-GlcNAc modification
on APP, intracellular hypoglycemia, and oxidative stress
via continuous amyloid-beta deposition leads to neuronal
degeneration [52, 130, 131].

4.5. Nuclear Transport. In eukaryotic cells, an important
location of transport is at the double nuclear membrane.
Bidirectional exchanges through this membrane are carried
out by 125x10°Da supramolecular complexes, called
nuclear pore complexes (NPC) [132]. NPCs consist of vari-
ous copies of ~30 different subunits called nucleoporins
(Nups). Proteins below 40 kDa can pass through NPCs via
passive diffusion, but protein transport above 40kDa is an
energy-dependent process. It requires the presence of nuclear
localization signal (NLS) that is a sequence with high basic
amino acid content exposed on the protein surface or a
leucine-rich nuclear export signal (NES) [133]. O-GlcNAc
has been suggested to interfere at two levels in the nuclear
transport; it can modify proteins designated to nuclear trans-
location but may also alter the nucleoporins of nuclear pore
complex [134].

First studies in 1989 assumed sugar residues can act as
nuclear targeting signals [135]. Later, Duverger et al. per-
formed experiments with fluorescein-coupled bovine serum
albumin (BSA) in either electroporated or digitonin-
permeabilized cells. According to their results, sugar-
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substituted BSA was able to enter the nucleus while con-
trol, unsubstituted albumin, stayed in the cytosol [136].
Subsequent studies also suggested the presence of an
NLS-independent, sugar-mediated nuclear import of pro-
teins [137, 138]. O-GlcNAc is likely to have remarkable
influence on the nuclear transport and activity of beta-
catenin. Besides participating in cell-cell adhesion, this
protein also has a role in expression regulation as a transcrip-
tional coactivator mediating wnt signaling. The latter
function is involved in cell proliferation and invasion. O-
GlcNAcylation of beta-catenin was demonstrated to have
an inverse relationship with the protein’s nuclear localization
and transcriptional activity. Minimal O-GlcNAcylation of
beta-catenin has been shown in tumor cells together with
an elevated transcriptional state, while in normal cells, signif-
icantly, O-GlcNAcylated beta-catenin is associated with
decreased transcriptional activity [31]. A central element in
stress-related transcriptional regulation is NF«B, which nor-
mally stays in the cytoplasm due to the inhibitory action of
IxBa which masks the NLS sequence of NF«B [139]. Several
studies showed that O-GIcNAc had a positive influence on
NF«xB activation and nuclear translocation [48, 140, 141].
Multiple sites were found in the sequence of the p65 subunit
to be directly O-GlcNAc modified, and data suggest that O-
GIcNAc might disrupt/prevent the masking effect of IxBa
[48, 140]. Interestingly, Xing et al. found that O-GlcNAc
modification has an opposite effect on NFxB activation
[33]. Other studies also elaborated on the inhibitory role of
O-GIcNAc on NF«xB [72, 142]. This contradiction of results
is difficult to resolve without more experimental data; how-
ever, the most plausible explanation would be that the inter-
play between several O-GlcNAc and phosphorylation sites
on NFxB has many variations. Depending on the cell type,
the duration, type and severity of stress, and different post-
translational patterns may develop on NF«B and produce
different outcomes.

Nups were some of the first described OGT substrates,
and they are among proteins with the highest O-GIcNAc
density [143, 144]. As of now, 18 Nups have been identified
as potential candidates for O-GlcNAc-modified proteins
[145]. Despite emerging knowledge, the specific function of
O-GlcNAc on Nups remains to be elucidated [26]. Recently,
O-GIcNACc has been suggested to alter several structural and
biophysical properties of NPCs and influence the interac-
tions between soluble nuclear transport receptors (NTR)
and Nups located at the central channel of NPCs, the so-
called FG-Nups (phenylalanine-glycine-rich Nups) [146].
This way, O-GIcNAc may alter protein-protein interac-
tions at the NPC thus modulating its permeability. Moreover,
stability of FG Nups is also influenced by O-glycosylation
via protection from ubiquitination and subsequent
proteasomal degradation [145]. Thus, cross-talk between
O-GlcNAcylation and ubiquitination also plays a role in
stabilizing the NPC and maintaining the integrity of the
selectivity filter.

4.6. Mitochondrial Transport. O-GlcNAcylation affects not
only nucleocytoplasmic but also mitochondrial proteins as
well by the help of mitochondrial (mOGT) and
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nucleocytoplasmic OGT (ncOGT) isoforms. The substrate
for the modification, UDP-GIcNAc, is transferred into
mitochondria via pyrimidine nucleotide carrier 1 (PNCI)
(147, 148]. Only a few data is available regarding O-
GlcNAc modification of specific mitochondrial carrier pro-
teins. Mitochondrial permeability transition pore (mPTP)
represents a nonspecific pore located in both the outer and
inner mitochondrial membranes and allows molecules below
1.5kDa to enter and exit the mitochondrial matrix. mPTP is
activated by calcium overload and oxidative stress; its open-
ing is a critical step in the initiation of apoptosis and cell
death [63]. Reports demonstrated that elevated O-GlcNAc
attenuates the mPTP opening [59, 149]. A central element
of mPTP, voltage-dependent anion channel (VDAC), was
revealed to be O-GIcNAc modified in cultured cardiac
myocytes [59]. It was also demonstrated that cardiac mito-
chondria isolated from selective OGA-inhibited mice and
OGT-overexpressing rat cardiomyocytes were resistant to
the mPTP induction, while OGT inhibition increased sensi-
tivity to Ca®*-induced mitochondrial swelling [59]. Hirose
et al. also found supporting evidence for the protective effect
of O-GIcNAc due to inhibition of mPTP opening; in their
study, they used the anesthetic isoflurane for the precondi-
tioning of cardiac myocytes and revealed that isoflurane
increased O-GlcNAc modification of VDAC [150]. Another
important player of mitochondrial permeabilization and
apoptosis is Bcl-2, an antiapoptotic protein that inhibits
mPTP opening possibly by direct interaction with VDAC.
Bcl-2 is upregulated in association with hypoxic injury-
induced cell death [151, 152]. Glucosamine treatment and
OGT overexpression both significantly increased mitochon-
drial Bcl-2 levels under normoxic conditions and augmented
the response to ischemia/reperfusion thus mediating the
hyperglycemia-induced protective effect against hypoxic
injury [64].

5. Conclusion and Perspectives

The number of proteins found to be O-GlcNAcylated is still
rapidly increasing as of today. This is partly fueled by
improvements in methodology, for example, by recent
developments of mass spectrometry techniques (such as
native mass spectrometry) or the availability of more potent
and specific OGA and OGT inhibitors [153-155]. On the
other hand, O-GIcNAc also received heightened interest in
recent years; it is an excellent candidate for a direct signaling
link between diverse cellular functions. A more practical
reason of why O-GlcNAc deserves special attention is that
it has a potential in human medicine. As mentioned above,
O-GIcNAc plays a significant role in the development of
AD and in diabetes, but disturbances of O-GlcNAc regula-
tion are now considered in other syndromes such as malig-
nant disorders or inflammatory diseases [33, 70, 156].
Recently, substantial research work has been dedicated to
clarify its significance in hypoxia-induced or oxidative
stress-related pathophysiological events [14, 63, 92]. Mea-
surement of O-GIcNAc levels in human patients could report
about important information. A few studies already
attempted to use O-GIcNAc analysis to predict the extent

of metabolic dysfunction and the complications of diabetes
[157, 158]. On the other hand, intervening in O-GlcNAc
regulation by specific OGT and OGA inhibitors could sig-
nificantly improve the outcome of some diseases. For
example, the protective effect of increased O-GIcNAc
modification in ischemia/reperfusion experiments could
be translated and utilized in human medicine in the future
[79]. In malignant diseases, specific OGT inhibitors might
support chemotherapy efforts by hindering insulin-
independent glucose uptake or tilting the balance toward
apoptosis in malignant cells [111].

What makes O-GIcNAc such a promising research
subject—that is, its versatile nature—also makes it a difficult
scientific endeavor. Since it influences so many different
proteins and a wide variety of protein functions, general
experimental approaches such as interfering with overall O-
GIcNAc by altering the HBP metabolism or even by specific
OGA/OGT inhibitors might lead to false results. The
complexity that underlies this relatively simple mechanism
is revealed by apparent paradoxes; for example, in acute
stress situations, O-GIcNAc seems to be protective whereas
chronic hyperglycemia-induced O-GIcNAc elevation clearly
has a negative effect. In contrast, permanently decreased O-
GIcNACc levels have been associated with AD, despite the fact
that diabetic patients are more prone to the disease and that
increased oxidative stress (which is supposed to elevate O-
GlcNAc) is thought to contribute to the development of
AD [159]. It seems to be that the analysis of both the spatial
and temporal distribution of O-GlcNAc on individual pro-
teins will be required for a complete understanding. Thus,
studying O-GlcNAc on individual proteins is not only an
option but it is also a necessity to locate specific regulatory
events. In this review, our aim was to sum up the grow-
ing number of evidences supporting the idea that O-
GlcNAc—directly or indirectly—influences membrane
traffic elements. These data, taken together with the fact
that O-GIcNAc is an important part of the cellular
stress-adaptation mechanism, provides a firm basis for
further studies to elucidate O-GIcNAc’s role in the
regulation of membrane transport under normal and
pathological conditions as well.

Conflicts of Interest

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work was supported by the EU-founded Hungarian
projects GINOP under Grant nos. 2.3.2.-15-2016-00050
and 2.3.3.-15-2016-00025.

References

[1] L. Wells, K. Vosseller, and G. W. Hart, “A role for N-acetyl-
glucosamine as a nutrient sensor and mediator of insulin
resistance,” Cellular and Molecular Life Sciences, vol. 60,
no. 2, pp. 222-228, 2003.



10

(2]

(6]

(7]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

J. L. McLarty, S. A. Marsh, and J. C. Chatham, “Post-transla-
tional protein modification by O-linked N-acetyl-glucos-
amine: its role in mediating the adverse effects of diabetes
on the heart,” Life Sciences, vol. 92, no. 11, pp. 621-627, 2013.

C. Springhorn, T. E. Matsha, R. T. Erasmus, and M. F. Essop,
“Exploring leukocyte O-GlcNAcylation as a novel diagnostic
tool for the earlier detection of type 2 diabetes mellitus,” The
Journal of Clinical Endocrinology & Metabolism, vol. 97,
no. 12, pp. 4640-4649, 2012.

R. J. Clark, P. M. McDonough, E. Swanson et al., “Diabetes
and the accompanying hyperglycemia impairs cardiomyo-
cyte calcium cycling through increased nuclear O-GlcNAcy-
lation,” Journal of Biological Chemistry, vol. 278, no. 45,
pp. 44230-44237, 2003.

J. G. Kang, S. Y. Park, S. Ji et al,, “O-GlcNAc protein modifi-
cation in cancer cells increases in response to glucose depri-
vation through glycogen degradation,” Journal of Biological
Chemistry, vol. 284, no. 50, pp. 34777-34784, 2009.

L. Zou, X. Zhu-Mauldin, R. B. Marchase et al., “Glucose
deprivation-induced increase in protein O-GlcNAcylation
in cardiomyocytes is calcium-dependent,” Journal of Biologi-
cal Chemistry, vol. 287, no. 41, pp. 34419-34431, 2012.

T. Nagy, A. Miseta, and L. Kovacs, “Protein-associated O-
GlcNAc, a multifunctional mechanism in cell signaling and
its role in the pathogenesis of diabetes, stress and malig-
nant diseases,” Biochemia Medica, vol. 17, no. 2,
pp. 162-177, 2007.

J. A. Hanover, M. W. Krause, and D. C. Love, “The hexosa-
mine signaling pathway: O-GIcNAc cycling in feast or fam-
ine,” Biochimica et Biophysica Acta (BBA) - General
Subjects, vol. 1800, no. 2, pp. 80-95, 2010.

E. P. Tan, F. E. Duncan, and C. Slawson, “The sweet side of
the cell cycle,” Biochemical Society Tramsactions, vol. 45,
no. 2, pp. 313-322, 2017.

V. Dehennaut, T. Lefebvre, Y. Leroy, J.-P. Vilain,
J.-C. Michalski, and J.-F. Bodart, “Survey of O-GlcNAc level
variations in Xenopus laevis from oogenesis to early develop-
ment,” Glycoconjugate Journal, vol. 26, no. 3, pp. 301-311,
2009.

H. Jang, T. W. Kim, S. Yoon et al., “O-GlcNAc regulates
pluripotency and reprogramming by directly acting on core
components of the pluripotency network,” Cell Stem Cell,
vol. 11, no. 1, pp. 62-74, 2012.

M.-D. Li, H.-B. Ruan, J. P. Singh et al., “O-GlcNAc transfer-
ase is involved in glucocorticoid receptor-mediated transre-
pression,” Journal of Biological Chemistry, vol. 287, no. 16,
pp- 12904-12912, 2012.

M. Bektas and D. S. Rubenstein, “The role of intracellular
protein O-glycosylation in cell adhesion and disease,” Journal
of Biomedical Research, vol. 25, no. 4, pp. 227-236, 2011.

J. Chatham and R. Marchase, “Protein O-GlcNAcylation: a
critical regulator of the cellular response to stress,” Current
Signal Transduction Therapy, vol. 5, no. 1, pp. 49-59,
2010.

N. E. Zachara, N. O'Donnell, W. D. Cheung, J. J. Mercer, J. D.
Marth, and G. W. Hart, “Dynamic O-GlcNAc modification of
nucleocytoplasmic proteins in response to stress: a survival
response of mammalian cells,” Journal of Biological Chemis-
try, vol. 279, no. 29, pp- 30133-30142, 2004.

E. Katai, J. Pal, V. S. Podr, R. Purewal, A. Miseta, and T. Nagy,
“Oxidative stress induces transient O-GIcNAc elevation and

(17]

(18]

(19]

(20]

(21]

[22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

(30]

Oxidative Medicine and Cellular Longevity

tau dephosphorylation in SH-SY5Y cells,” Journal of Cellular
and Molecular Medicine, vol. 20, no. 12, pp. 2269-2277, 2016.

T. Nagy, A. Balasa, D. Frank et al,, “O-GlcNAc modifica-
tion of proteins affects volume regulation in Jurkat cells,”
European Biophysics Journal, vol. 39, no. 8, pp. 1207-1217,
2010.

M. R. Martinez, T. B. Dias, P. S. Natov, and N. E. Zachara,
“Stress-induced O-GIcNAcylation: an adaptive process of
injured cells,” Biochemical Society Transactions, vol. 45,
no. 1, pp. 237-249, 2017.

C. R. Torres and G. W. Hart, “Topography and polypeptide
distribution of terminal N-acetylglucosamine residues on
the surfaces of intact lymphocytes. Evidence for O-linked
GIcNAc,” Journal of Biological Chemistry, vol. 259, no. 5,
pp. 3308-3317, 1984.

G. W. Hart, C. Slawson, G. Ramirez-Correa, and O. Lagerlof,
“Cross talk between O-GlcNAcylation and phosphorylation:
roles in signaling, transcription, and chronic disease,” Annual
Review of Biochemistry, vol. 80, no. 1, pp. 825-858, 2011.

J. Rengifo, C. J. Gibson, E. Winkler, T. Collin, and B. E.
Ehrlich, “Regulation of the inositol 1,4,5-trisphosphate
receptor type I by O-GIcNAc glycosylation,” The Journal
of Neuroscience, vol. 27, no. 50, pp. 13813-13821, 2007.

L. S. Griffith, M. Mathes, and B. Schmitz, “f-amyloid precur-
sor protein is modified with O-linked N-acetylglucosamine,”
Journal of Neuroscience Research, vol. 41, no. 2, pp. 270-278,
1995.

R. S. Haltiwanger and G. A. Philipsberg, “Mitotic arrest with
nocodazole induces selective changes in the level of O-linked
N-acetylglucosamine and accumulation of incompletely
processed N-glycans on proteins from HT29 cells,” Journal
of Biological Chemistry, vol. 272, no. 13, pp. 8752-8758,
1997.

S. Varshney and P. Stanley, “EOGT and O-GlcNAc on
secreted and membrane proteins,” Biochemical Society Trans-
actions, vol. 45, no. 2, pp. 401-408, 2017.

C. Butkinaree, K. Park, and G. W. Hart, “O-linked f3-N-acet-
ylglucosamine (O-GIcNAc): extensive crosstalk with phos-
phorylation to regulate signaling and transcription in
response to nutrients and stress,” Biochimica et Biophysica
Acta (BBA) - General Subjects, vol. 1800, no. 2, pp. 96-106,
2010.

M. Eustice, M. R. Bond, and J. A. Hanover, “O-GIcNAc
cycling and the regulation of nucleocytoplasmic dynamics,”
Biochemical Society Transactions, vol. 45, no. 2, pp. 427-
436, 2017.

H.-B. Ruan, Y. Nie, and X. Yang, “Regulation of protein
degradation by O-GlcNAcylation: crosstalk with ubiquitina-
tion,” Molecular & Cellular Proteomics, vol. 12, no. 12,
pp. 3489-3497, 2013.

Y. Zhu, T.-W. Liu, S. Cecioni, R. Eskandari, W. F. Zandberg,
and D. J. Vocadlo, “O-GlcNAc occurs cotranslationally to
stabilize nascent polypeptide chains,” Nature Chemical Biol-
0gy, vol. 11, no. 5, pp- 319-325, 2015.

M. D. Roos, K. Su, J. R. Baker, and J. E. Kudlow, “O glycosyl-
ation of an Spl-derived peptide blocks known Spl protein
interactions,” Molecular and Cellular Biology, vol. 17,
no. 11, pp. 6472-6480, 1997.

X. Yang and K. Qian, “Protein O-GlcNAcylation: emerging

mechanisms and functions,” Nature Reviews Molecular Cell
Biology, vol. 18, no. 7, pp. 452-465, 2017.



Oxidative Medicine and Cellular Longevity

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

[45]

R. Sayat, B. Leber, V. Grubac, L. Wiltshire, and S. Persad,
“O-GlcNAc-glycosylation of f-catenin regulates its nuclear
localization and transcriptional activity,” Experimental Cell
Research, vol. 314, no. 15, pp. 2774-2787, 2008.

Y. Skorobogatko, A. Landicho, R. J. Chalkley, A. V. Kossenkov,
G. Gallo, and K. Vosseller, “O-linked B-N-acetylglucosa-
mine (O-GIcNAc) site thr-87 regulates synapsin I localiza-
tion to synapses and size of the reserve pool of synaptic
vesicles,” Journal of Biological Chemistry, vol. 289, no. 6,
pp. 3602-3612, 2014.

D. Xing, K. Gong, W. Feng et al., “O-GlcNAc modification of
NF«B p65 inhibits TNF-a-induced inflammatory mediator
expression in rat aortic smooth muscle cells,” PLoS One,
vol. 6, no. 8, article e24021, 2011.

W. H. Yang, J. E. Kim, H. W. Nam et al., “Modification of p53
with O-linked N-acetylglucosamine regulates p53 activity and
stability,” Nature Cell Biology, vol. 8, no. 10, pp. 1074-1083,
2006.

T.Y. Chou, C. V. Dang, and G. W. Hart, “Glycosylation of the
c-Myc transactivation domain,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 92,
no. 10, pp. 4417-4421, 1995.

L. Wells, S. A. Whelan, and G. W. Hart, “O-GlcNAc: a regu-
latory post-translational modification,” Biochemical and
Biophysical Research Communications, vol. 302, no. 3,
pp. 435-441, 2003.

H. Hahne, N. Sobotzki, T. Nyberg et al., “Proteome wide
purification and identification of O-GlcNAc-modified
proteins using click chemistry and mass spectrometry,” Jour-
nal of Proteome Research, vol. 12, no. 2, pp. 927-936, 2013.

S. Ozcan, S. S. Andrali, and J. E. L. Cantrell, “Modulation of
transcription factor function by O-GIcNAc modification,”
Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mech-
anisms, vol. 1799, no. 5-6, pp. 353-364, 2010.

F. Zhang, K. Su, X. Yang, D. B. Bowe, A. J. Paterson, and
J. E. Kudlow, “O-GlcNAc modification is an endogenous
inhibitor of the proteasome,” Cell, vol. 115, no. 6,
pp. 715-725, 2003.

Z. V. Wang, Y. Deng, N. Gao et al., “Spliced X-box bind-
ing protein 1 couples the unfolded protein response to
hexosamine biosynthetic pathway,” Cell, vol. 156, no. 6,
pp. 1179-1192, 2014.

G. A. Ngoh, T. Hamid, S. D. Prabhu, and S. P. Jones,
“O-GlcNAc signaling attenuates ER stress-induced cardio-
myocyte death,” American Journal of Physiology - Heart and
Circulatory Physiology, vol. 297, no. 5, pp. H1711-H1719,
2009.

D. C. Love, M. W. Krause, and J. A. Hanover, “O-GIcNAc
cycling: Emerging roles in development and epigenetics,”
Seminars in Cell & Developmental Biology, vol. 21, no. 6,
pp. 646-654, 2010.

Y. R. Yang, M. Song, H. Lee et al., “O-GlcNAcase is essential
for embryonic development and maintenance of genomic
stability,” Aging Cell, vol. 11, no. 3, pp. 439-448, 2012.

V. Dehennaut, T. Lefebvre, C. Sellier et al., “O-linked N-acet-
ylglucosaminyltransferase inhibition prevents G,/M transi-
tion in Xenopus laevis oocytes,” Journal of Biological
Chemistry, vol. 282, no. 17, pp. 12527-12536, 2007.

T. Nagy, V. Champattanachai, R. B. Marchase, and J. C.
Chatham, “Glucosamine inhibits angiotensin II-induced
cytoplasmic Ca** elevation in neonatal cardiomyocytes via

(46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

[60]

11

protein-associated O-linked N-acetylglucosamine,” American
Journal of Physiology - Cell Physiology, vol. 290, no. 1,
pp. C57-C65, 2006.

F. Liu, K. Igbal, I. Grundke-Igbal, G. W. Hart, and
C.-X. Gong, “O-GlcNAcylation regulates phosphorylation
of tau: a mechanism involved in Alzheimer’s disease,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 101, no. 29, pp. 10804-10809, 2004.

J. L. E. Walgren, T. S. Vincent, K. L. Schey, and M. G. Buse,
“High glucose and insulin promote O-GIcNAc modification
of proteins, including a-tubulin,” American Journal of Physi-
ology - Endocrinology and Metabolism, vol. 284, no. 2,
pp. E424-E434, 2003.

W. H. Yang, S. Y. Park, H. W. Nam et al., “NF«B activation is
associated with its O-GlcNAcylation state under hyperglyce-
mic conditions,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 105, no. 45,
pp. 17345-17350, 2008.

C.-X. Gong, F. Liu, I. Grundke-Igbal, and K. Igbal, “Post-
translational modifications of tau protein in Alzheimer’s
disease,” Journal of Neural Transmission, vol. 112, no. 6,
pp. 813-838, 2005.

Y. Liu, F. Liu, I. Grundke-Igbal, K. Igbal, and C. X. Gong,
“Brain glucose transporters, O-GlcNAcylation and phos-
phorylation of tau in diabetes and Alzheimer’s disease,” Jour-
nal of Neurochemistry, vol. 111, no. 1, pp. 242-249, 2009.

M. Brownlee, “Biochemistry and molecular cell biology of
diabetic complications,” Nature, vol. 414, no. 6865,
pp. 813-820, 2001.

W. B. Dias and G. W. Hart, “O-GlcNAc modification in dia-
betes and Alzheimer’s disease,” Molecular BioSystems, vol. 3,
no. 11, pp. 766-772, 2007.

U. Karunakaran and N. H. Jeoung, “O-GlcNAc modification:
friend or foe in diabetic cardiovascular disease,” Korean
Diabetes Journal, vol. 34, no. 4, pp. 211-219, 2010.

X. L. Du, D. Edelstein, S. Dimmeler, Q. Ju, C. Sui, and
M. Brownlee, “Hyperglycemia inhibits endothelial nitric
oxide synthase activity by posttranslational modification at
the Akt site,” The Journal of Clinical Investigation, vol. 108,
no. 9, pp. 1341-1348, 2001.

P. S. Banerjee, O. Lagerlof, and G. W. Hart, “Roles of
O-GIcNAc in chronic diseases of aging,” Molecular Aspects
of Medicine, vol. 51, pp. 1-15, 2016.

V. Adler, Z. Yin, K. D. Tew, and Z. Ronai, “Role of redox
potential and reactive oxygen species in stress signaling,”
Oncogene, vol. 18, no. 45, pp. 6104-6111, 1999.

D.-M. Chuang, C. Hough, and V. V. Senatorov, “Glyceralde-
hyde-3-phosphate dehydrogenase, apoptosis, and neurode-
generative diseases,” Annual Review of Pharmacology and
Toxicology, vol. 45, no. 1, pp. 269-290, 2005.

X. L. Du, D. Edelstein, L. Rossetti et al., “Hyperglycemia-
induced mitochondrial superoxide overproduction activates
the hexosamine pathway and induces plasminogen activator
inhibitor-1 expression by increasing Sp1 glycosylation,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 97, no. 22, pp. 12222-12226, 2000.

S. P. Jones, N. E. Zachara, G. A. Ngoh et al., “Cardioprotec-
tion by N-acetylglucosamine linkage to cellular proteins,”
Circulation, vol. 117, no. 9, pp. 1172-1182, 2008.

M. D’Apolito, X. Du, H. Zong et al., “Urea-induced ROS gen-
eration causes insulin resistance in mice with chronic renal



12

[61]

[62]

(63]

(64]

[65]

[66]

[67]

[68]

[69]

(70]

(71]

(72]

failure,” The Journal of Clinical Investigation, vol. 120, no. 1,
pp. 203-213, 2010.

W. D. Cheung and G. W. Hart, “AMP-activated protein
kinase and p38 MAPK activate O-GlcNAcylation of neuronal
proteins during glucose deprivation,” Journal of Biological
Chemistry, vol. 283, no. 19, pp. 13009-13020, 2008.

J. A. Groves, A. O. Maduka, R. N. O'Meally, R. N. Cole, and
N. E. Zachara, “Fatty acid synthase inhibits the O-GlcNAcase
during oxidative stress,” Journal of Biological Chemistry,
vol. 292, no. 16, pp. 6493-6511, 2017.

G. A. Ngoh, L. J. Watson, H. T. Facundo, and S. P. Jones,
“Augmented O-GlcNAc signaling attenuates oxidative stress
and calcium overload in cardiomyocytes,” Amino Acids,
vol. 40, no. 3, pp. 895-911, 2011.

V. Champattanachai, R. B. Marchase, and J. C. Chatham,
“Glucosamine protects neonatal cardiomyocytes from
ischemia-reperfusion injury via increased protein O-GlcNAc
and increased mitochondrial Bcl-2,” American Journal of
Physiology - Cell Physiology, vol. 294, no. 6, pp. C1509-
C1520, 2008.

G. A. Ngoh, H. T. Facundo, T. Hamid, W. Dillmann, N. E.
Zachara, and S. P. Jones, “Unique hexosaminidase reduces
metabolic survival signal and sensitizes cardiac myocytes to
hypoxia/reoxygenation  injury,”  Circulation  Research,
vol. 104, no. 1, pp. 41-49, 2009.

H. Goldberg, C. Whiteside, and I. G. Fantus, “O-linked 3-N-
acetylglucosamine supports p38 MAPK activation by high
glucose in glomerular mesangial cells,” American Journal of
Physiology - Endocrinology and Metabolism, vol. 301, no. 4,
pp. E713-E726, 2011.

V. V. Lima, K. Spitler, H. Choi, R. C. Webb, and R. C. Tostes,
“O-GlcNAcylation and oxidation of proteins: is signalling in
the cardiovascular system becoming sweeter?,” Clinical
Science, vol. 123, no. 8, pp. 473-486, 2012.

B. Musicki, M. F. Kramer, R. E. Becker, and A. L. Burnett,
“Inactivation of phosphorylated endothelial nitric oxide
synthase (Ser-1177) by O-GlcNAc in diabetes-associated
erectile dysfunction,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 102, no. 33,
pp. 1187011875, 2005.

M. Federici, R. Menghini, A. Mauriello et al., “Insulin-depen-
dent activation of endothelial nitric oxide synthase is
impaired by O-linked glycosylation modification of signaling
proteins in human coronary endothelial cells,” Circulation,
vol. 106, no. 4, pp. 466-472, 2002.

R. H. P. Hilgers, D. Xing, K. Gong, Y.-F. Chen, J. C. Chatham,
and S. Oparil, “Acute O-GlcNAcylation prevents
inflammation-induced vascular dysfunction,” American
Journal of Physiology - Heart and Circulatory Physiology,
vol. 303, no. 5, pp. H513-H522, 2012.

L. G. Not, C. A. Brocks, L. Vamhidy, R. B. Marchase, and
J. C. Chatham, “Increased O-linked £3-N-acetylglucosamine
levels on proteins improves survival, reduces inflammation
and organ damage 24 hours after trauma-hemorrhage in
rats,” Critical Care Medicine, vol. 38, no. 2, pp. 562-571,
2010.

S.-Y. Hwang, J.-S. Hwang, S.-Y. Kim, and L-O. Han,
“O-GIcNAc transferase inhibits LPS-mediated expression of
inducible nitric oxide synthase through an increased interac-
tion with mSin3A in RAW264.7 cells,” American Journal of
Physiology - Cell Physiology, vol. 305, no. 6, pp. C601-C608,
2013.

(73]

(74]

(75]

[76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

Oxidative Medicine and Cellular Longevity

G.D. Liu, C. Xu, L. Feng, and F. Wang, “The augmentation of
O-GlcNAcylation reduces glyoxal-induced cell injury by
attenuating oxidative stress in human retinal microvascular
endothelial cells,” International Journal of Molecular Medi-
cine, vol. 36, no. 4, pp. 1019-1027, 2015.

B. Kalmar and L. Greensmith, “Induction of heat shock
proteins for protection against oxidative stress,” Advanced
Drug Delivery Reviews, vol. 61, no. 4, pp. 310-318, 2009.

Z. Wang, A. Pandey, and G. W. Hart, “Dynamic interplay
between O-linked N-acetylglucosaminylation and glycogen
synthase kinase-3-dependent phosphorylation,” Molecular
& Cellular Proteomics, vol. 6, no. 8, pp. 1365-1379, 2007.

Z. Kazemi, H. Chang, S. Haserodt, C. McKen, and N. E.
Zachara, “O-linked p-N-acetylglucosamine (O-GlcNAc)
regulates stress-induced heat shock protein expression in a
GSK-3f-dependent manner,” Journal of Biological Chemis-
try, vol. 285, no. 50, pp. 39096-39107, 2010.

A. C. Wang, E. H. Jensen, J. E. Rexach, H. V. Vinters, and
L. C. Hsieh-Wilson, “Loss of O-GlcNAc glycosylation in
forebrain excitatory neurons induces neurodegeneration,”
Proceedings of the National Academy of Sciences of the
United States of America, vol. 113, no. 52, pp. 15120-
15125, 2016.

Y.-J. Chen, Y.-S. Huang, J.-T. Chen et al., “Protective effects
of glucosamine on oxidative-stress and ischemia/reperfu-
sion-induced retinal injury,” Investigative Ophthalmology ¢
Visual Science, vol. 56, no. 3, pp. 1506-1516, 2015.

J. Liu, Y. Pang, T. Chang, P. Bounelis, J. Chatham, and
R. Marchase, “Increased hexosamine biosynthesis and pro-
tein O-GlcNAc levels associated with myocardial protection
against calcium paradox and ischemia,” Journal of Molecular
and Cellular Cardiology, vol. 40, no. 2, pp. 303-312, 2006.

V. Champattanachai, R. B. Marchase, and J. C. Chatham,
“Glucosamine protects neonatal cardiomyocytes from
ischemia-reperfusion injury via increased protein-associated
O-GlcNAc,” American Journal of Physiology - Cell Physiology,
vol. 292, no. 1, pp. C178-C187, 2007.

J. M. Weinberg, J. A. Davis, and M. A. Venkatachalam,
“Cytosolic-free calcium increases to greater than 100
micromolar in ATP-depleted proximal tubules,” The Journal
of Clinical Investigation, vol. 100, no. 3, pp. 713-722, 1997.

T. A. Stewart, K. T. D. S. Yapa, and G. R. Monteith, “Altered
calcium signaling in cancer cells,” Biochimica et Biophysica
Acta (BBA) - Biomembranes, vol. 1848, no. 10, Part B,
pp. 2502-2511, 2015.

R. S. Lewis, “Calcium signaling mechanisms in T lympho-
cytes,” Annual Review of Immunology, vol. 19, no. 1,
pp. 497-521, 2001.

E. Carafoli and J. Krebs, “Why calcium? How calcium became
the best communicator,” Journal of Biological Chemistry,
vol. 291, no. 40, pp. 20849-20857, 2016.

D. E. Clapham, “Calcium signaling,” Cell, vol. 131, no. 6,
pp. 1047-1058, 2007.

B. Zhivotovsky and S. Orrenius, “Calcium and cell death
mechanisms: a perspective from the cell death community,”
Cell Calcium, vol. 50, no. 3, pp. 211-221, 2011.

M. A. H. Talukder, J. L. Zweier, and M. Periasamy, “Targeting
calcium transport in ischaemic heart disease,” Cardiovascular
Research, vol. 84, no. 3, pp. 345-352, 20009.

W. B. Dias, W. D. Cheung, Z. Wang, and G. W. Hart,
“Regulation of calcium/calmodulin-dependent kinase IV



Oxidative Medicine and Cellular Longevity

(89]

[90]

[91]

[92]

(93]

(94]

[95]

[96]

[97]

(98]

[99]

(100]

[101]

[102]

by O-GlcNAc modification,” Journal of Biological Chemis-
try, vol. 284, no. 32, pp. 21327-21337, 2009.

C. Cieniewski-Bernard, M. Lambert, E. Dupont, V. Montel,
L. Stevens, and B. Bastide, “O-GlcNAcylation, contractile
protein modifications and calcium affinity in skeletal
muscle,” Frontiers in Physiology, vol. 5, p. 421, 2014.

J. A. Matthews, M. Acevedo-Duncan, and R. L. Potter, “Selec-
tive decrease of membrane-associated PKC-a and PKC-¢
in response to elevated intracellular O-GIcNAc levels in
transformed human glial cells,” Biochimica et Biophysica
Acta (BBA) - Molecular Cell Research, vol. 1743, no. 3,
pp. 305-315, 2005.

J. C. Chatham, L. G. Not, N. Filop, and R. B. Marchase,
“Hexosamine biosynthesis and protein O-glycosylation:
the first line of defense against stress, ischemia, and
trauma,” Shock, vol. 29, no. 4, pp. 431-440, 2008.

J. C. Chatham and R. B. Marchase, “The role of protein
O-linked p-N-acetylglucosamine in mediating cardiac stress
responses,” Biochimica et Biophysica Acta (BBA) - General
Subjects, vol. 1800, no. 2, pp. 57-66, 2010.

J. C. Trinidad, D. T. Barkan, B. F. Gulledge et al., “Global
identification and characterization of both O-GlcNAcyla-
tion and phosphorylation at the murine synapse,” Molecu-
lar & Cellular Proteomics, vol. 11, no. 8, pp. 215-229,
2012.

V. L. Johnsen, D. D. Belke, C. C. Hughey et al., “Enhanced
cardiac protein glycosylation (O-GlcNAc) of selected mito-
chondrial proteins in rats artificially selected for low running
capacity,” Physiological Genomics, vol. 45, no. 1, pp. 17-25,
2013.

S. Yokoe, M. Asahi, T. Takeda et al., “Inhibition of phospho-
lamban phosphorylation by O-GlcNAcylation: implications
for diabetic cardiomyopathy,” Glycobiology, vol. 20, no. 10,
pp. 1217-1226, 2010.

X. Zhu-Mauldin, S. A. Marsh, L. Zou, R. B. Marchase, and
J. C. Chatham, “Modification of STIM1 by O-linked N-Acet-
ylglucosamine  (O-GIcNAc) attenuates  store-operated
calcium entry in neonatal cardiomyocytes,” Journal of Biolog-
ical Chemistry, vol. 287, no. 46, pp. 39094-39106, 2012.

H.-B. Ruan, M. O. Dietrich, Z.-W. Liu et al., “O-GlcNAc
transferase enables AgRP neurons to suppress browning of
white fat,” Cell, vol. 159, no. 2, pp. 306-317, 2014.

C. L. Wladyka and D. L. Kunze, “KCNQ/M-currents contrib-
ute to the resting membrane potential in rat visceral sensory
neurons,” The Journal of Physiology, vol. 575, no. 1,
pp. 175-189, 2006.

B. C. Schroeder, C. Kubisch, V. Stein, and T. J. Jentsch, “Mod-
erate loss of function of cyclic-:AMP-modulated KCNQ2/
KCNQ3 K" channels causes epilepsy,” Nature, vol. 396,
no. 6712, pp. 687-690, 1998.

X. Zhang and V. Bennett, “Identification of O-linked N-acet-
ylglucosamine modification of ankyrin isoforms targeted to
nodes of Ranvier,” Journal of Biological Chemistry, vol. 271,
no. 49, pp. 31391-31398, 1996.

V. Shoshan-Barmatz and D. Mizrachi, “VDACI1: from
structure to cancer therapy,” Frontiers in Oncology, vol. 2,
p. 164, 2012.

N. Vij and P. L. Zeitlin, “Regulation of the CIC-2 lung epithe-
lial chloride channel by glycosylation of SP1,” American
Journal of Respiratory Cell and Molecular Biology, vol. 34,
no. 6, pp. 754-759, 2006.

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

13

R. Gupta and S. Brunak, “Prediction of glycosylation across
the human proteome and the correlation to protein func-
tion,” Pacific Symposium on Biocomputing, vol. 322,
pp. 310-322, 2002.

W.Yi, P. M. Clark, D. E. Mason et al., “Phosphofructokinase
1 glycosylation regulates cell growth and metabolism,”
Science, vol. 337, no. 6097, pp. 975-980, 2012.

S. Y. Park, J. Ryu, and W. Lee, “O-GlcNAc modification on
IRS-1 and Akt2 by PUGNAC inhibits their phosphorylation
and induces insulin resistance in rat primary adipocytes,”
Experimental & Molecular Medicine, vol. 37, no. 3, pp. 220-
229, 2005.

S. Wang, X. Huang, D. Sun et al., “Extensive crosstalk
between O-GlcNAcylation and phosphorylation regulates
Akt signaling,” PLoS One, vol. 7, no. 5, article 37427, 2012.

M. G. Buse, “Hexosamines, insulin resistance, and the com-
plications of diabetes: current status,” American Journal of
Physiology - Endocrinology and Metabolism, vol. 290, no. 1,
pp. E1-E8, 2006.

S. Huang and M. P. Czech, “The GLUT4 glucose trans-
porter,” Cell Metabolism, vol. 5, no. 4, pp. 237-252, 2007.

G. W. Hart and Y. Akimoto, “The O-GIcNAc modification,”
in Essentials of Glycobiology, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, New York, NY, USA, 2nd edition,
2009.

M. G. Buse, K. A. Robinson, B. A. Marshall, R. C. Hresko, and
M. M. Mueckler, “Enhanced O-GlcNAc protein modification is
associated with insulin resistance in GLUT1-overexpressing
muscles,” American Journal of Physiology - Endocrinology and
Metabolism, vol. 283, no. 2, pp. E241-E250, 2002.

C. M. Ferrer, T. P. Lynch, V. L. Sodi et al., “O-GlcNAcylation
regulates cancer metabolism and survival stress signaling via
regulation of the HIF-1 pathway,” Molecular Cell, vol. 54,
no. 5, pp. 820-831, 2014.

R. N. Cole and G. W. Hart, “Cytosolic O-glycosylation is
abundant in nerve terminals,” Journal of Neurochemistry,
vol. 79, no. 5, pp- 1080-1089, 2001.

O. Lagerlof, G. W. Hart, and R. L. Huganir, “O-GIcNAc
transferase regulates excitatory synapse maturity,” Proceed-
ings of the National Academy of Sciences of the United States
of America, vol. 114, no. 7, pp. 1684-1689, 2017.

P. E. Ceccaldi, F. Grohovaz, F. Benfenati, E. Chieregatti,
P. Greengard, and F. Valtorta, “Dephosphorylated synapsin
I anchors synaptic vesicles to actin cytoskeleton: an analysis
by videomicroscopy,” Journal of Cell Biology, vol. 128, no. 5,
pp. 905-912, 1995.

R. N. Cole and G. W. Hart, “Glycosylation sites flank phos-
phorylation sites on synapsin I: O-linked N-acetylglucosa-
mine residues are localized within domains mediating
synapsin I interactions,” Journal of Neurochemistry, vol. 73,
no. 1, pp. 418-428, 1999.

K. Vosseller, J. C. Trinidad, R. J. Chalkley et al., “O-linked N-
acetylglucosamine proteomics of postsynaptic density prepa-
rations using lectin weak affinity chromatography and mass
spectrometry,” Molecular & Cellular Proteomics, vol. 5,
no. 5, pp. 923-934, 2006.

M. G. Spillantini, M. L. Schmidt, V. M.-Y. Lee, J. Q.
Trojanowski, R. Jakes, and M. Goedert, “a-Synuclein in Lewy
bodies,” Nature, vol. 388, no. 6645, pp. 839-840, 1997.

N. P. Marotta, Y. H. Lin, Y. E. Lewis et al, “O-GlcNAc
modification blocks the aggregation and toxicity of the



14

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

protein a-synuclein associated with Parkinson’s disease,”
Nature Chemistry, vol. 7, no. 11, pp. 913-920, 2015.

J. Hirst, G. H. H. Borner, M. Harbour, and M. S. Robinson,
“The aftiphilin/p200/y-synergin complex,” Molecular Biology
of the Cell, vol. 16, no. 5, pp. 2554-2565, 2005.

M. S. Robinson and J. S. Bonifacino, “Adaptor-related pro-
teins,” Current Opinion in Cell Biology, vol. 13, no. 4,
pp. 444-453, 2001.

Y. Perez-Cervera, V. Dehennaut, M. Aquino Gil et al., “Insu-
lin signaling controls the expression of O-GlcNAc transferase
and its interaction with lipid microdomains,” The FASEB
Journal, vol. 27, no. 9, pp. 3478-3486, 2013.

B. Zonta and L. Minichiello, “Synaptic membrane rafts: traffic
lights for local neurotrophin signaling?,” Frontiers in Synaptic
Neuroscience, vol. 5, p. 9, 2013.

E. Ikonen, “Roles of lipid rafts in membrane transport,”
Current Opinion in Cell Biology, vol. 13, no. 4, pp. 470-477,
2001.

R. L. Neve, D. L. McPhie, and Y. Chen, “Alzheimer’s disease:
a dysfunction of the amyloid precursor protein,” Brain
Research, vol. 886, no. 1-2, pp. 54-66, 2000.

K. T. Jacobsen and K. Iverfeldt, “O-GlcNAcylation increases
non-amyloidogenic processing of the amyloid-f precursor
protein (APP),” Biochemical and Biophysical Research
Communications, vol. 404, no. 3, pp. 882-886, 2011.

S. A. Yuzwa, X. Shan, B. A. Jones et al., “Pharmacological
inhibition of O-GlcNAcase (OGA) prevents cognitive
decline and amyloid plaque formation in bigenic tau/APP
mutant mice,” Molecular Neurodegeneration, vol. 9, no. 1,
p. 42, 2014.

Y. S. Chun, O.-H. Kwon, H. G. Oh et al., “Threonine 576
residue of amyloid-f precursor protein regulates its traffick-
ing and processing,” Biochemical and Biophysical Research
Communications, vol. 467, no. 4, pp. 955-960, 2015.

E. Blazquez, E. Veldzquez, V. Hurtado-Carneiro, and J. M.
Ruiz-Albusac, “Insulin in the brain: its pathophysiological
implications for States related with central insulin resistance,
type 2 diabetes and Alzheimer’s disease,” Frontiers in Endo-
crinology, vol. 5, p. 161, 2014.

J. Yao, J. R. Rettberg, L. P. Klosinski, E. Cadenas, and R. D.
Brinton, “Shift in brain metabolism in late onset Alzheimer’s
disease: implications for biomarkers and therapeutic inter-
ventions,” Molecular Aspects of Medicine, vol. 32, no. 4-6,
pp. 247-257, 2011.

Y. Zhu, X. Shan, S. A. Yuzwa, and D. J. Vocadlo, “The emerging
link between O-GIcNAc and Alzheimer disease,” Journal of
Biological Chemistry, vol. 289, no. 50, pp. 34472-34481, 2014.
G. Verdile, S. J. Fuller, and R. N. Martins, “The role of type 2
diabetes in neurodegeneration,” Neurobiology of Disease,
vol. 84, pp. 22-38, 2015.

T.D. Allen, J. M. Cronshaw, S. Bagley, E. Kiseleva, and M. W.
Goldberg, “The nuclear pore complex: mediator of transloca-
tion between nucleus and cytoplasm,” Journal of Cell Science,
vol. 113, Part 10, pp. 1651-1659, 2000.

G. Kabachinski and T. U. Schwartz, “The nuclear pore
complex - structure and function at a glance,” Journal of Cell
Science, vol. 128, no. 3, pp. 423-429, 2015.

C. Guinez, W. Morelle, J.-C. Michalski, and T. Lefebvre,
“O-GlcNAc glycosylation: a signal for the nuclear transport
of cytosolic proteins?,” The International Journal of Bio-
chemistry & Cell Biology, vol. 37, no. 4, pp. 765-774, 2005.

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

Oxidative Medicine and Cellular Longevity

J. Hubert, A. P. Seve, P. Facy, and M. Monsigny, “Are nuclear
lectins and nuclear glycoproteins involved in the modulation
of nuclear functions?,” Cell Differentiation and Development,
vol. 27, no. 2, pp. 69-81, 1989.

E. Duverger, V. Carpentier, A. C. Roche, and M. Monsigny,
“Sugar-dependent nuclear import of glycoconjugates from
the cytosol,” Experimental Cell Research, vol. 207, no. 1,
pp. 197-201, 1993.

C.Rondanino, M.-T. Bousser, M. Monsigny, and A.-C. Roche,
“Sugar-dependent nuclear import of glycosylated proteins in
living cells,” Glycobiology, vol. 13, no. 7, pp. 509-519, 2003.

E. Duverger, C. Pellerin-Mendes, R. Mayer, A. C. Roche, and
M. Monsigny, “Nuclear import of glycoconjugates is distinct
from the classical NLS pathway,” Journal of Cell Science,
vol. 108, Part 4, pp. 1325-1332, 1995.

M. D. Jacobs and S. C. Harrison, “Structure of an IxkBa/NF-xB
complex,” Cell, vol. 95, no. 6, pp. 749-758, 1998.

D. Zhang, Y. Cai, M. Chen, L. Gao, Y. Shen, and Z. Huang,
“OGT-mediated O-GlcNAcylation promotes NF-xB activa-
tion and inflammation in acute pancreatitis,” Inflammation
Research, vol. 64, no. 12, pp. 943-952, 2015.

A. Golks, T.-T. T. Tran, J. F. Goetschy, and D. Guerini,
“Requirement for O-linked N-acetylglucosaminyltransferase
in lymphocytes activation,” The EMBO Journal, vol. 26,
no. 20, pp. 4368-4379, 2007.

L. Zou, S. Yang, V. Champattanachai et al., “Glucosamine
improves cardiac function following trauma-hemorrhage by
increased protein O-GlcNAcylation and attenuation of NF-
«B signaling,” American Journal of Physiology - Heart and
Circulatory Physiology, vol. 296, no. 2, pp. H515-H523, 2009.
J. A. Hanover, C. K. Cohen, M. C. Willingham, and M. K.
Park, “O-linked N-acetylglucosamine is attached to proteins
of the nuclear pore. Evidence for cytoplasmic and nucleoplas-
mic glycoproteins,” Journal of Biological Chemistry, vol. 262,
no. 20, pp. 9887-9894, 1987.

G. D. Holt, C. M. Snow, A. Senior, R. S. Haltiwanger,
L. Gerace, and G. W. Hart, “Nuclear pore complex glycopro-
teins contain cytoplasmically disposed O-linked N-acetylglu-
cosamine,” The Journal of Cell Biology, vol. 104, no. 5,
pp. 1157-1164, 1987.

Y. Zhu, T.-W. Liu, Z. Madden et al, “Post-transla-
tional O-GlcNAcylation is essential for nuclear pore integrity
and maintenance of the pore selectivity filter,” Journal of
Molecular Cell Biology, vol. 8, no. 1, pp. 2-16, 2016.

A. A. Labokha, S. Gradmann, S. Frey et al, “Systematic
analysis of barrier-forming FG hydrogels from Xenopus
nuclear pore complexes,” The EMBO Journal, vol. 32, no. 2,
pp. 204-218, 2013.

R. Trapannone, D. Mariappa, A. T. Ferenbach, and D. M. F.
van Aalten, “Nucleocytoplasmic human O-GlcNAc transfer-
ase is sufficient for O-GlcNAcylation of mitochondrial
proteins,” Biochemical Journal, vol. 473, no. 12, pp. 1693-
1702, 2016.

J. L. Sacoman, R. Y. Dagda, A. R. Burnham-Marusich, R. K.
Dagda, and P. M. Berninsone, “Mitochondrial O-GIcNAc
transferase (mOGT) regulates mitochondrial structure,
function, and survival in HeLa cells,” Journal of Biological
Chemistry, vol. 292, no. 11, pp. 4499-4518, 2017.

G. A. Ngoh, L. J. Watson, H. T. Facundo, W. Dillmann, and
S. P. Jones, “Non-canonical glycosyltransferase modulates
post-hypoxic cardiac myocyte death and mitochondrial



Oxidative Medicine and Cellular Longevity

[150]

[151]

[152]

[153]

[154]

[155]

[156]

(157]

[158]

[159]

[160]

[161]

permeability transition,” Journal of Molecular and Cellular
Cardiology, vol. 45, no. 2, pp. 313-325, 2008.

K. Hirose, Y. M. Tsutsumi, R. Tsutsumi et al., “Role of the
O-linked f-N-acetylglucosamine in the cardioprotection
induced by isoflurane,” Anesthesiology, vol. 115, no. 5,
pp. 955-962, 2011,

R. W. Birkinshaw and P. E. Czabotar, “The BCL-2 family of
proteins and mitochondrial outer membrane permeabilisa-
tion,” Seminars in Cell & Developmental Biology, vol. 72,
pp. 152-162, 2017.

Y. Tsujimoto and S. Shimizu, “VDAC regulation by the Bcl-2
family of proteins,” Cell Death and Differentiation, vol. 7,
no. 12, pp. 1174-1181, 2000.

A. C. Leney, K. Rafie, D. M. F. van Aalten, and A. J. R. Heck,
“Direct monitoring of protein O-GlcNAcylation by high-
resolution native mass spectrometry,” ACS Chemical Biology,
vol. 12, no. 8, pp. 2078-2084, 2017.

A. Ostrowski and D. M. F. van Aalten, “Chemical tools to
probe cellular O-GlcNAc signalling,” Biochemical Journal,
vol. 456, no. 1, pp. 1-12, 2013.

H. C. Dorfmueller, V. S. Borodkin, M. Schimpl, S. M.
Shepherd, N. A. Shpiro, and D. M. F. van Aalten, “GlcNAc-
statin: a picomolar, selective O-GlcNAcase inhibitor that
modulates intracellular O-glcNAcylation levels,” Journal of
the American Chemical Society, vol. 128, no. 51, pp. 16484-
16485, 2006.

Y. Fardini, V. Dehennaut, T. Lefebvre, and T. Issad, “O-
GlcNAcylation: a new cancer hallmark?,” Frontiers in Endo-
crinology, vol. 4, p. 99, 2013.

J. P. Myslicki, J. Shearer, D. S. Hittel, C. C. Hughey, and
D. D. Belke, “O-GlcNAc modification is associated with insu-
lin sensitivity in the whole blood of healthy young adult
males,” Diabetology & Metabolic Syndrome, vol. 6, no. 1,
p. 96, 2014.

P. Degrell, J. Cseh, M. Mohis et al., “Evidence of O-linked
N-acetylglucosamine in diabetic nephropathy,” Life Sciences,
vol. 84, no. 13-14, pp. 389-393, 2009.

D. Luque-Contreras, K. Carvajal, D. Toral-Rios, D. Franco-
Bocanegra, and V. Campos-Pena, “Oxidative stress and
metabolic syndrome: cause or consequence of Alzheimer’s
disease?,” Oxidative Medicine and Cellular Longevity,
vol. 2014, Article ID 497802, 11 pages, 2014.

M. Kodiha, D. Tran, A. Morogan, C. Qian, and U. Stochaj,
“Dissecting the signaling events that impact classical nuclear
import and target nuclear transport factors,” PLoS One, vol. 4,
no. 12, article €8420, 2009.

H. G. Seo, H. B. Kim, M. J. Kang, J. H. Ryum, E. C. Yi, and
J. W. Cho, “Identification of the nuclear localisation signal
of O-GIcNAc transferase and its nuclear import regulation,”
Scientific Reports, vol. 6, no. 1, article 34614, 2016.

15



	The Role of Stress-Induced O-GlcNAc Protein Modification in the Regulation of Membrane Transport
	1. Introduction
	2. Regulation of Proteins by O-GlcNAc
	3. Oxidative Stress and O-GlcNAc
	4. O-GlcNAc and Ion Channels
	4.1. Ca2+ Channels
	4.2. Other Ion Channels
	4.3. Glucose Transport
	4.4. Synaptic Transport
	4.5. Nuclear Transport
	4.6. Mitochondrial Transport

	5. Conclusion and Perspectives
	Conflicts of Interest
	Acknowledgments

