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Abstract: The modification of nuclear, mitochondrial, and cytosolic proteins by O-linked BN-
acetylglucosamine (O-GlcNAc) has emerged as a dynamic and essential post-translational mod-
ification of mammalian proteins. O-GlcNAc is cycled on and off over 5000 proteins in response to
diverse stimuli impacting protein function and, in turn, epigenetics and transcription, translation and
proteostasis, metabolism, cell structure, and signal transduction. Environmental and physiological
injury lead to complex changes in O-GlcNAcylation that impact cell and tissue survival in models of
heat shock, osmotic stress, oxidative stress, and hypoxia/reoxygenation injury, as well as ischemic
reperfusion injury. Numerous mechanisms that appear to underpin O-GlcNAc-mediated survival
include changes in chaperone levels, impacts on the unfolded protein response and integrated stress
response, improvements in mitochondrial function, and reduced protein aggregation. Here, we
discuss the points at which O-GIcNAc is integrated into the cellular stress response, focusing on the
roles it plays in the cardiovascular system and in neurodegeneration.
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1. Background

Cell fate decisions in response to environmental and physiological stressors are contin-
gent on the integration of multimodal signaling to reprogram/remodel cellular effectors,
buffer lethal stimuli, promote survival or engage cell death programs. Stress-responsive
remodeling is encoded in part by the covalent modification of proteins. Among the di-
verse signaling mechanisms directing cellular homeostasis is the addition and removal
of O-linked 3 N-acetylglucosamine (O-GlcNAc) on intracellular proteins, which affects a
wide swath of the eukaryotic proteome regulating diverse biological processes, including
transcription [1].

O-GlcNAcylation in multicellular eukaryotes is a co-translational and/or post-
translational modification (PTM) of nuclear, cytoplasmic, and mitochondrial proteins.
With over 5000 human O-GlcNAcylated proteins identified [2,3], O-GlcNAc is implicated
in adaptive cellular processes including transcriptional activation and silencing [4-6], cell
cycle regulation [7], proteostasis [8-10], nucleocytoplasmic transport [11], protein—protein
interactions [12,13], and signal transduction [14-16]. Numerous studies have demonstrated
that dynamic protein O-GlcNAcylation is a conserved intracellular signaling mechanism
activated by diverse stressors including heat shock [17,18], hydrogen peroxide [17,19],
ammonia [20], lipopolysaccharide (LPS) [21] and hypoxia-reoxygenation [22] in cell culture,
as well as ischemia-reperfusion (I/R) injury [19], pressure overload [23], and trauma-
hemorrhage [24] in animal models. In deciphering the role(s) of O-GlcNAc in the stress
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response, research depicts general protective effects of raising cellular O-GIcNAc lev-
els before or after an acute stress, while reducing cellular O-GIcNAc levels has deleteri-
ous effects [17,19]. Despite general trends demonstrating global increases in O-GlcNAc
levels in response to injury, some stressors decrease O-GlcNAc (for instance, trauma-
hemorrhage [24]), some display complex dynamics in O-GlcNAc cycling (for instance,
oxidative stress in cardiomyocytes [19]), and, in some models, O-GlcNAc levels appear
to increase globally, but protein specific analysis revealed nuanced results (for instance,
oxidative stress in mouse embryonic fibroblasts (MEFs) [25]). In the latter example, changes
in the proteome range from increased O-GlcNAcylation to O-GlcNAc loss [25]. Clearly,
decoding O-GlcNAc cycling is key to understanding how it supports homeostatic control.
After a brief discussion of the synthesis and cycling of O-GlcNAc, we will explore the
impact of regulating global O-GIcNAc levels in different stress models and mechanistic
details of O-GlcNAc control of cell stress pathways available in the literature.

2. The O-GIcNAc Cycle

The O-GlcNAc cycle is mediated by the “writer” O-GlcNAc transferase (OGT), which
uses uridine-5'-diphosphate-N-acetylglucosamine (UDP-GlcNAc) as the sugar donor [1,26],
and O-GlcNAcase (OGA), the “eraser” that hydrolyzes the GIcNAc moiety [1,27]. The dy-
namics of cellular O-GlcNAcylation are dictated by OGT and OGA abundance, enzymatic
activity, localization, and substrate targeting/availability, as well as UDP-GIcNAc levels
(Figure 1) [1].
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Figure 1. O-GIcNAc cycling. O-GlcNAc is cycled on and off proteins by two enzymes: The O-GlcNAc
transferase (OGT) and O-GlcNAcase (OGA), that catalyze the addition and removal of O-GIcNAc,
respectively. OGT uses the nucleotide sugar UDP-GIcNAc, which is synthesized by the hexosamine
biosynthetic pathways (boxed). Commercially available inhibitors of OGT and OGA are highlighted.
Adapted from [1].

2.1. Coordination of UDP-GIcNAc Production in Health and Disease

The hexosamine biosynthetic pathway (HBP) branches off from glycolysis (Figure 1, box),
utilizing a minor fraction of glucose [28], to generate UDP-GIcNAc in a series of anabolic
reactions. UDP-GIcNAc serves as the high-energy sugar donor for a wide spectrum of
glycoconjugates, including intracellular protein O-GlcNAcylation. Flux through the HBP
is limited by the conversion of fructose-6-phosphate to glucosamine-6-phosphate by the
enzyme glutamine:fructose-6 phosphate amidotransferase (GFAT; Gfpt). Controlling the
first committed step of UDP-GIcNAc synthesis [29,30], the mammalian GFAT paralogs have
demonstrated control of global O-GIcNAc levels. For instance, GFAT abundance has been
correlated with enhanced O-GlcNAc levels in an inflammation model [21]; macrophages
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treated with LPS exhibited increased protein O-GlcNAcylation and an increase in GFAT1
abundance. GFAT1/2 is subject to feedback inhibition by UDP-GlcNAc [29,30] and regulation
by multiple kinases. 5’ AMP-dependent protein kinase (AMPK) [31], calcium /calmodulin-
dependent kinase II (CaMKII) [32], and cAMP-dependent protein kinase A (PKA) [33]
exhibit different effects on enzymatic activity or expression depending on the identity of
the modified residue and the GFAT ortholog.

The ensuing steps in UDP-GIcNACc synthesis involve the conversion of glucosamine-6-
phosphate to N-acetylglucosamine-6-phosphate by glucosamine-phosphate N-acetyltransferase
(GNPNAT); N-acetylglucosamine-6-phosphate is then isomerized to N-acetylglucosamine-1-
phosphate by phosphoglucomutase 3 (PGM3); and UDP-N-acetylglucosamine pyrophosphory-
lase (AGX1, Uap1) catalyzes the final step, generating UDP-GIcNAc from N-acetylglucosamine-
1-phosphate and UTP. Two enzymes reduce flux through the HBP: glucosamine-6-phosphate
deaminase 2 (Gnpda2), which deaminates glucosamine-6-phosphate to fructose-6-phosphate
and ammonia [34], and amidohydrolase domain containing 2 (Amdhd?2) that deacetylates
N-acetylglucosamine-6-phosphate [35]. While less is known about the regulation of these en-
zymes, recent work suggests that Amdhd2 is a critical controller of HBP flux in tissues where
GFAT2 is the predominant GFAT paralog [35]. Flux through the HBP can be manipulated by
providing exogenous glucosamine that is imported via the glucose transporter Glut2 or by
adding N-acetylglucosamine, which is taken up by endocytosis (Figure 1, left) [36]. Critically,
changes in HBP flux may alter cellular function by impacting glycoconjugates independent of
O-GlcNAg, including the branching of N-linked glycans [37].

Several lines of evidence suggest that stressors target the HBP. Firstly, in a model of
the unfolded protein response, elevated UDP-GIcNAc and O-GlcNAc levels were coupled
to the enhanced expression and abundance of the HBP enzymes GFAT1, GNPNAT1, and
PGM3 [38]. Secondly, in tissue culture and Caenorhabditis elegans models, increased flux
through the HBP has far-reaching physiological effects that include mediating endoplasmic
reticulum (ER) stress resistance and longevity [39,40]. Lastly, cancer proliferation and
progression occur despite the chronic mechanical stress and hypoxia of the tumor microen-
vironment. Recent studies have pointed to enhanced HBP enzyme expression, notably
Gfpt2 and Uapl, as well as enhanced UDP-GIcNAc levels in cancer models and patient
samples [41,42]. Downregulating HBP enzyme abundance/activity mitigates cancer cell
survival, demonstrating the benefits of HBP rewiring during cancer progression [41].

2.2. O-GIcNAc-Cycling by the Writer/Eraser: OGT/OGA

The mammalian OGT is a multi-functional signaling hub catalyzing protein O-GlcNAcylation
and proteolysis, as well as having non-catalytic functions [4345]. Knockout studies reveal that
mammalian OGT is not only essential for development but critical for post-natal tissue homeostasis.
Notably, OGT deletion in the heart and liver leads to cell death and a maladaptive pro-fibrotic
response post-injury [4648], suggesting a balancing role for OGT in tissue homeostasis.

OGT is able to regulate a broad range of physiological processes due to its extensive
substrate pool [2,3]. Despite lacking a conserved sequon that dictates glycosylation, OGT
substrate selection is mediated via contacts spanning the lumen of the N-terminal tetratri-
copeptide repeat (IPR) domain, with substrates exhibiting differing selectivity among the
many TPR motifs [49-51]. Substrate selection is also driven by the stable binding partners
of OGT [52-54]. The glycosyltransferase and proteolytic activity are contained within the
same catalytic domain housed in the C-terminus [45]. In responding to different cellular
stressors, OGT abundance and/or activity can exhibit transient elevation [17,23,55-58] that
complements the increases in global O-GlcNAc levels. While there are data correlating the
covalent modification of OGT to changes in activity, there is insufficient site information to
identify regulatory hotspots [59-61].

The canonical O-GlcNAcase (OGA) possesses an N-terminal glycosidase domain,
an intervening stalk domain, and a C-terminal histone acetyltransferase (HAT)-like do-
main [62-66]. Like OGT, the canonical OGA exhibits nuclear and cytoplasmic localization,
whereas an isoform lacking the HAT-like domain exhibits mitochondrial and lipid droplet
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association [67-69]. OGA is subject to cleavage by caspase 3 during apoptosis [70,71], and
high-throughput proteomic studies have identified PTMs on the canonical OGA [72-74],
though the effects of these PTMs on activity or substrate specificity are yet to be determined.
OGA is also stress-responsive [56,58]. While global changes in O-GIcNAc levels can exhibit
temporal profiles with stress, increasing and decreasing with time, activity assays demon-
strate that OGA activity can be enhanced despite global enhancement of O-GlcNAc [52,55].
Consistent with these phenomena, proteomic data suggest that O-GIcNAc removal occurs
on some proteins despite the global increase [25].

Several mechanisms are thought to regulate the expression and abundance of OGT
and OGA. MicroRNAs (miRs) have been reported to target both OGT (miR122) and OGA
(mIR539) [75,76]. O-GlcNAc levels also control the maturation of OGT and OGA mRNA by
regulation of detained intron splicing [77,78]. Here, elevated levels of O-GIcNAc inhibit
OGT mRNA maturation and promote OGA maturation, resulting in enhanced OGA and
reduced OGT abundance. Conversely, low levels of O-GlcNAc promote maturation of OGT
mRNA and inhibit that of OGA [77,78]. Although the mechanisms of stress responsive
changes in OGT and OGA protein abundance are currently undefined, detained intron
splicing is a potential mechanism controlling these phenomena, as seen with Clk1/4 stress-
induced intron splicing [79]. In the heart, OGA splicing is impacted by protein arginine
methyltransferase 5 (PRMT5) [80], whose absence from cardiomyocytes leads to cardiac di-
lation, fibrosis, and age-related lethality. Consequently, Prmt5 deficiency leads to decreased
abundance of OGA and increased overall O-GlcNAcylation. Changes in the maturation
of OGA mRNA are also detected in human dilated cardiomyopathy, demonstrating the
importance of maintaining OGA expression for normal cardiac function [80].

While there are thousands of O-GlcNAcylated substrates, there are only two enzymes
that add and remove O-GlcNAc. Residues in both OGT and OGA beyond their respective
active sites provide substrate targeting [45,50,81]; however, it is broadly accepted that
protein interactors also play a role in targeting OGT and OGA to substrates. The potential
of these protein interactors to mediate biology is highlighted by a recent study identifying
protein interactors impacted by pathologic mutations in OGT [82]. Recently, two studies
have addressed changes in OGT and OGA interactors induced by cellular stress [52,55]. A
BiolID proximity labeling approach was employed to reveal the stress-regulated (H,O,/2 h)
interactome of OGA in U20S cells [55]. These studies identified 85 high-confidence OGA
interactors, of which 21 exhibited a greater than 25% increase in their interaction with OGA
upon stress. Further interrogation confirmed the stress-induced interaction of OGA with
fatty acid synthase (FASN), filamin A (FLNA) and heat shock cognate 70 (Hsc70). Notably,
the association of OGA with FAS was inhibitory to its catalytic activity. These data suggest
that protein interactors may inhibit OGA activity during stress, leading to enhanced O-
GlcNAcylation of a subset of proteins [55]. Such data may underpin the nuanced changes
in O-GlcNAcylation highlighted by proteomics experiments [25].

In a complementary study, the stress-induced interactome of OGT was investigated [52].
OGT was enriched from mouse embryonic fibroblasts (MEFs) exposed to oxidative stress
(H20,/1.5 h). Subsequently, proteins were identified and their association with OGT quan-
tified by SILAC proteomics [52]. This analysis revealed 47 baseline interactors of OGT
and 119 stress-induced interactors. The interactors identified did not fall into a specific
functional category but rather encompassed diverse protein classes, including carboxylic
acid metabolism, redox reactions, and glucose and fatty acid metabolism [52]. The screen
identified well-known OGT interactors/substrates such as host cell factor 1 (HCF1) and
protein arginine methyl transferase 4 (PRMT4/Carm1), as well as novel interactors such as
Bag6, a cochaperone involved in protein quality control, and tankyrase 1 binding protein
(Tnkslbpl) involved in DNA double strand break repair and actin filament dynamics. The
diverse spectrum of stress interactors suggests that OGT localizes in various macromolecu-
lar complexes within the cell, enabling broad and rapid effects in response to stress [52].
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3. Impact of O-GlcNAc in Physiological Models of Injury and Pathophysiology

Changes in O-GlcNAc-cycling have been implicated in a host of disease pathologies,
including neurodegenerative disease, cardiomyopathy, numerous forms of cancer, X-linked
disability, and metabolic syndrome [1]. Below, we discuss those pathologies in which the
stress response plays a critical role (Figure 2).
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Figure 2. Mechanisms of Protection and Pathogenesis. Dynamic cycling of O-GlcNAc plays numer-
ous roles in regulating cellular homeostasis and the response to cellular injury (blue). In contrast,
chronic elevation or depletion of O-GIcNAc resulting in aberrant O-GIcNAc cycling is associated
with disease pathogenesis (grey), including cardiomyopathy. Proteins whose function is potentiated
by O-GIcNAc are highlighted in green, whereas those whose function is inhibited are highlighted in
red. Glycoproteins impacted by O-GlcNAc through ill-defined mechanisms are identified in black.
Abbreviations used in this figure: AKT: Protein kinase B; CaMKII: Calcium/calmodulin-dependent
protein kinase II; E-C: Excitation-contraction; eIF2o:: Eukaryotic translation initiation factor 2-Alpha;
elF4G1: Eukaryotic translation initiation factor 4 Gamma, 1; ER: Endoplasmic reticulum; G6PD:
Glucose-6-phosphate dehydrogenase; Gata4d: GATA binding protein 4; GSK33—Glycogen Synthase
Kinase f3; HSP: Heat shock protein; IKK: I-kappa B kinase complex; ISR, Integrated Stress Response;
mPTP: Mitochondrial permeability transition pore; NF-«kB: Nuclear factor kappa B subunit 1; NFAT:
Nuclear factor of activated T cells; O-GlcNAc: O-linked b N-acetylglucosamine; OGA: O-GlcNAcase;
OGT: O-GlcNAc transferase PERK: PKR-like ER kinase; PFK1: Phosphofructokinase 1; PGClax:
Peroxisome Proliferative Activated Receptor, Gamma, Coactivator 1, Alpha; PGK1: Phosphoglyc-
erate kinase 1; PI3K: Phosphatidylinositol-3-kinase; PKA: cAMP-dependent protein kinase; PKM2:
Pyruvate kinase splice isoform 2; PPP, Pentose Phosphate Pathway; Racl: Ras-related C3 botulinum
toxin substrate 1; RIPK: Receptor-interacting serine/threonine kinase; ROS: Reactive oxygen species;
SERCAZ2A: Sarcoplasmic/endoplasmic reticulum calcium ATPase 2; TAB1: TAK1-binding protein 1;
TDP43: Transactive response DNA binding protein 43; ULK1: Unc-51 like autophagy activating
kinase 1; VDAC: Voltage dependent anion channel.
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3.1. Cardiac Development, Physiology, Pathophysiology, and Homeostasis

Mice with germline deletion of OGT are not viable due to impaired stem cell viability
during embryogenesis [83,84]. Conditional deletion of OGT specifically in cardiomyocytes
is compatible with embryonic survival, but the knockout mice have impaired post-natal
survival and develop dilated cardiomyopathy [47]. OGT-deficient mice surviving to adult-
hood have fibrosis, cardiomyocyte hypertrophy, and elevated markers of ER stress [47].
It is likely that the impaired postnatal survival is due in part to cardiac developmental
defects occurring in utero that result in hyper-trabeculation, septal defects, and incom-
plete development of coronary vessels [85]. These defects appear to be associated with
decreased cardiomyocyte proliferation and poor angiopoietin expression but are indepen-
dent of hypoxia-inducible factor-1o (Hiflx) and NK2 transcription factor related locus 5
(Nkx2-5) [85]. While these findings suggest that loss of O-GlcNAcylation impairs the devel-
opment of cardiomyocytes, numerous studies suggest that enhanced O-GlcNAcylation for
prolonged periods of time also disrupts cell and tissue function. For example, abnormally
high levels of O-GlcNAcylation can delay the differentiation of embryonic stem (ES) cells
into cardiomyocytes [86]. Overexpression experiments (OGT/GFAT) in HEK293 cells iden-
tified an inverse relationship between O-GlcNAcylation and protein levels of the master
regulator of cardiogenesis—Nkx2-5 [87] OGT and Nkx2-5 were found to interact in both
HEK?293 cells and mouse hearts [86,87]; however, O-GlcNAcylation was not detected on
Nkx2-5 isolated from cardiac tissue [85]. Other models [88-90], including cardiac mes-
enchymal stromal cells [91], also display an inverse relationship between O-GlcNAcylation
and stem cell differentiation [18-20].

Mice with transgenic overexpression of OGT (cmOGT-Tg) under the myosin heavy
chain 6 (Myh6) promoter (active in cardiomyocytes from middle embryonic to postnatal
development and in adulthood) do not exhibit any overt post-natal developmental de-
fects and lethality but exhibit an early decline in heart function at 6 weeks of age [92]. A
key driver of pathology in the cnOGT-Tg mice appears to be impaired activity of mito-
chondrial Complex I. Importantly, interbreeding cmOGT-Tg with a mouse line expressing
OGA under the Myh6 promoter (cmOGA-Tg) normalizes O-GlcNAcylation levels and
prevents Complex I impairment, suggesting that excess O-GlcNAcylation is detrimen-
tal to Complex I activity [92]. Interestingly, proteomic profiling in cardiac mitochondria
identified numerous subunits of Complex I as targets of O-GlcNAcylation, and acutely
elevating O-GlcNAcylation with Thiamet-G (TMG; OGA inhibitor) boosts mitochondrial
energetics [93]. Similarly, short-term elevation of O-GlcNAcylation by exposing mitochon-
dria to 1,2-dideoxy-2'-propyl-a-d-glucopyranoso-[2,1-d]-A2’-thiazoline (NButGT; OGA
inhibitor) increases O-GlcNAcylation on respiratory complexes, including Complex I, and
enhances its activity and overall mitochondrial respiration [94]. Therefore, short-term
increases in Complex I O-GlcNAcylation appear beneficial to its function, but like stem cell
differentiation, long-term hyper O-GlcNAcylation is detrimental.

Mice with inducible adult-onset OGT cardiomyocyte deletion (I-cmOGT KO) develop
progressive cardiomyopathy that becomes apparent after the first month of tamoxifen
treatment [47]. Investigation at 5 or 10 days post-OGT deletion found that knockout mice
did not have signs of overt cardiac dysfunction but exhibited increased expression of
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and alterations in autophagy mark-
ers [46,95]. Furthermore, I-cmOGT KO cardiomyocytes examined 18-30 days post deletion
had decreased intracellular Ca®* release and contractility, signifying aberrant excitation—
contraction (E-C) coupling [96]. These phenotypes may result from downregulation of
Cay «l and B2 subunits of the voltage-dependent L-type Ca®* channel [96]. Interestingly,
these I-emOGT KO hearts also exhibit increased overall protein ubiquitination and neddy-
lation [96]. The intersection between O-GIcNAc and Ca?* signaling has been previously
noted in cardiac myocytes, where, for example, O-GlcNAcylation affects the aberrant activa-
tion of CaMKII [97,98] and the regulation of store-operated calcium entry via STIM1/Orail
channels [99,100].
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Genetic inactivation of OGA results in perinatal lethality that is associated with re-
duced intrauterine growth, inability to thrive, lung defects, depletion of the liver glycogen
stores, and low levels of circulating glucose [101,102]. Similarly, mice with catalytically
inactive OGA (D285A) show small embryo size and perinatal lethality accompanied by
structural defects in embryonic kidney, liver, and brain [103]. While no major defects in the
cardiovascular system were detected in OGA D285A mice, depleting OGA by 50% in adult
cardiomyocytes (OGA*/~-icko) elevates cardiac O-GlcNAcylation and modestly reduces
ejection fraction at baseline [104]. These data suggest that OGA has important maintenance
roles in the heart and cardiomyocytes. In contrast to these data, overexpression of OGA in
cardiomyocytes (cmOGA-Tg) results in reduced O-GlcNAcylation and slight cardiac hyper-
trophy that is not accompanied by enhanced expression of natriuretic peptide alpha (Nppa)
and myosin heavy chain 7 (Myh7; markers of pathologic hypertrophy) [92]. Consistently,
the cmOGA-Tg heart does not exhibit any significant functional defects at baseline [92].
Collectively, it appears that enhancing the expression of OGA in cardiomyocytes does not
impact the heart function significantly, possibly as O-GlcNAc levels can be controlled by
proteolysis of target proteins and OGT activity /abundance (as discussed above).

Diabetes disrupts O-GlcNAcylation in cardiac mitochondria [105], where several
important foci, including oxidative/phosphorylation subunits, enzymes of the Krebs
cycle and fatty acid oxidation, exhibit widespread changes in their O-GlcNAcylation [93].
Early experiments noted that decreasing O-GlcNAcylation by overexpressing OGA in
cardiomyocytes ameliorates mitochondrial dysfunction caused by exposure to high glucose
and found that this is associated with improved function of respiratory complexes [106].
Viral delivery of OGA in induced pluripotent stem cell (iPSC)-derived cardiomyocytes
limited the mitochondrial dysfunction caused by high glucose [107]. Notably, viral delivery
of OGA to the heart protected against the development of diabetic cardiomyopathy, and
this was correlated with decreased cardiac hyper-O-GlcNAcylation of phosphatidylinositol-
3-kinase (PI3K), protein kinase B (AKT), and sarco/endoplasmic reticulum Ca2+-ATPase
(SERCA2A) [107]. In addition to restoring mitochondrial function and PI3K-dependent
signaling, OGA was found to improve the contractility of myofilaments in diabetic hearts
by removing excess O-GlcNAcylation [108].

The CaZ%t/ calmodulin-dependent kinase CaMKII is a master regulator of acute stress
responses in the heart that phosphorylates and regulates diverse classes of ion channels in
cardiac myocytes. O-GlcNAcylation of CaMKII at Ser280 renders it overactive in the context
of diabetes or hyperglycemia [97,109]. Acute exposure of cardiac myocytes to high glucose
(30 mM) induces the production of reactive oxygen species (ROS) and sarcoplasmic reticu-
lum (SR) Ca?* leaks that can be prevented by inhibition of CaMKII with KN93, inhibition of
OGT (with OSMI-1), or mutation of CaMKII into the O-GlcNAc-resistant Ser280Ala [109].
These effects are consistent with a model where O-GlcNAcylation at 5280 renders CaMKII
overactive, which in turn then increases ROS production via NADPH oxidase and SR
Ca?* leak via phosphorylation of the ryanodine receptor (RyR). Similarly, cardiomyocytes
from diabetic animals exhibit pro-arrhythmogenic action potentials when exposed to high
glucose that are abolished in cardiomyocytes derived from CaMKII Ser280Ala hearts [98].
Ser280 O-GlcNAcylation and overactivation of CaMKII are also implicated in the aberrant
function of sarcolemmal potassium (K*) channels [98]. In this model, overactive CaMKII im-
pacts the abundance, phosphorylation and activity of sarcolemmal K+ channels, decreasing
the net K+ current in diabetic cardiomyocytes. Consistent with the previous observa-
tions, the aberrant regulation of K* channels is prevented in the O-GlcNAcylation-resistant
CaMKII Ser280Ala mutant cardiomyocytes. Intriguingly, a separate line of investigations
examining CaMKII's role in diabetes-induced susceptibility to atrial fibrillation found no
significant protection in mice harboring the Ser280Ala mutation [110]. While this study
found that excess O-GlcNAcylation in the context of diabetes plays a key role in atrial
fibrillation, it highlights that targets other than CaMKII Ser280 are implicated in this
pathogenic mechanism.
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3.2. Pressure Overload Hypertrophy, Myocardial Infarction, and Ischemia Reperfusion Models

In myocardial biopsies of patients with aortic stenosis, O-GlcNAcylation was found to
be elevated, as was the abundance of OGT and OGA, suggesting that O-GlcNAc may play
a role in hypertrophy [111]. The model of pressure overload hypertrophy in mice, or rats,
involves a combination of mechanical and neurohumoral stresses leading to an initially
adaptive growth of the heart and cardiomyocytes, due to active protein synthesis. Follow-
ing the early phase, sustained pressure overload induces maladaptive cardiac remodeling
characterized by myocyte death, fibrosis, ventricle dilation and declining contractility, all
hallmarks of heart failure. Several studies identified increased protein O-GlcNAcylation
due to pressure overload (PO) [23,111-114]. However, PO-dependent O-GlcNAcylation
appears to undergo dynamic regulation, with an increase in the early phase (1 week) and a
decrease to baseline levels in the late phase (6 weeks) [23]. Consistent with a protective role
of O-GlcNAcylation in hypertrophy, I-.emOGT KO hearts subjected to PO exhibit contractile
dysfunction [113,115]. Furthermore, deleting OGT after establishing hypertrophy (18 days
of PO) potently exacerbates dysfunction, indicating protective roles of O-GlcNAcylation
not just in early hypertrophic response but also in cardiac remodeling [115]. In contrast,
administering TMG (OGA inhibitor), did not significantly ameliorate the cardiac hypertro-
phy, and if anything, it elevated the stress marker Nppa [23]. Finally, I-.cmOGA-Tg mice
exhibiting reduced myocardial O-GlcNAcylation were protected from PO hypertrophic
stress [92]. Therefore, the levels of O-GlcNAcylation in the heart are not always predictive
of PO-induced cardiac remodeling, and other parameters such as the stage of hypertrophy
(early or established), the duration (short- or long-term), and magnitude of O-GlcNAc
manipulation are key contributors to the final outcome.

Several studies have investigated whether altering the HBP impacts PO hypertrophy.
GFAT is subject to regulation by AMPK [116]. In this model, AMPK phosphorylates
and inhibits GFAT to limit cardiac O-GlcNAcylation, and this is sufficient to ameliorate
hypertrophy due to PO or isoproterenol (ISO) infusion stress [116]. GFAT is present in
two isoforms; while GFAT 1 is widely expressed, GFAT 2 is expressed selectively in the
cardiac fibroblasts [117]. Overexpression of GFAT 1 in cardiac myocytes exacerbates PO
hypertrophy, while its deletion from cardiomyocytes is protective against hypertrophy
and contractile dysfunction [118]. In addition to GFAT 1, emerging evidence shows that
GFAT 2 is upregulated in hearts subject to ISO stress. Furthermore, concomitant infusion of
ISO with 5-diazo-oxo-norleucine (DON; GFAT inhibitor) ameliorates the stress-induced
hypertrophy together with reduced O-GlcNAcylation levels [119]. Thus, the evidence
currently indicates that targeting the GFAT /UDP-GIcNAc signaling axis can be beneficial by
preventing maladaptive effects of chronic increased O-GlcNAcylation in the stressed heart.
Mechanistically, candidate O-GlcNAc targets impacting the outcome of PO hypertrophy
include the catalytic subunit of PKA and its regulation of phospholamban (a key calcium-
handling protein in the heart) [28], as well as the transcription factors nuclear factor
of activated T-cells (NFAT), GATA Binding Protein 4 (GATA4), Peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGClx), and X-box binding protein 1
spliced (Xbpls) [23,112,113,120]. These molecular targets thus implicate O-GlcNAcylation
in diverse cardiac stress response pathways, including calcineurin and calcium handling,
adaptive gene expression of contractile and metabolic genes, mitochondrial biogenesis, and
the unfolded protein response (UPR).

In addition to PO hypertrophy cardiac stress, O-GlcNAcylation has also been investi-
gated in cardiac remodeling following myocardial infarction (MI). Failing human hearts
biopsied at the time of transplantation exhibit increased O-GlcNAcylation [104]. Similarly,
investigations in animal models with acute MI and heart failure found increased cardiac
O-GlcNAcylation, accompanied by increased OGT and decreased OGA abundance or activ-
ities [46,121]. Consistent with a protective role of O-GlcNAcylation, loss of cardiomyocyte
OGT leads to detrimental cardiac remodeling and heart failure following acute MI [46].
These findings indicate that boosting O-GlcNAcylation exerts a protective role in the context
of MI and heart failure. Nevertheless, mice with partial deletion of OGA in cardiomyocytes,
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while exhibiting increased myocardial O-GlcNAcylation, unexpectedly undergo exacer-
bated myocardial remodeling and dysfunction after MI [104]. These apparently conflicting
outcomes are reminiscent of the findings with pressure overload hypertrophy described
above. There are several potential explanations: non-catalytic roles of OGT and OGA or the
prolonged perturbation of O-GlcNAc-cycling per se (by inhibiting one of the two cycling
enzymes), rather than the net increase or decrease in O-GlcNAcylation, is the detrimental
element that exacerbates cardiac dysfunction during stress.

Myocardial stress resulting from transient I/R injury is one of the first in vivo stress
models that was found to be impacted by O-GlcNAcylation [19]. Initial work focused
on ex vivo cardiac perfusion experiments in which O-GlcNAc levels were found to first
increase during early time points of ischemia, but then to decline at later time points in
ischemia and during reperfusion [122,123]. Maintaining high O-GlcNAcylation levels in
reperfusion, by glucosamine supplementation or OGA inhibition (Figure 1), was shown
to be protective against ex vivo I/R injury [122,124-126]. These data were recapitulated
in vivo by injecting mice with the OGA inhibitor PUGNACc prior to MI, resulting in reduced
infarct size [19]. Increased O-GlcNAcylation was observed in models of acute, prolonged,
and remote ischemic preconditioning, indicating that O-GlcNAcylation may underpin
endogenous cardioprotective pathways [19,56,58].

Opening of the mitochondrial permeability transition pore (mPTP) underlies many
of the pathological outcomes of I/R injury. Consistently, loss of OGT in cardiomyocytes
exacerbates mPTP opening and cell damage [19,127], while enhancing O-GlcNAcylation
(TMG, 18 h) prevents mPTP opening [91]. Similarly, enhancing O-GlcNAcylation (I.P.
injection TMG) in the heart prevents mPTP opening [94]. The mitochondrial protein voltage-
dependent anion channel (VDAC), a potential subunit of the mPTP, has been identified as
O-GlcNAc-modified in the heart [19]. Another potential subunit of the mPTP, the F1F, ATP
synthase [128] is frequently found in cardiac/mitochondrial O-GlcNAcomes [69,94].

3.3. ER Stress Response

The ER stress response, which arises from the accumulation of misfolded proteins
in the ER or ER-calcium depletion, may also mediate cellular responses in an O-GlcNAc-
dependent manner. Early reports in Cos-7 cells and cardiomyocytes found that ER
stress (Tunicamycin, dithiothreitol) augments O-GlcNAcylation [17,129], and boosting
O-GlcNAcylation with OGT overexpression or OGA inhibition reduced expression of ER
stress markers [129]. In vivo, elevated levels of O-GlcNAc in response to ER stress initiated
by myocardial I/R injury are partly attributed to the ER stress signal transducer Xbp1s [38].
Xbpls is induced early in reperfusion (30 min) and acts as a transcription factor that pro-
motes the expression of enzymes within the HBP, raising GFAT1 and UDP-GIcNAc levels at
24 h post-MI [38]. In adipocytes, a key mediator of ER stress, the ER-resident protein kinase
(PERK), was shown to interact with and promote the phosphorylation of OGT, resulting
in the stimulation O-GlcNAcylation of downstream targets at ER-mitochondrial contact
sites [130].

O-GlcNAcylation may directly regulate protein translation, and thus impact ER-stress
responses, by modifying ribosomal proteins and eukaryotic translation initiation factors
(eIF) [131,132]. For example, O-GlcNAcylation was identified on translation initiation
factor elF2«, a key regulator of translation initiation rates [133]. Several studies have
demonstrated that the induction of heat shock proteins (HSPs) is regulated by O-GlcNAc,
with enhanced levels of O-GlcNAc associated with faster induction of HSPs [17,18,134].
One mechanism underpinning this phenotype is O-GlcNAcylation of factor elF4G1 at its
N-terminus (Ser68) [135]. In this model, eIF4G1 interacts with eIlF4E and polyA binding
protein 1 (PABP1) to form stalled pre-initiation complexes containing the small ribosomal
subunit and the Hsp70 mRNA at normal temperatures. However, upon heat stress, e[F4G1
is O-GlcNAcylated and its interaction with eIF4E is relaxed, allowing activation of the
pre-initiation complex and selective translation of Hsp70 mRNA [135].
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Cardiomyocyte-specific deficiency of Ogt is associated with upregulation of ER stress
markers 78 KDa Glucose Regulated Protein (GRP78/BiP) and protein disulfide isomerase
(PDI) [47]. Similarly, Ogt deficiency in pancreatic 3 cells is accompanied by induction of ER
stress markers including CCAAT /enhancer-binding protein homologous protein (CHOP)
and GRP78 [136]. Haploinsufficiency of Chop in the context of pancreatic Ogt deficiency
is protective against injury and the development of glucose intolerance [136]. Further
investigation in pancreatic 3 cells found that the translation initiation scaffold protein
elF4G1 undergoes O-GlcNAcylation (Ser61), and this is important for its stability and
downstream expression of pancreatic carboxypeptidase E (CPE), a key insulin-processing
enzyme [134].

While loss of O-GlcNAcylation appears to contribute to the induction of ER stress that
can be deleterious to cellular function, there is also evidence that excess O-GlcNAcylation
is a trigger of ER stress. For example, glucose deprivation significantly elevates O-
GlcNAcylation in cardiac myocytes and induces ER stress markers including increased
phosphorylation of PERK and accumulation of GRP78 and CHOP proteins [137]. In that
setting, activation of ER stress appears to be downstream of increased intracellular Ca®* and
activation of the calmodulin-dependent phosphatase calcineurin [137]. Nevertheless, many
details remain unknown on how glucose deprivation stimulates O-GlcNAcylation and
whether this is a cause or a correlate of ER stress. In other cell experiments, glucose depriva-
tion induces the expression of OGT [138], an effect that is mediated by AMPK, and promotes
the interaction of p38 MAP kinase with OGT that targets the latter to substrates [54]. The
translational repressor elF4E binding protein 1 (4E-BP1) undergoes O-GlcNAcylation in
diabetic retinopathy, and this promotes its stabilization and interaction with eIF4E [139].
Enhanced elF4E/4E-BP1 interaction strongly suppresses the translation of mRNAs that
require a 7-methyl guanosine cap structure for their translation and favors cap-independent
translation [140]. Consistently, enhancement of O-GlcNAcylation in the retina by OGA
inhibition (TMG) globally alters the patterns of mRNA translation, leading to suppression
of mitochondrial proteins and enhanced production of mitochondrial ROS [141].

3.4. Trauma Hemorrhage

Despite advances in emergency medicine, traumatic hemorrhage (TH) resulting from
traffic accidents or conventional warfare remains a leading cause of death. Severe injury
and hemorrhagic shock can induce hyperglycemia, which is thought to be an adaptive
mechanism [140,141]. Based on the observation that flux through the HBP increased
in response to hyperglycemia, the role of O-GIlcNAc in trauma hemorrhage has been
examined. Early studies found that protein O-GlcNAcylation remained unchanged in
the heart and brain in a rat model (90 min hemorrhage, 60 min fluid resuscitation, 2 h
recovery) [142]. Nevertheless, increasing O-GlcNAcylation by glucosamine treatment or
OGA inhibition (PUGNACc) was associated with improved cardiac function and peripheral
organ perfusion with [24,142] or without fluid resuscitation [143]. The protective effects of
glucosamine were associated with reduced inflammatory markers including tumor necrosis
factor-alpha (Tnfa) and Interleukin 6 (IL6) mRNAs, NF-kappa-B inhibitor alpha (IxBo)
phosphorylation, and nuclear localization of nuclear factor NF-kappa-B (INF-kB) [144].
Mechanistic information on how O-GlcNAcylation attenuates NF-«kB signaling in the TH
heart remains elusive. Interestingly, existing evidence suggests that NF-«B is activated
directly by O-GlcNAcylation [145,146]. Further studies investigating the effect of metabolic
manipulation (glucosamine) and OGA inhibition (PUGNAC) on survival found that while
both treatments had a significant impact on survival 24 h after hemorrhagic shock (from
53% to 85% and 86%, respectively), only OGA inhibition protected the heart as well as the
liver and the lungs [147]. Further investigation is necessary to fully elucidate how acutely
elevating O-GlcNAcylation mitigates the proinflammatory responses activated by trauma
hemorrhage in the various tissues.

In septic shock models (endotoxemia induced by LPS injection or cecal ligature and
puncture), the treatment with the OGA inhibitor NButGT (3 or 24 h after shock induction)
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increased O-GIcNAc levels in the heart and ameliorated pathologic parameters including
depressed ejection fraction, shock-induced tachycardia, and the release of creatinine, as
well as improving survival [148]. The expression of inflammatory markers (IL6, Tnfa)
in the heart was not significantly impacted by NButGT, although NButGT significantly
prevented a shock-induced increase in the abundance of SERCA2A. Follow-up studies
using proteomic approaches found several proteins exhibiting differential O-GlcNAcylation
upon septic shock and treatment with NButGT [149]. Among these were heat shock proteins
(HSP70, HSP27), mitochondrial respiratory subunits, metabolic enzymes (Protein disulfide-
isomerase A4 and ATP-citrate synthase), and components of the contractile apparatus
and cytoskeleton (Tubulin alpha, Troponin C, Lamin A) [149]. Finally, a transcriptomic
analysis of this model revealed differential expression of genes participating in mitogen-
activated protein kinase (MAPK), NF-«B and Janus kinase-signal transducer and activator
of transcription (JAK-STAT) signaling pathways [150]. However, while these pathways
were strongly impacted by LPS endotoxemic stress, they were not affected by NButGT
treatment. One explanation is that the short window of OGA inhibition (2 h, NButGT) does
not sufficiently capture early O-GlcNAc-related changes in gene expression [150]. Together,
these studies highlight a beneficial role of O-GlcNAcylation in septic shock and imply that
its beneficial effects in the early phase are likely attributable to direct O-GlcNAcylation on
diverse cardiac proteins across multiple different functional classes.

3.5. O-GIcNAc Cycling Resists Proteotoxic Aggregation in Neurodegenerative Diseases

Proteostasis dysfunction is one of the commonalities of neurodegenerative diseases
that reflects an imbalance in the networks controlling synthesis, folding, trafficking, and
degradation of the proteome. While the affected proteins are disease-specific, the formation
of protein aggregates/inclusion bodies in different compartments typifies the proteotoxic
insult, altering biomolecular interactions, and sequestering/mislocalizing cellular proteins,
causing an imbalance in cellular processes [151,152]. Prime examples include the trapping
of chaperones and proteasome components in inclusions [153]. Defects in protein quality
control and mitochondrial function exacerbate the deleterious effects of the inclusion bodies,
eventually leading to cell death.

3.5.1. Alzheimer’s Disease

Collapse of proteome stability in Alzheimer’s disease (AD) is typified by the extra-
and intraneuronal accumulation of amyloid-f3 (Af) plaques and intracellular Tau inclu-
sions, also known as the neurofibrillary tangle (NFT). Premature neurodegeneration in a
conditional deletion of Ogt in the adult mouse forebrain displayed pathogenic processing
of Tau and amyloid precursor protein (APP) despite lacking a disease-prone genetic back-
ground [154]. This observation suggests that O-GlcNAc signaling functions as a general
safeguard for proteome stability. Further evidence supporting a role for O-GIcNAc in
buffering proteotoxicity was seen in patient samples where global O-GlcNAc levels and/or
OGT expression were suppressed relative to control samples [155,156]. Quantitative pro-
teomic data suggest that the impact of AD on O-GlcNAc is more nuanced, indicating
altered, reduced, and enhanced, O-GlcNAcylation of proteins in AD patients. The altered
proteins in question belong to diverse classes including synaptic structural proteins and
regulatory mRNA binding proteins [157,158]. These data suggest that O-GlcNAc likely
mitigates neurodegeneration through multiple pathways; however, to date, the focus of
most functional studies has been on Tau and APP.

Following the initial observation of Tau O-GlcNAc modification in vitro [159], analysis
of AD patient samples revealed a significant reduction in global O-GlcNAc levels and
a decrease in Tau O-GlcNAcylation [157,160]. Site-mapping of in vitro O-GlcNAcylated
recombinant Tau identified multiple sites including Ser400, which was observed in mouse
and rat lysate using a site-specific Tau Ser400 O-GIcNAc antibody [161,162]. In vitro
aggregation studies provide insight regarding how direct O-GlcNAcylation resists Tau
derangement. The direct O-GIcNAc modification of Tau significantly lowered its aggre-
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gation propensity, without adversely affecting its canonical functions [162-164]. In vivo
evidence also supports a role for O-GlcNAcylated Tau resisting aggregation. In mouse
models, elevating O-GIcNAc levels suppressed Tau NFT formation, neuronal loss, and
neurobehavioral decline. This is exemplified in studies employing OGA inhibitors: TMG
and MK-8719 [162,165-167].

The role of O-GlcNAc in regulating Tau proteostasis takes on more dimensions when
considering the complex interplay of the Tau PTMs, including phosphorylation, acetylation,
methylation, and ubiquitination in directing Tau fate [168]. Hyperphosphorylation of
Tau is a signature of AD progression. Elevating O-GlcNAc by inhibiting OGA (TMG)
in PC-12 cells and healthy mouse and rat brains not only raised Tau O-GlcNAcylation
but also reduced Tau phosphorylation at multiple sites [157,169]. Suppressing Tau O-
GlcNAcylation via starvation in mice increased Tau phosphorylation [157,160]. Collectively,
these data suggested that O-GIcNAc may suppress aggregation by negatively impacting
phosphorylation. However, a reduction in Tau phosphorylation in response to raising
cellular O-GlcNACc levels has not been universally reported: while two studies observed
reduced phosphorylation of Tau in response to OGA inhibition (TMG, MK-8719) in rTg4510
mice [166,170], phosphorylation was not markedly affected in the JNPL3 and Tau.P301L AD
mouse models (TMG) [162,165]. The inverse relationship between Tau O-GlcNAcylation
and phosphorylation in the aforementioned studies may reflect PTM interplay that is more
relevant to normal physiology, as the observations were made in the absence of the AD
pathological factors. Further efforts will be needed to ascertain the information encoded by
physiological Tau O-GlcNAcylation given the diverse interactors Tau encounters [171,172].

The tauopathy animal studies present multiple possibilities regarding O-GlcNAc sup-
pression of Tau aggregation. The inverse trends reflected in reducing insoluble Tau while
increasing O-GlcNAc-modified Tau may be the direct result of enhanced conformational
stability as observed in the in vitro models. Given the fast aggregation kinetics of hy-
perphosphorylated recombinant Tau [173], the inconsistencies in the in vivo crosstalk
of Tau phosphorylation and O-GlcNAc suggest that other O-GlcNAc-regulated path-
ways may participate in suppressing aggregation. Macroautophagy (autophagy) and
chaperone-mediated autophagy (CMA) both function in Tau clearance (soluble and aggre-
gates) [174,175] with autophagy-related genes (ATGs) and other regulatory proteins subject
to O-GIcNAc cycling [176,177].

In addition to Tau, f-amyloid deposition in animal AD models was also responsive
to global changes in neuronal O-GlcNAc levels. The cellular fate of APP is determined by
many layers of proteostasis, including trafficking, intramembrane proteolysis, and lysoso-
mal degradation. Widely expressed in the brain, APP is a transmembrane glycoprotein that
functions in neurite outgrowth, synaptogenesis, and plasticity [178]. A type-1 membrane
protein, the APP N-terminus is extra-cellular, and the short C-terminus is cytosolic. Physio-
logical and pathophysiological APP processing entails proteolysis at different subcellular
locations: two sites in the extracellular domain catalyzed by either «- or (3-secretase and
intramembrane cleavage by y-secretase. The reputed non-amyloidogenic processing in-
volves cleavage by x-secretase liberating a soluble fragment (SAPP«), followed by cleavage
of the membrane-bound fragment by y-secretase generating the extracellular p3 peptide,
disfavoring amyloid-f peptide (AB) formation. It should be noted that there is debate
regarding the amyloidogenic potential of the p3 peptide that aggregates in vitro and in
patient plaques [179,180]. The “classic” amyloidogenic processing involves sequential
proteolytic events by (- and y-secretase producing soluble APPB (sAPPf3) and the well-
studied AP deposited in AD patients. APP trafficking between the plasma membrane, the
trans-Golgi network, and endosomes modulates cleavage events; x-secretase proteolysis
occurs preferentially at the cell membrane, while endocytic trafficking favors A3 generation.
Raising cellular O-GlcNAc levels with OGA inhibitors (NButGT, TMG, and PUGNACc) in the
AD-susceptible 5XFAD mice and tau/APP mice enhanced cognitive performance, reduced
Ap peptide levels, and suppressed amyloid plaque deposition [181,182]. Underlying these
observations, y-secretase, crucial for extracellular A3 production, displayed lower activity
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in brain lysates of 5XFAD mice treated with NButGT [182]. The proposed regulatory mech-
anisms suppressing amyloid deposition include suppressing y-secretase activity via direct
O-GlcNAcylation of the nicastrin subunit at Ser708 [182], increased non-amyloidogenic
processing of APP as indicated by higher sAPPa secretion [183], and suppressed endocyto-
sis of amyloidogenic peptides associated with APP O-GlcNAcylation [184-186]. Though
the end results of reduced amyloid plaque deposition and neuronal death were observed
across numerous studies, divergence in the proposed protective mechanisms may reflect
the differences in the model systems utilized for the studies, as well as the influence of
other O-GlcNAc-regulated pathways activated by OGA suppression.

3.5.2. «-Synuclein O-GlcNAcylation Suppresses Aggregation and Prion-like Behavior That
Typifies Parkinson’s Disease

Highly enriched in presynaptic terminals, o-synuclein regulates vesicle fusion and
neurotransmitter release in normal physiology [187]. Current research indicates that physi-
ological a-synuclein is subject to dynamic equilibrium between an unstructured monomer
and an x-helical multimer [188-190], with multimerization implicated in binding the synap-
tic vesicle membrane. Misfolded x-synuclein oligomers accumulate in neuropathology,
causing progressive synaptic dysfunction, membrane permeabilization, prion-like cell-
to-cell spreading, and eventual neuronal death. The insoluble intracellular Lewy bodies
formed by misfolded o-synuclein oligomers are one of the proteotoxic aggregates that are
characteristic of advanced-stage Parkinson’s disease. The pathogenic a-synuclein has been
directly linked to diverse gene modifications (missense mutations and gene multiplica-
tion) and some PTMs [191,192]. Unlike the disease-associated PTMs, O-GlcNAcylation
represents a subset of the protective PTMs identified.

Multiple O-GlcNAc sites on a-synuclein have been identified in mice and humans, in-
cluding Thr72, Thr75, Thr81 and Ser87 [193]. Elevating global O-GlcNAcylation (TMG) has
been demonstrated to enhance x-synuclein abundance in neurons, pointing to the potential
of O-GlcNAc to promote neuronal death [194]. However, the majority of data from studies
of site-specific O-GlcNAcylation suggest that O-GlcNAc suppresses x-synuclein aggrega-
tion and toxicity. In vitro aggregation studies utilizing synthetic -synuclein demonstrated
that the homogeneous O-GlcNAcylation of Thr72 suppresses aggregation of homoge-
nously modified a-synuclein, without affecting «-helical multimerization upon mem-
brane binding [195,196]. In addition, modification of a-synuclein Thr72 with O-GlcNAc
slowed aggregation in heterogenous mixtures with low percentages of modified synu-
clein. Homogeneous O-GlcNAcylation of Ser87 also hindered aggregation without nega-
tively affecting membrane binding, though with lower effectiveness compared to Thr72
O-GlcNAcylation [196,197]. Analyses of the aggregation propensity of a-synuclein ho-
mogenously O-GlcNAc-modified at the other known sites (Thr75, Thr81) revealed that the
O-GlcNAc modification generally hindered aggregation in vitro, with site-specific differ-
ences in aggregation kinetics. Notably, modification at Thr81 displayed the most inhibitory
effect [196].

In addition to suppressing formation of misfolded oligomers, O-GlcNAc cycling was
shown to restrict the prion-like behavior of x-synuclein oligomers [195,198]. The latter
was demonstrated using different approaches: (1) The cytotoxicity of aggregates generated
from unmodified or O-GlcNAcylated (Thr72) a-synuclein was assessed in neuronal culture;
(2) unmodified x-synuclein fibril uptake was measured in neuroblastoma culture in which
cellular O-GIcNAc levels were up- or downregulated. The exogenous addition of O-
GlcNAcylated a-synuclein aggregates did not produce significant toxicity compared to
the unmodified «-synuclein aggregates [195]. Fibril uptake of unmodified «-synuclein
was restricted when cellular O-GIcNAc levels were upregulated via OGA inhibition or
knockdown, while downregulating O-GIcNAc levels, via OGT inhibition, enhanced fibril
uptake [198]. The neuroprotective effects garnered via a-synuclein O-GlcNAcylation or
enhanced cellular O-GIcNAc levels suggest that the direct modification makes a-synuclein
a less suitable endocytic cargo and raising O-GlcNAc levels blunts the endocytic route
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utilized by «-synuclein oligomers. OGA inhibition did not impede endocytosis of other
cargo, including cholera toxin and HIV-1 Tat [198]. Towards uncovering how enhancing
cellular O-GlcNAc blocks the endocytic route, chemical synthetic methodology may be
highly advantageous. Cell surface proteins have been implicated in a-synuclein fibril
internalization [199-201]; as such, the inclusion of photo-reactive crosslinking residues on
the exposed surface of a-synuclein fibrils could help identify the molecular interactions
that promote internalization and are disrupted by raising cellular O-GIcNAc levels.

3.5.3. O-GIcNAc Modification of Transactive Response DNA Binding Protein 43 Resists
Aggregation Observed in Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by
progressive motor deficits due to motor neuron loss. Initially classified for the presentation
of motor dysfunction, clinical manifestations in up to half of patients highlight a multi-
system degeneration with more than 20 genes implicated in ALS [202,203]. Cytoplasmic
proteotoxic insults are a common signature of ALS with several different aggregating
proteins identified, including superoxide dismutase 1 (SOD1), fused in sarcoma (FUS),
and transactive response DNA binding protein 43 (TDP-43), a focal point in the study
of disease pathogenesis. TDP-43's physiological roles encompass RNA stability, splicing,
transcription, and gene regulation. Liquid-liquid phase separation of physiological TDP-43
has been linked to RNA binding, whereas pathological TDP-43 forms gel-like to solid
inclusions with nonfunctional sequestration of ubiquitin and proteasome components and
other aberrant biomolecular interactions [153,204].

Given the role of PTMs in modulating biomolecular condensates and protein aggrega-
tion, research into TDP-43 has identified covalent modifications affecting functional activity,
nucleocytoplasmic distribution [205] and phase transitions [206,207]. A recent report from
Zhao et al. [208] demonstrated the O-GlcNAcylation of endogenous TDP-43 in SH-SY5Y
cells. TDP-43 O-GlcNAcylation was responsive to alterations in global O-GlcNAcylation via
overexpression of wildtype and catalytically inactive OGT and OGA or treatment with OGT
and OGA inhibitors (OSMI-1 and TMG). Enhancing TDP-43 O-GlcNAcylation suppressed
aggregation in yeast and mammalian cells. Mutations of TDP-43 at Thr199 and Thr233
compromised TDP-43 O-GlcNAcylation, reduced alternative RNA splicing capacity, and
partially rescued locomotor defects in Drosophila melanogaster relative to wildtype TDP-43
overexpression. New questions arise regarding pathogenesis—Do ALS features reflect the
toxic biomolecular interactions due to TDP-43 aggregation, or is impaired RNA processing
the more significant contributor?

Studies indicate that ROS accumulation in ALS [209] is a contributing factor in TDP-43
aggregation [210,211]; therefore, suppression of ROS accumulation offers another method
of ameliorating TDP-43 aggregation observed in both sporadic and familial ALS [212,213].
Deletion of the nonselenocysteine-containing phospholipid hydroperoxide glutathione
peroxidase (NPGPx or GPx7) in mice phenocopies the locomotor deficits and motor neuron
degeneration characteristic of ALS [211]. The NPGPx/GPx7 knockout mice also exhibit
a dramatic reduction in global O-GlcNAc levels consistent with the reduced O-GIcNAc
levels in the mutant SOD1 ALS mouse model [214]. Raising cellular O-GlcNAc levels
via OGA inhibition (TMG) suppressed motor neuron loss, and locomotion deficits were
improved in the NPGPx/GPx7 knockout mice [215]. These data strongly indicate that
aberrant O-GlcNAc cycling contributes to the ALS phenotype. OGA inhibition (TMG)
reduced ROS levels and cell death in cells depleted of NPGPx/GPx7, implicating O-GlcNAc
signaling in downregulating ROS accumulation [215]. Given that ROS is a contributing
factor in TDP-43 aggregation, O-GlcNAc signaling may confer TDP-43 conformational
stability by downregulating cellular ROS levels in addition to stabilization via TDP-43
O-GleNAc modification.
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4. Other Stress-Responsive Pathways Regulated by O-GlcNAc

The advent of high-sensitivity mass spectrometers, the development of fragmentation
techniques that preserve the glycan attachment sites, and the optimization of appropriate
enrichment strategies have led to many publications describing the O-GlcNAcome in cells
and tissues basally or after exposure to physiological or pathological stimuli. As a result of
the growing information, recent efforts have organized the O-GlcNAcome (target proteins
and sites) in the form of searchable databases [2,3]. These databases suggest that more than
5000 human proteins are modified by O-GlcNAc, and that these proteins fall into functional
classes including RNA metabolism, cellular responses to external stimuli, amino acid and
protein metabolism, cell cycle regulation, development, and signal transduction [3].

One mechanism for identifying proteins that underpin the cytoprotective role that O-
GlcNAc plays is to identify proteins whose O-GlcNAcylation is cycled in response to injury.
At least four studies have addressed this goal, using antibodies that recognize terminal
BGIcNAc residues (CTD110.6) [216], antibodies that demonstrate high specificity for O-
GlcNAc and variable dependency on the peptide backbone [217], or metabolic labeling
of glycans in cells with clickable unnatural O-GlcNAc analogs [218]. These approaches
have been applied to models that include trauma hemorrhage (rat liver) [217], oxidative
stress in MEFs (H,O;; 1 and 2 h) [25], heat shock in Cos-7 cells [219], and Adriamycin
genotoxic stress in human breast cancer cells. These studies suggest that hundreds of
proteins are temporally targeted by both OGT and OGA. Several themes have emerged,
including identification of proteins from pathways regulating protein folding (HSPs),
chromatin regulators, transcription regulation, vesicle transport (Cop II vesicle transport
proteins), nuclear pore proteins, metabolic enzymes, methyltransferases, oxidative stress
(SOD1, Thioredoxin and Gsta2), RNA biogenesis, and DNA damage-dependent protein
kinase [25,217-219]. These data support the hypothesis that O-GlcNAc cycling in response
to stress remodels cellular pathways impacting survival. The impact of O-GlcNAc on a
subset of proteins has been discussed above with respect to disease pathogenesis; below, we
address the role of O-GIcNAc in the regulation of pathways critical to responding to injury.

4.1. O-GIcNAc Cycling Mediates Pro- and Anti-Inflammatory Signaling
4.1.1. The Role of O-GlcNAcylation in the Activation and Resolution of the
Inflammatory Response

An integral component of physiology, inflammation is a response to perturbations
meant to restore tissue homeostasis. The classic inflammatory response is triggered by
environmental factors, including traumatic damage, exogenous molecules, and invading
pathogens; however, genetic susceptibility and metabolic derangement are also contribut-
ing factors seen in chronic inflammation [220,221]. The acute inflammatory response is
characterized by the induction of chemokine and cytokine expression, vasodilation and
increased vascular permeability, granulocyte recruitment to the site of inflammation, neu-
tralization and removal of pathogenic agents, and ultimately the resolution or termination
of the inflammatory response [222]. The intercellular chemokine—cytokine communica-
tion network is key to directing immune cell and non-immune cell-activity for pro- and
anti-inflammatory outcomes.

Several studies have detailed the involvement of protein O-GlcNAcylation in mediat-
ing the pro-inflammatory signaling cascades at multiple points. For instance, the activation
of Transforming growth factor (3-activated kinase 1 (TAK1), a pro-inflammatory transducer,
requires O-GlcNAcylation of a cognate binding partner for full activation [15]. TAK1 ac-
tivation is regulated by various pro-inflammatory agents, including interleukin-2 (IL-2),
transforming growth factor-p (TGF-$3), TNF«, LPS, the Toll-like receptors, CD40 and B
cell receptor (BCR) [223,224]. These pro-inflammatory molecules mediate TAK1 activation
via autophosphorylation, which then phosphorylates several targets in the inflammatory
signaling cascade: mitogen-activated kinase kinases (MKK) 3/6, MKK4/7, and the I-kappa
B kinase (IKK). This signaling cascade culminates in the upregulation of inflammatory
genes under the control of the transcription factors AP-1 and NF«kB [225,226].
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In addition to autophosphorylation, TAK1 activation is also regulated by the O-
GlcNAcylation of its binding partner TAK1-binding protein 1 (TAB1) [15]. The func-
tional TAK1 complex consists of the constitutively bound regulatory subunit TAB1 and
context-dependent association of TAB2 or TAB3. TAB4 enhances TAK1 autophosphory-
lation and forms a stable complex with TAK1 and the other TABs in neutrophils. The
covalent modification of TAB1-3 has differential effects on TAK1 activity, adding multiple
layers of complexity to TAK1 regulation [223]. A recent study showed that TAB1 under-
goes O-GlcNAcylation in vivo in response to hyperglycemia as well as IL-1 and osmotic
stress, demonstrating that TAB1 O-GlcNAcylation is controlled by activators of TAK1
signaling [15]. The TAB1 O-GlcNAcylation site was unequivocally identified as Ser395,
using mass spectrometry and mutational analyses. More significantly, the TAB1 Ser395Ala
mutant revealed a significant reduction in TAK1 kinase activity, IkBx phosphorylation,
NF«kB transcriptional activity, and IL-6 and TNF« secretion compared to wildtype cells [15].
Clearly, TAB1 O-GlcNAcylation is required for full TAK1 activation, NFkB activation and
cytokine secretion. Immunoprecipitated endogenous TAB3 from MDA-MB-231 cells was
O-GlcNAcylated [227], and proteomic datasets point to O-GlcNAcylation of TAB2 [228].

Pro-inflammatory events downstream of TAK1 activation also utilize O-GlcNAc sig-
naling as a positive regulatory mechanism. Yang and co-workers (2008) have highlighted
the importance of direct O-GlcNAcylation of RelA/p65 in upregulating the transcrip-
tional activity of the NFkB complex in rat vascular smooth muscle cells (VSMCs). Condi-
tions enhancing cellular O-GlcNAc levels, including hyperglycemia and OGA inhibition
(PUGNALC), increased NF«B O-GlcNAcylation and transcriptional activity [145,229]. To-
wards delineating the mechanism of O-GlcNAc-dependent NF«kB activation, Yang et al.
(2008) demonstrated that the O-GlcNAcylation of p65/NFkB destabilizes its interaction
with the inhibitor of nuclear factor kappa B (IkB) protein in the cytosol. Disruption of
this interaction unmasks the NF«B nuclear localization signal and culminates in increased
nuclear translocation of p65, as seen in the scenario of hyperglycemia-induced NF«B acti-
vation. Mutation of a major p65 O-GlcNAc site, Ser352, lowered the nuclear localization
and transcriptional activity of NFkB. O-GlcNAcylation of the c-Rel subunit at Ser350 was
also shown to promote transcriptional activity [229].

Disruption of the inhibitory NF«B-IkB complex is also achieved via O-GlcNAcylation
of IKK, a pro-inflammatory regulator [230]. IKK specifically phosphorylates IkB, pro-
moting the dissociation of IkB from NF«B and the degradation of the IkB protein. IKKf{3
O-GlcNAcylation was induced under high glucose conditions in MEFs, human fibroblasts
and NIH 3T3 cells. Enhanced IKKf O-GlcNAcylation corresponded to increased phos-
phorylation of Ser181 in the IKK activation loop. Interestingly, mutation of Ser733 (57334,
S733E) significantly abates IKK O-GlcNAcylation. As Ser733 is a reported inhibitory phos-
phorylation site for IKK [231,232], it likely participates in direct or indirect PTM crosstalk
with IKK O-GlcNAcylation. Either Ser733 is phosphorylated or O-GlcNAc-modified in a
mutually exclusive fashion, or Ser733 is needed for recognition of a proximal O-GlcNAc
site that was disrupted by the point mutation in the study.

Neutrophils are recruited to sites of inflammation, moving towards high chemoattrac-
tant concentrations. The bacterial chemoattractant N-formyl-methionine-leucine-phenylalanine
(fMLP) rapidly enhanced polymorphonuclear leukocyte (PMN) protein O-GlcNAcylation within
1 min of stimulation, with O-GIcNAc levels returning to resting levels after 10 min [233].
fMLP-induced O-GlcNAc signaling highlights the responsiveness of O-GlcNAc-cycling
enzymes to this G-protein coupled receptor (GPCR)-mediated pathway. Furthermore, en-
hancing UDP-GIcNAc levels and global protein O-GlcNAcylation (glucosamine) increased
basal and fMLP-induced chemotaxis [233]. Subsequently, the authors identified elements
of chemotactic signaling that displayed upregulated activity in response to enhanced cellu-
lar O-GlcNAcylation. During neutrophil chemotaxis, the Racl guanosine triphosphatase
(GTPase) is key to direction sensing. Indeed, Racl was rapidly activated following fMLP
stimulation in neutrophils [234]. Elevating the O-GlcNAc level using metabolic manipula-
tion (glucosamine) and OGA inhibition (PUGNAc) augmented Racl activity under basal
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and fMLP stimulation. Raising cellular O-GIcNAc levels also enhanced activation of Racl
downstream effectors, p38 MAPK and p44/42 MAPK, under basal and fMLP induction. At
present, it is unclear which components of the Racl motility signaling pathway undergo
O-GlcNAc cycling during chemotaxis, though OGT was shown to interact with p38 MAPK
in other biochemical contexts [54]. Further experimentation on Racl motility signaling may
yield definitive O-GlcNAc-modified targets regulating chemotaxis.

Intriguing molecular details pertaining to the role of O-GlcNAcylation in inflam-
mation resolution have been discovered. A prime example is the effect of receptor-
interacting serine/threonine kinase 3 (RIPK3) O-GlcNAcylation in suppressing inflamma-
tion and necroptosis in myeloid-derived cells [235]. The NLRP3 inflammasome functions
in pro-inflammatory cytokine maturation, and RIPK3 is a key activator of the inflamma-
some [236,237]. Septic inflammation and mortality were heightened in mice engineered
with myeloid-specific Ogt deletion. OGT inhibition (OSMI-1) in bone marrow-derived
macrophages (BMMs) from wildtype mice also displayed heightened inflammation with
significant LPS-triggered cytokine production [238]. The hyperinflammation cytokine pro-
file was mirrored in the Ogt-deficient BMMs, further validating the role of OGT function in
suppressing inflammasome activation [235]. RIPK3 activation was notably upregulated
in the Ogt-deficient BMMs, and loss of RIPK3 suppressed the hyperinflammation profile
of OGT-deficient BMMSs. The authors demonstrated that RIPK3 was O-GlcNAc-modified
in wildtype BMMSs but not in the Ogt-deficient BMMs. Mass spectrometry identified
several potential O-GlcNAcylation sites, including Thr467. Consequently, mutation of
Thr467 enhanced RIPK3 activation, downstream signaling and cytokine expression with
LPS stimulation [235].

As early as 1980, several reports indicated that increased HBP flux has anti-inflammatory
potential, as metabolic manipulation with glucosamine and N-acetylglucosamine exerted
a suppressive effect on inflammation. In models of osteoarthritis, glucosamine has been
shown to reduce the expression of Cox-2, a source of pro-inflammatory prostaglandins,
IL-2, and IL-6 [239,240]. Another hallmark of inflammation is the expression of matrix
metalloproteinases (MMPs), especially MMP-2, -3, -9 and -12, which are not only induced
in response to inflammation activation but are also implicated in chemokine and cytokine
processing to regulate their function. Like the cytokines, MMP expression is downgraded
in response to metabolic manipulation (glucosamine) [241]. For example, UVB induction
of the collagenases, MMP-1 and MMP-13, was downgraded as a result of short-term glu-
cosamine administration [242]. Though the mechanism(s) by which O-GlcNAc suppresses
inflammation-responsive MMPs have not been delineated, MMP transcription factors have
been shown to be O-GlcNAc-modified [243]. Investigating the differential O-GlcNAcylation
of these transcription factors will be crucial in uncovering how O-GlcNAc signaling regu-
lates MMP expression in inflammation. O-GlcNAc control of MMP expression may have
broader implications in mammalian physiology, given the role of MMPs in differentiation,
wound-healing and tumorigenesis [244-246].

Additional evidence in support of the anti-inflammatory effects of O-GlcNAcylation is
exemplified by the effects of enhancing HBP flux on phytohemagglutinin (PHA)-induced
inflammation in Jurkat T cells [247]. Glucosamine administration was shown to attenu-
ate IL-2 release in a dose-dependent manner, whereas glucose had a negligible effect on
IL-2 levels. This effect was due to the abrogation of NFAT, the cognate IL-2 transcrip-
tion factor, with metabolic manipulation (glucosamine). The authors provided strong
evidence that the subsidence of inflammation is regulated by O-GlcNAc signaling, as the
O-GlcNAcase inhibitor, PUGNALC, significantly reduced IL-2 production in the absence of
glucosamine. Xing et al. (2011) also demonstrated a role for O-GlcNAc in inflammation
resolution [248]. Consistent with other reports, metabolic manipulation (glucosamine) and
OGA inhibition (PUGNACc) enhanced O-GlcNAcylation of p65/NF«B in TNFx-induced
inflammation; however, in this scenario, NFkB DNA binding and transcriptional activity
were impaired in rat aortic smooth muscle cells. Gene expression analysis of the anti-
inflammatory mechanism of glucosamine in synovial cells proposed O-GlcNAc-dependent
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and -independent programs. This conclusion was drawn by comparison of the expression
profiles of glucosamine-treated cells exposed to alloxan, a nonspecific OGT inhibitor [249].
The recent development of the highly selective OGT inhibitor series, OSMlIs, will aid in
clarifying the anti-inflammatory mechanism O-GlcNAc cycling [250].

4.1.2. Integrated Stress Response (ISR)

The integrated stress response (ISR) is a conserved stress-adaptive pathway that
enables cells to rapidly adjust the energy-consuming process of translation to better cope
with depletion of nutrients, viral injury, accumulation of misfolded proteins, and other
sources of intracellular stress [251]. Central to the ISR is the phosphorylation of the
translation initiation factor elF2« by a set of upstream kinases (EIF2AKs: GCN2, HRI,
PKR and PERK) that themselves are activated by a variety of extrinsic or intrinsic stress
signals [252-256]. Phosphorylation of elF2« is pivotal in translational regulation, as it
attenuates the initiation of general mRNA translation and promotes the translation of
mRNAs with upstream ORFs (uORFs), most prominently transcription factors activating
transcription factor 4 (ATF4) and CHOP [257,258]. Accumulation of these stress-adaptive
transcription factors in turn promotes the expression of other stress responsive genes,
including Atf3, Atf4, Atf5, Gadd34, Gadd45, Chop, and Grp78 [259-264].

In neuronal cells, increasing UDP-GIcNAc levels via a gain-of-function mutation in
GFAT1 (Gly451Glu), or metabolic manipulation (GlcNAc), increased the phosphorylation
of PERK and elF2c as well as promoting the accumulation of transcription factor ATF4 [39].
These changes occurred in the absence of Atf6 cleavage or Xbpl1 splicing, indicating that
the other branches of the UPR were not implicated in the activation of the elF2oc/ ATF4
signaling axis. Ultimately, the induction of the PERK/elF2«/ATF4 signaling axis was
cytoprotective against the accumulation of polyglutamine aggregates by activating their
autophagic clearance [39]. Nevertheless, it remains unclear how the elevation of UDP-
GlcNAc activates this adaptive ISR response, whether O-GIcNAc is directly implicated,
and what O-GlcNAc-modified proteins regulate this signaling pathway. It is noteworthy
that elF2ac O-GlcNAcylation counteracts its phosphorylation, with a number of candidate
O-GlcNAcylation sites localized within the C-terminus [133]. O-GlcNAcylation of elF2o
would decrease the activation of ISR, which could be beneficial in conditions of excess
activation and accumulation of proapoptotic CHOP. Other than elF2«, the evidence for
direct O-GlcNAcylation of other members of the ISR is sparce, with the exception of Chop
and Grp78 [265,266].

While O-GlcNAcylation is a regulator of the ISR, existing evidence indicates that the
ISR can be upstream of O-GlcNAc cycling. For example, ATF4 transcriptionally activates
GFAT1 expression during nutritional stress [267]. In this setting, glucose deprivation acti-
vates a GCN2/elF2a/ Atf4 signaling axis that promotes GFAT1 expression, increases HBP
flux and ultimately enhances O-GlcNAcylation in cultured human bronchial endothelial
cells [267]. In the heart, a similar signaling pathway was identified, whereby stress-induced
activation of NADPH-oxidase-4 (Nox4) induces a Nox4/elF2«/ ATF4 signaling axis [268].
ATF4 then increases HBP flux through GFAT]I, leading to enhanced O-GlcNAcylation,
which in turn promotes pro-adaptive changes in cardiac metabolism that protect against
pressure overload stress [268]. Taken together, the evidence points to a nuanced relationship
between O-GlcNAcylation and the ISR in which ATF4's regulation of GFAT1 expression
plays a critical role.

In addition to regulation by upstream kinases, the ISR is also impacted by phos-
phatases acting on the phosphorylation of el[F2x. The main mechanisms involve the recruit-
ment of protein phosphatase 1 (PP1) to elF2« via scaffold proteins Gadd34 (PPP1R15A) and
CReP (PPP1R15B) [269,270]. While existing evidence for the impact of O-GlcNAcylation
on subunits of the el[F2x phosphatases is currently scarce, early studies found a physical
and functional interaction between subunits of PP1c and OGT or OGA [271,272]. Clearly,
more focused studies are needed to determine whether O-GlcNAcylation of catalytic or
regulatory subunits of elF2«x phosphatases has an impact on the ISR. In addition to phos-
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phatases, elF2x phosphorylation is subject to negative regulation by interacting proteins
Dnajc3/p58IPK and p67/methionine aminopeptidase 2 (MAP2) [273-275]. Regarding the
latter, early studies found that p67/MAP2 undergoes O-GlcNAcylation and opposes the
phosphorylation of elF2a by HRI [276,277]. A cluster rich in S/T residues at the N-terminus
of p67 is found to undergo O-GlcNAcylation, which is important for its protein stability and
regulation of elF2« phosphorylation [278]. Together, these findings illustrate an alternative
mechanism of regulation of the ISR by O-GlcNAcylation where p67/MAP2 binds elF2« to
counter its phosphorylation by EIF2AKs.

4.1.3. O-GlcNAc Cycling Regulates Different Steps in the of Autophagy Pathway

Potentially lethal cellular perturbations can be managed and mitigated by elimi-
nating the insult, preventing the toxic accumulation of damaged macromolecules and
dysfunctional organelles via catabolic action or clearance via secretion. Autophagy is
a constitutive degradative pathway that contributes to bulk and selective catabolism of
intracellular macromolecules and organelles via delivery to the lysosome [279] and also by
secretion [280,281]. Autophagic clearance by degradation is particularly advantageous to
the cell, as it facilitates metabolite recycling for biosynthesis, in addition to suppressing
toxic macromolecule buildup [282,283]. The expanding literature highlights the duality
of the autophagy pathway in survival and cell death outcomes as well as the flexibility
to adjust to diverse stimuli. Autophagy is noted for its rapid augmentation in response
to intracellular and extracellular stress, including nutrient deprivation, proteotoxic stress,
inflammation, hypoxia, redox derangement, and microbial stress [284]. The canonical au-
tophagy pathway employs ~40 Atg core proteins in combination with proteins intersecting
other pathways to carry out cargo recognition and selection, autophagosome formation
with cargo packaging, and ultimately lysosomal delivery for cargo turnover [285]. The
considerable number of Atg and non-Atg components are regulated by diverse PTMs, and
regulation by O-GlcNAc cycling has been identified at different points in the pathway [285].
It should be noted that many studies report opposing effects on autophagy when global
O-GIcNACc levels are up- or downregulated in different cellular contexts. These differences
may reflect the heterogeneity in signaling pathway architecture defined by the cell type
transcriptional landscape.

The first indications of a role for O-GlcNAc cycling in tuning autophagy stems from
altering expression of OGT and OGA in cell culture and whole organism studies [95,286].
OGT-reduced (RNAi) drosophila strains showed enhanced accumulation of autophagic
structures by electron microscopy and accumulation of the classic autophagosome marker
protein Atg8a, an ortholog of the mammalian LC3, whereas OGT overexpression sup-
pressed formation of autophagic structures and Atg8a abundance [286]. Ogt-1 and oga-1
null C. elegans both demonstrated increased levels of the worm LC3, Igg-1 [286], and condi-
tional deletion of OGT in cardiac myocytes downregulated LC3-II in the mouse heart and
isolated neonatal cardiomyocytes under basal and starved conditions [95]. Molecular focus
on the Atg and non-Atg proteins as potential members of the O-GlcNAcome emphasizes
the importance of cycling O-GlcNAc on and off individual proteins in regulating different
steps in the pathway.

Several of the stress stimuli that activate autophagy converge at the conventional initi-
ation complex composed of ULK1, Atgl13, RB1CC1/FIP200 and Atg101 [287]. O-GIcNAc
cycling functions at the ULK1 complex, as well as in the post-transcriptional regulation
of Atg proteins. The aforementioned drosophila study employing OGT-reduced and OGT-
overexpressed strains revealed changes in the levels of Atg5 protein, a component of the
ATGI12 conjugation machinery indispensable for autophagic vesicle formation [286]. OGT
overexpression lowered Atg5 abundance, while OGT knockdown increased abundance
under fed and fasted conditions. mRNA expression of Atg5 and Atgl (mammalian Ulk1)
were reduced in the OGT overexpressing strain and enhanced in OGT knockdown strains
under basal conditions. The authors assessed the effects of up- and downregulating cellular
O-GIlcNAc levels on the activity of forkhead box O (FOXO) transcription factors, which
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positively regulate the expression of several autophagy genes, including Atg1/Ulk1 and
Atg5 [288,289]. Immunoprecipitation demonstrated O-GlcNAcylation of V5-tagged dFOXO
under basal conditions and enhanced O-GlcNAcylation when co-expressed with dOGT in
52 cells. Unsurprisingly, mRNA expression of Atgl and Atgb was upregulated with dFOXO
transfection; however, co-transfection with dOGT suppressed mRNA expression to control
levels, suggesting that dFOXO O-GlcNAcylation reduces the transactivation of Atg1 and
Atg5. The O-GlcNAcylation sites of the FOXO family of transcription factors may tune
target gene selection, as O-GlcNAcylation of mammalian FOXO homologs are associated
with transactivation of gluconeogenic and antioxidant genes, as opposed to a general loss
of transactivation function [290-292].

O-GlcNAcylation of leucyl-tRNA synthetase 1 (LARS1) has been implicated in the
regulation of mTORC1, a negative autophagy regulator [293,294]. Glucose promotes the
interaction of LARS1 and the RagD GTPase promoting mTORC1 activation [293,294].
Glucose starvation results in the O-GlcNAcylation of LARS], limiting interaction with
RagD and reducing mTORC1 activation by leucine deprivation. Overexpression of an
O-GlcNAcylation-deficient LARS1 (S1042A) activated mTORC1 signaling under glucose
deprivation, highlighting the role of LARS1 O-GlcNAcylation in the anabolism/catabolism
switch [294]. Although autophagy was not directly assessed, it was previously demon-
strated that LARS1 binding and phosphorylation by ULK1 was promoted by glucose
deprivation and that phosphomimetic mutation at two of the ULK1 phosphorylation sites
(Ser2 and Ser720) suppressed LARS1-RagD association and significantly increased au-
tophagosome levels [293]. As such, LARS1 Ser720 phosphorylation may be a sufficient
marker for ULK1 activation and autophagy upregulation. OGT knockdown not only re-
duced LARS1 O-GlcNAcylation under glucose deprivation but also suppressed LARS1
ULK1 interaction and S720 phosphorylation [294]. Loss of ULK1 binding and Ser720
phosphorylation was recapitulated with the O-GlcNAcylation-deficient LARS1, suggesting
that pro-autophagic signaling is blunted. This study not only defines a role for LARS1
O-GlcNAcylation in modulating autophagy but also points to another model in which
O-GlcNAc functions as a nutrient sensor/metabolism switch.

In contrast to the predicted autophagy upregulation mediated via LARS1 O-GlcNAcylation,
O-GlcNAcylation of the pro-autophagic regulator AMPK« in bladder cancer cells was nega-
tively correlated with autophagy activation [295]. Raising global O-GlcNAc levels via OGT
overexpression, OGA knockdown and OGA inhibition (TMG) treatment dampened AMPK
and ULK1 activation, reducing LC3-1I and autophagosomes levels, while the reverse was ob-
served with OGT knockdown and OGA overexpression. Co-transfection of GFP-AMPKax and
HA-OGT in bladder cancer cells demonstrated association of the fusion proteins as well as
increased O-GlcNAcylation of GFP-AMPK« compared to transfection of GFP-AMPKo alone.
O-GlcNAcylation of GFP-AMPKa was also enhanced with OGA inhibition (TMG) treatment
relative to the vehicle control [295]. Site information on AMPKo O-GlcNAcylation will be
needed to determine whether the changes in AMPK« O-GlcNAcylation represent an increase
in O-GIcNAc site stoichiometry or modification of multiple sites on AMPK«.

Recent studies have demonstrated ULK1 O-GlcNAcylation via immunoprecipita-
tion in neonatal mouse cardiomyocytes [95], in a model of starvation-induced liver au-
tophagy [177] and upon lentiviral transduction of a head and neck squamous cell carcinoma
(HNSCC) with HPV genes [177]. Elevation of canonical autophagy in these studies was
associated with enhanced ULK1 O-GlcNAcylation. As previously mentioned, Ogt deletion
in mouse cardiac myocytes significantly reduced global O-GlcNAc levels and suppressed
autophagic turnover, as indicated by the reduction of LC3-1Il, persistence of the cargo
receptor SQSTM1, and reduced phosphorylation of ATG16L1 under fed and fasted states.
In the mouse liver, Ruan et al. [177] also demonstrated suppression of autophagic flux with
OGT deletion, suggesting that O-GlcNAcylation is a positive regulator of autophagy in this
model. In delineating the pro-autophagic effects associated with O-GlcNAc signaling, the
authors showed that ULK1 O-GlcNAcylation during starvation promoted association with
the pro-autophagic kinase AMPK and phosphorylation of ULK1 at Ser555, which is known
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to potentiate ULK1 function. Using an O-GlcNAcylation-inefficient ULK1 (T637A /T754A),
the authors demonstrated downregulation of ULK1-AMPK interaction and decreased
phosphorylation of ULK1 by AMPK [177].

The co-transduction of HPV16 genes E6/E7 demonstrated enhanced ULK1 abundance,
ULK1 O-GlcNAcylation and accumulation of LC3-II in HNSCC UMSCC17B cells [296].
The higher ULK1 abundance was associated with O-GlcNAcylation, pointing to disruption
of ULK1 turnover. The authors assessed the impact of ULK1 O-GlcNAcylation on the
recently described CMA turnover of ULK1 [297]. Given that CMA clients are directed
to the lysosome via binding the cytosolic chaperone, heat shock cognate 71kDa protein
(HSC70) [298], Shi et al. (2022) assessed the ability of wildtype and O-GlcNAc-deficient
ULK1 (ULK1-2A) to bind HSC70. The authors demonstrated enhanced HSC70 binding
and association of the lysosomal protein LAMP2 by ULK1-2A relative to the wildtype.
The increased HSC70 and LAMP2 binding by ULK1-2A suggests that, in this model,
O-GlcNAcylation serves as a negative regulator of ULK1 turnover. Inhibition of protein
synthesis via cycloheximide treatment revealed the persistence of ULK1-2A, while wildtype
ULK1 was turned over in a 6 h period [296]. It is not currently known how protein O-
GlcNAcylation regulates selection of other CMA client proteins, but this study opens up a
novel area for O-GlcNAc research.

O-GlecNACc controls the protein—protein interactions facilitating membrane fusion,
with autophagosome-lysosome fusion being favored by the “de-O-GlcNAcylation” of
membrane fusion adaptors SNAP29 and GRASP55 [176,299]. Autophagic turnover of ubig-
uitinated aggregate-prone proteins utilizes intracellular receptors, including p62/SQSTM1.
A suppressor screen for defective receptor (SQST-1) turnover in C. elegans was rescued by
a nonsense mutation in 0gt-1, which lowered global O-GlcNAc levels. Recapitulation in
mammalian cells demonstrated that OGT knockdown enhanced autophagosome-lysosome
fusion with the enhanced interaction between autophagosomal SNAP29 and Syntaxin-17
(Stx17) with lysosomal VAMPS [176]. Both mammalian and C. elegans SNAP29 are O-
GlcNAcylated under basal conditions and deglycosylated under nutrient deprivation and
arsenic stress, promoting formation of the SNAP29-5tx17-VAMP complex [176,300]. The
Golgi matrix protein GRASP55 is a PDZ domain-containing scaffold protein that makes nu-
merous protein interactions in sorting and compartmentalization of Golgi-resident proteins
and cargo, as well as an unconventional secretion pathway-intersecting autophagic compo-
nents [301-303]. Basal conditions maintain GRASP55's predominantly Golgi localization via
mTORC1 phosphorylation [303]. Stress signaling abrogates phosphorylation of GRASP55
by mTORC1, allowing association with multivesicular bodies and autophagosomes, as
indicated by colocalization with CHMP2A and LC3B, respectively [303]. Mirroring the
localization effects of phosphorylation, GRASP55 is O-GlcNAcylated under basal nutrient
conditions and deglycosylated with glucose deprivation, promoting colocalization with
the autophagosome [299]. Using an O-GlcNAcylation-deficient GRASP55 (5A), Zhang et al.
demonstrated colocalization of WT and 5A GRASP55 at vesicular structures outside the
Golgi space with glucose deprivation, whereas glucose refeeding saw WT GRASP55 exhibit
significantly reduced vesicular localization while 5A punctate association endured [299].

There are still many possible roles that O-GlcNAc cycling may play in regulating
autophagy. The cysteine protein Atg4 is an essential component of the Atg8 conjugation
system, which functions in maturation [304] and cargo selection [305,306]. Two inde-
pendent studies indicate that Atg4 is O-GlcNAc-modified in response to hypoglycemic
conditions [294,307]. In addition, the regulation of NF«B function by O-GlcNAc cycling
(previously described) has yet to be studied in the context of autophagy regulation. Un-
der normoxic conditions, NF«B represses transcription of BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3), a target gene required for hypoxia-induced au-
tophagy [308-310]. Perhaps O-GlcNAcylation of the NF«kB c-Rel subunit alters promoter
selection to activate the transcription of inflammatory cytokines while also de-repressing
the BNIP3 promoter under hypoxia.
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4.1.4. O-GlcNAcylation and the Pentose Phosphate Pathway (PPP)

The pentose phosphate pathway (PPP) is a critical metabolic circuit that supplies the
cell with biosynthetic intermediates and nicotinamide adenine dinucleotide phosphate
(NADPH) that serves as a cofactor in biosynthetic reactions and is essential in scaveng-
ing ROS. The rate-limiting step in the PPP, the conversion of glucose-6-phosphate to
6-phosphogluconolactone, is catalyzed by the enzyme glucose-6-phoshpate dehydrogenase
(G6PD), which is also responsible for the generation of NADPH. In cancer cells, G6PD
was found to undergo O-GlcNAcylation, where the modification at Ser84 was essential
for maintaining the enzyme’s activity, metabolic flux through the PPP, NADPH produc-
tion, and increased levels of the ROS scavenger glutathione (GSH) [311]. These features
correlated with a growth advantage for tumor cells, and consistently, biopsies of lung hu-
man cancers have increased G6PD O-GlcNAcylation [311]. Phosphofructokinase 1 (PFK1)
is a rate-limiting enzyme in glycolysis that diverts glucose-6-phosphate away from the
PPP and favors its glycolytic conversion to pyruvate. Similarly to G6PD, PFK1 was also
found to undergo O-GlcNAcylation in cancer cells [312]. However, in contrast to G6PD, O-
GlcNAcylation of PFK1 inhibits enzyme activity. Specifically, enhancing O-GlcNAcylation
of PFK1 at Ser259 with OGA inhibition (PUGNACc) or OGT overexpression decreases en-
zyme activity and glycolysis rates and conversely stimulates flux through the PPP [312].
Furthermore, PFK1 O-GlcNAcylation increases NADPH and GSH levels in cancer cells, and
similarly to G6PD, PFK1 O-GlcNAcylation affords a growth advantage to tumor cells [312].

Pyruvate kinase (PKM) catalyzes the conversion of phosphoenolpyruvate to pyru-
vate, the final rate-limiting step in glycolysis [313]. A splice variant of pyruvate kinase,
PKM2, is a ROS-sensitive subtype of pyruvate kinases that, when inhibited, diverts glucose
flux from glycolysis to the PPP. Due to its role as a metabolic switch in proliferating cells,
the O-GlcNAcylation of PKM2 was investigated. Indeed, PKM2 was O-GlcNAcylated
in cancer cells and patient tumors, and two sites (Thr405 and Ser406) were identified as
targets for O-GlcNAcylation [314]. O-GlcNAcylation destabilizes PKM2 tetramer forma-
tion to reduce enzyme activity and divert glycolytic intermediates to anabolic pathways,
including the PPP. Ultimately, PKM2 O-GlcNAcylation in cancer cells promotes tumor
proliferation [314]. Following the paradigm of PFK1 and PKM2, the O-GlcNAcylation
of phosphoglycerate kinase 1 (PGK1) was investigated in a cancer model. PGK1, which
catalyzes the conversion of 1,3-diphosphoglycerate to 3-phosphoglycerate, yielding ATP,
was found to be O-GIcNAcylated in cancer cells [315]. Regulatory O-GlcNAcylation of
PGK1 occurs at Thr255; however, in contrast to PFK1 and PKM2, O-GlcNAcylation of PGK1
appears to promote its enzyme activity. Nevertheless, similarly to G6PD, PFK1 and PKM2,
PGK1 O-GlcNAcylation favors cancer cell proliferation and promotes tumorigenesis [315].
Mechanistically, O-GlcNAcylation promotes PGK1's activity and favors the translocation
of PGK1 to the mitochondria, where it inhibits pyruvate dehydrogenase. Collectively, these
events favor the switch from oxidative to glycolytic metabolism that is characteristic of
proliferating cancer cells [315]. Together, these studies on O-GlcNAcylation of metabolic
enzymes illustrate an emerging theme, where cancer cells employ O-GlcNAcylation to
enact metabolic adaptation that enables them to expand during the stressful conditions of
cancer proliferation and tumor growth.

5. Conclusions and Future Directions

The studies discussed here highlight key roles for O-GlcNAc in regulating metabolism,
transcription, translation, signal transduction, and proteostasis, impacting pathways critical
to the response to injury and disease pathogenesis (Figure 2). These snapshots support
the need for further work in this field that should enhance our understanding of the
role of O-GlcNAc in cellular homeostasis, identify novel biomarkers for disease, and
highlight pathways that can be manipulated to develop novel therapeutic strategies. To
achieve these lofty goals, detection of site-specific O-GlcNAcylation is required, as is the
ability to generate proteins that are site-specifically O-GlcNAcylated. Supporting the latter
are the recent development of antibodies that enrich O-GlcNAc-modified peptides [316],
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approaches for introducing site-specific O-GlcNAcylation in vitro and in vivo [195,317],
and the development of antibodies that detect site-specific O-GlcNAcylation [161,318].
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